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Abstract
ABSTRACT

Modern society is challenged by economic and environmental issues, requiring engineers to develop
more efficient structuredJsing coldformed steel (CFS) frame in construction industry can lead to
more sustainabldesign since it requires less matertal carry the same load compared with other
materials. However, the application of CFS structural systems is limited to low story buildings due
to the inherent weaknesses of premature buckling behasfomembersand the low ductility of
connections. Consggently, current design guidelines of CFS systems are very conservative
especially in the case of seismic design. Furthermore, there is no generic optimisation framework for
the CFS elements, capable of taking into account both manufacturing/constroctstraiats and
postbuckling behaviour.

This study aims tobetter understandjo predict, andto optimise CFS elementsased onther
strength angbostbuckling behaviourThe optimised elements can be then included irstulicture
modelling to develop ore efficient CFS structuratonnectionswith high ductility and energy
dissipation capacity, suitable for medtiory buildings in seismic regions.

The geometrical dimensions of manufacturaDFeS crosssectionswere optimised regarding their
maximum compessiveand bendingstrength All the sectionswere considered to have a fix coil
width and thickness while the optimisatiamas performed based on effective width method
suggested in EC3. The optimised solutiarese achievedusing Particle Swarm Optimitian (PSO)
algorithm. The accuracy of the optimisation proceduas assessed using experimentally validated
nonlinear Finite Element (FE) analyses accounting for the effect of imperfections To allow for the
devel opment offl aabhegpmeiossséction, thd effdctive width method in EG&s
extended to deal with the presence of multiple distortional buckling mimdesovedstrengthwere
achieved for CFS elements by using the proposed optimisation framework.

A nonlinear shape optimisation methodas presented for the optimum design of CFS beam
sections based on their pdmickling behaviourA developed PSO algorithmwas linked to the
ABAQUS finite element programme for inelastic pbstkling analysis and dimisation. The
results also demonstrate that the optimised sections develop larger plastic area, which is particularly
important in seismic design of momeesisting frames.

An experimental programmeascarried out at the University of Sheffield to istigate the design

and optimisation, considering interagtibucklingin coldformed steel channels under compression
and bendingBoth standard and optimised sectiomare tested.The specimenniperfections were
measured using specially designedetup with laserdisplacementMaterial tests were also carried

out to determine the tensile properties of the flat plate and of themookdd cornersA total of 36
columrs with three lengths and 6 battkback beams were completdithe column pecimens were
tested under a concentrically applied load and witkepitledboundaryconditionswhile the beams

were testedn a fourpoint bending configuration Based on the tests, numerical models were
proposed and calibrateshd the proposed optimisati framework was verified

A numericalstudy on the structural behaviour of CFS bolted b&moolumn connections under
cyclic loadingwas presentedAn innovative two node element which can take into account the
slippagebearing effectsvas propose@ndimplementecdusingan ABAQUS user ddhed subroutine

The connection performance in terms of strength, ductility, energy dissipation capacity and damping
coefficient were investigated The effects of bolt configuration, cressctional shapesand
thicknesseon the connection performanaere thereforeexamined. It is indicated that the proposed
numericalmodel is robust and computationally efficient to simulate the failureemiadd moment
rotation responsef CFS bolted moment resisting connections
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Chapter 1. Introduction

CHAPTER 1. Introduction

1.1 Background

Sustainable construction aims at reducing the environmental impact of buildings on human
health and natural environment by efficiently using energy and resources as well as reducing
waste and pollution. Steel is popular in mghbdrey construction due fits high strengtto-

weight ratio and ductility. Hotrolled steel sections have been successfully used for the
construction of multstorey buildingsKigure1.1) for more than 150 yearklowever, lot-rolled
sections are often available in a limited numbbé standard sectional profiles and lengths
leading to up to 30% redundant material during the design prOtessid Ldboube 2010)

Figure 1.1. A multi -storey hotrolled steel frame in Sheffield

Cold-formed steel (CFS) sections are more flexible in terms of @@st®onal profiles (made
through coldrolling and press braking) and, therefore, can lead to more efficient design
solutions with less redundant material and waste during manufac(amgson et al. 2005
Therefore from an environmental and sustainable viewpoint, CFS structural systems
appropriate options for modular and mugtorey structuredn residential and industrial

construction Figure1.2).
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(a) (b)
Figure 1.2. Cold-formed steel (a) portal frame and (b) framing residential building

The advantages of constructi@f Sframing systera(Figurel.2) using CFS sections instead of
conventional hetolled sections include high strength to weight ratio;sité manufactting,
smaller foundations, prgalvanised members with good durability, ease of fabrication that
allows fast and largeolume production, and easy transportation. With relatively higher
yielding strength and thinner plates, CFS elements are also easichoasd erect with less
labour.

Optimisation of CFS portal frame@han et al. 20)zhasshownthat up to 20%material has

been saved through the change of ciesdional dimensions of membesd frame topology
There is currently no generic framework fine optimum design of complex CFS structural
systemscapable of considering the manufacturing and construction constraints. However,
before thedevelopmenbdf a general framework fahe optimisation of CFS structural systems,

thefollowing limitations reed to be addressed

(1) Owing to their large flat widtto-thickness ratios,CFS elements arsusceptibleto
local/distortional and global bucklingwhich can result in low buckling resistance and
consequently low capacity and ductili@abbagh et al. 2@3). This shortcoming limits the
performance of CFS systems in mugtorey buildings and makes them vulnerable to collapse

under extreme load events (e.g. earthquake).

(2) The flexibility of the manufacturing process allows the fabrication of eeesgions with
various shapesHowever, thee are not alwaygeveloped to comply with all of the criteria
included incurrent proposedesignspecificationsIn addition, existing CF®lementsare not
usuallyoptimisedto improve the noitinearinelasticperformance of elements and connections

based on a detailed analysis.

(3) Thinner plates can cause premature local buckling failure along the condentjtms,
leading to a semrigid behaviour of the joint&/Nrzesien et al. 20)2vhich has to béaken into

accountin the designThis mayalsocause excessive deflection under serviceability limit state

2
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and the development of energy dissipation mechanidrboslt slippage under extremeading

that are difficult to model and quantify.

1.2 Necessity of Research

The use of CFS sections as main structural components is generally restrictedwallstud
frames Figure 1.2(b)) with relatively low deformability/ductility (Fulop and Dubina 2004
Compared with hetolled steel structures, the weaknesses of Gfi&ctures are typically a
result of premature local buckling in sections (due to large width/thickness matiddack of
strength and stiffness in connectid@ato and Uang 20)0As a result, CFS momentesisting
frames with boltecconnections are usually limited to singi®rey dwellinggSato and Uang
2009 Sato and Uang 20)10To use CFS momemesisting frames fomulti-storey buildings,
there is a need to prevent premature locaklng of the CFS elements so as aflow the
development ofmore plastic deformationn addition, while the general view is that thimlled
CFS elements are nauitable for momentesisting framegCalderoni et al. 2009 recent
studies at the Universitof Sheffield(Sabbagtet al.2012q Sabbagh et al. 2012bnd by Serror
et al. (Serror et al. 200)6showedthat, by using appropriate detailing, CFS beaiumn
moment resisting connections can be developedheet the requirements of rigid and full

strength jointsvith high ductility.

1.2.1 Optimisation of CFS elements for maximum strength

CFS members can be produced in a wide variety of section profilesypitéy characteristics
such as intermediate stiffeners, inclined lips, folded plates, retupedre easy to be rolled.
Therefore, identifying optimisedross section geometries is of great interest to manufacturers
and structural designers. However, this is a complex optimisation problem, since the strength of
CFS members is controlleby localdistortional and global bucklingnd theirinteraction.
Previous studies on the optimisation of GH&ments are mainly limited to varying dimensions
of standard crossections (lipped channel bediree et al. 2005k channel columns with and
without lips (Lee et al. 2006h and hat, | and Z cross section CFS be§Adeli and Karim
1997), which are nohecessarily optimal sections. Th&ect Strength Method (DSM§ newer
design method of CFS specimehsas recently been used to obtain the optimum shamgéor

CFS cross section columniteng et al. 201l However, these studies did not consider
manufacturing andonstruction constraints and, proposed the use of highly complex shapes
are not suitable for practical applications due to high manufactaastsand difficulty in
connecting to other elements. In additidre proposedsectiongdid notnecessarilycomply with
current design specificationa terms of shapes and cressctional plate widtho-thickness

ratios.
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1.2.2 Optimisation of CFS elements for improved post-buckling behaviour

Optimisation of CFS elements on their maximum strength under bending and compression has
led to significantreduction of material saving the designprocesgLeng et al. 2014Liu et al.

2004 Ma et al. 2015Tian and Lu20040. However optimisation of CF®lements only based

on their buckling strength does not always optimise th#imate performance (i.e. pest
buckling behaviour and ductilityfOptimisation of the flange shape for hatlled H beams has
been shown tdead to an increased energy dissipation under monotonic and cyclic loads by
combining aroptimisationalgorithm with detailed nonlinear Finite Element analyBian et al.
2007. In other research, the positions and thicknesses of the stiffeners of dimbars,
working as passive control devices in-holled eccentrically braced frames, wastimised for
maximum energy dissipatiqideng et al. 2015 The flexibility of CFS members with respect to

the manufacturing and construction processes offers grepe and potential to develop cross
sections with high ductility and energy dissipation.

However, no research has previously been carried out on the sgpiimiof CFS members to

improve their posbuckling behaviour, ductility and energy dissipato@pacity.

1.2.3 Optimisation of CFS elements and experimental validation

Experimentalinvestigationon the ultimatestrengthhas been conducted on CFS single beam
section with simple and complex edgid@feners(Wang and Zhang 2009, Yu and Schafer 2006

Yu and $hafer 2003) design equations and recommendations on single CFS beam sections
were proposed based on these te€1ES backo-back sections, which are made from
connecting two channel sections, are able to provide larger torsional riggdiyder to sidy

the flexural behaviour of coldormed steelchannel beams, an experimental research was
conducted by Hsu and CKiHsu and Chi 2003pn the backo-back CFS beams under the
monotonic and cyclic load. An experimental and numerical study on the beh@®8uvuiltup

beam members was conducted llgh et al. (Lah et al. 2013). It is foundby researchers

(Lah et al.2013)that the behaviour of those beams was significantly affected by the screw
distribution and the interaction of local/distortional antkrattorsionalbuckling. It was also
observed that in some of the specimens without load transfer plabscrippling happened

due to loadtoncentrationas is the failure phenomena indicabgydsome researchef€hen et al.
2015) Manikandaret al.(Manikandan et al. 2014}udied the bending behaviour of innovative
CFS backo-back channel sections with folded flange and complex edge stiffeners
experimentally and numerically. It is showntheir study that the sections with complex edge
stiffener and folded flange possessed the maximum bending strength. More recently, Wang and
Young (Wang and Young 2016agxperimentally investigated the behaviour daimply
supported buitup section beams with differemieb intermediate stiffenensnder fourpoint

bending and threpoint bending Thebehaviour and design rule for builp section bearwere
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presented with extended numerical stfdlyang and Young 2016bAll of these tests were
designed for thelevelopmenibf design guidelines on CFS specimens whilecomparision
between standard and optimised sections were presented.

Therefore, ewly proposed crossectional shapesnd dimensionsare notusually optimised on
the basis of detailedumericalanalysesindexperimentalalidation and calibration.

CFS elenents have been optimiséased on design codes such as AISSEIl 2007), AS/NZS
(AS/NZS 1996 and EC3CEN 2005aCEN 2005h. The buckling strength of the CFS elements

in these studies were determinedby i ng t he A edntept®oniKarman etal.d t h 0
1932, which for norconventional cross sections is cumbersainee a number of iterations

are included due to the changerutralaxis and the interaction between different buckling

modes.

Free form optimisation of CFS elements based on §bdmhg et al. 2011 may lead tonon

compliantshapes and plate widtb-thickness ratios.

Failure to take into accouratll of these factorge.g. ignores inteelement equilibrium and

compatibility) may lead tansufficiently accurateesults

1.2.4 Performance of CFSmoment resisting connections

Analytical and experimental investigations on the monotonic and cyclic behaviour of bolted
moment resisting connections in CFS construction are still limited. Recent experimental and
analytical studies have demonstrated the buckling strength of CFS elements can be
significantly improved by using new section shafeasbbagh et al. 201 $abbagtet al.2012h
Serroret al. 2016. Premature buckling mode of typical CFS elements (local buckling of the
flange) can be delayed hysing curved flange sectignas shown irFigure 1.3(a). Feedback

from industry, however, highlighted that curved sections are difficult to manufacture and

connect to.

More practical shapes need to be developedaking into account both manufacturingdan
construction constraints (sés exampleFigure1.3(b)).

Figure 1.3. CFS beams with (a) curved flanges and (b) folded flanges
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Although rumerical studiehave been already carried dot study the rotational capacity of
beams subjected to cyclic log8erroret al.2016, a reliable way of modelling thieearing and

slippagebehaviour of bolted connections has not yet been proposed.

Furtherresearchs requiredn this fieldso aso develop more accurate predictive modelgtier
optimumdesign of CFS bolted connections.

1.3 Aims and detailed objectives

The main aim of this research is to understand, predict, and sptile strength of CFS
elements A framework to optimiseCFS elemats with energy dissipation capacity (ductility)
for seismic applicationwill be also proposedlhe optimised elements can be then included in
full -structure modelling to develop more efficient CFS structuraffsarhes with high ductility
and energy diggation capacity, suitable for muktory buildings in seismic regions. The

detailed objectives are as follows:

(1) To develop a software for the calculation of gross and effective properties of CFS cross
sections based on thefeffective widtld concept Typical characteristics of intermediate
stiffeners, inclined lips, returned lips should be taken into acc@tetsoftware should be able

to design columns, beams and bezstumn connections.

(2) To developa framework to obtain optimised CFS standard el#s) by considering the
local/distortional and global bucklingnd their interactionas well as manufacturing and
constructiomal constraints. Allplate width-to-thickness ratis in EC3 will be considered as
constraints and the load carrying capacity efittembers will be set as the opsation target.

(3) To developa new analytical model to predict the capacityaof innovativefolded-flange
CFS crosssection. Models to calculate the local, distortional buckling strength will be proposed

and used to dhin optimum shapes.

(4) To investigate experimentally and analytically the effectiveness of the proposed optimisation
framework at improving the performance of CFS eleméefte developed numerical models

will be validated on the basis tife experimentalesults

(5) To optimise the energy dissipation capacity of CFS elements based on thdiugdistg
behaviour for seismic applications. The maximum plastic stifinosed as a measure for

rotational ductility, vinich is used as one of the constraintsofstimisation

(6) To develop efficient CFS momerdsisting connections with higher stiffness and ductility
by introducing innovative CFS sections along the connet¢iogths. The performance of the
connections will be assessed through detailed Fingmé&ht (FE) models in ABAQUS.
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(7) To evaluate the performance of the developed CFS memsisting connections under
cyclic loads using FE models. The FE models will be calibrated/validated based on existing
experimental data. The failure modes and resparf CFSooltedconnections will be studied to
determine their strength, ductility and energy dissipation capacity.

(8) To developa reliable modefor the analysisof CFS single lap connections subjected to
cyclic loading.

1.4 Thesis layout

This thesis is divided inttwelve chapters. The thesis combirteseechapters written following
the Atraditional ol,2tamdé2s | sahdr matap( ehagplcemesd st

journal papers (chapters 31d). A brief overview of eaclkthapter is given in the following

Chapter 2 presents a literature review. The first section reviews reseauiffeoent CFS
sections, representative design guidelines, behaviour of CFS members, CFS connections,
optimisation of CFS elements and CFS durted systems. The advantages and limitations of
currently available optimisationechniques forCFS elements and CFS connections are

discussed.

Chapter 3s based on Ma et alMa et al. 201panddiscusses an optisgtion strategy for the
geometrical dnensions of all manufacturableshape crossections (i.e. with and without lip
and middle stiffeners). For the optsation, all of the sections were considered to haveealfix
coil width and thickness while the optimisation was performed based on abechpacity
obtained following the provisions of effective width method suggesteHC3 (2009. The

optimised solutions were found usinganeticalgorithm.

Chapter4 is based on Ye et a(Ye et al. 2016pand develops a methodology for the
optimisation of the flexural strength of CFS beant®nsidering local, distortional and lateral
torsionalbuckling Six different CFS channel section prototypes are selected and then optimised
with respect to their flexural strength, determined according to tteetige width based
provisions of Eurocode 3 (EC3) parB1The accuracy of the optimisation procedure is assessed
using experimentally validated nonlinear Finite Element (FE) analyses accounting for the effect

of imperfections.

Chapter 5 is based on Y&t al. (Ye et al. 2016p and introducesa methodologyfor the
developnent of optimised CFS beam sections with maximum flexural strength for practical
applications. The optimised sections are designed to comply with Eurocode 3 (EC3) geometrical
requirementas well as with a number of manufacturing and practical constraints. To allow for
the devel opmeni{ | ah g aséctioe, the sffective widtld method in EC3 is

extended to deal with the possible occurrence of multiple distortional buokéidgs.

7
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Chapter &liscusses the seismic performance of CFS elemedtsiaduces a methodology for
optimising their posbuckling behaviour in the nonlinear inelastic range. A-logar shape
optimisation method is presented for the optimum design & B#am sections. The relative
dimensions of the crossection, the location and number of intermediate stiffeners and the
inclined lip angle are considered as main design variables. All plate slenderness limit values and
limits on the relative dimensiong the crosssectional components, set by tBE 3, are taken

into account as constraints on the optimisation problem. An additional constraint is considered
where maximum equivalent plastic strain is restricted to ensure a sufficient level of ductility.
Global optimal solutions are obtained through the Particle Swarm Optimisation (PSO) algorithm.
The developed PSO algorithm is linked to the ABAQUS finite element programme for inelastic

postbuckling analysis and optimisation.

Chapter 7describes an experamtal programme carried out at the University of Sheffield to
investigate thenteraction of local and overall flexural buckling in cdtitmed steel channels
under axial compression. The results of a total of 36 column tests, including three different
lengths and four different types of cressction, are discussed and commented upon and

comparisons with EC3 are made.

Chapter8 develops a reliable numerical model to investigatdrttexaction of local and global

buckling modes in piended CFS columndhe validated FE model is then used to assess the
adequacy of the Aeffective width methodd in EC3
estimating the design capacity of a wide range of conventional and optimunm d&iSH)

channel column sections.

Chapter9 describes an experimental programme carried out at the University of Sheffield to
investigate the local and distortional buckling behaviou€FS beans. The beam specimens
were assembled using channels, with a nominal thickness of 1.5 mm and depths frangin
180 mm to 270 mm, in a bat&-back configuration. The results of a total of six testhack
to-back beams, including three different cremsctional geometries, are discussed and the

behaviour of the specimens is compared to the predictions®f EC

Chapter 1iscusses the development of a reliable numerical model to investigate the flexural
strength and failure modes of CFS baolback channels beams. The developed FE models are
verified against experimental results and are then used to alssemdeqjuacy of the effective
width method in EC3 and Direct Strength Method (DSM) in estimating the design capacity of

conventional and optimum design CFS channel beam sections.

Chapter 1lpresents an extensive parametric study on the structural behaVi@#S bolted
beamto-column connections under cyclic loading. The performance of the connection is

assessed in terms of strength, ductility, energy dissipation capacity and damping coefficient.
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Furthermore, the effects of bolt distribution configuratiomgsssectional shapes, gusset plate
and crosssectional thicknesses on the connection performance are also exafimerinode
element is also developed tlen take into account thmlt slippage, bearing deformation and
the bolt hole elongation

Findly, Chapter 12 summarises the research work, draws general conclusions and gives
recommendations for future work.
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CHAPTER 2. Literature
review

This chapter reviews available research on structural performandiéfeseént CFSsections
CFS connectionand CFS structural systemBhe first part present®search orthe different
shapes oCFS sections andddresses issues tieir structural behaviour. This is followéy a
critical discussion on the main internatiodalsignguidelines for CFSTheresearch ofeismic
behaviour of CFS elements and connectimshen reviewed followed by an analysis of
previous research ahe optimisation of CFS elementA. discussioron CFS structural system

is included at the end diis chapter.

2.1 CEFS sections

CFSsections are generally produced by using a number of manufacturing processes i.e. coiling,
uncoiling, flattening and colbrming or pressraking processHigure2.1). This flexibility of

the manufacturing process allows a number of commercially availabbsssections with

11
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various shapes to be madeigure 2.2(a)), and consequently favourable strengiweight

ratios can be obtained. @manufacturing process mso applicable to crossections made

from plain steel sheets and other forms. For etenCFS dimpling sectiong={gure2.2(b)) are
produced by employing the dimpled steel sheets, which have been made from plain steel sheets
using the UltraSTEEL® process in Hadley Industries(pladley Industries p)c The process

uses a pair of rolls whicts designed with rows of uniquely shaped teeth that stretch the plain
surface and form the dimples from both sides of the stemdtsfihe dimpled sheeFifure
2.2(c))can then be progressively formed into the required products by using either the rolling or
the pressraking machine, as shownkhiigure2.1.

Punch

—»Roller dies

T Die

Steel sheet coil-uncoiling and flattening Roller-forming Press-braking forming

Figure 2.1. Manufacturing process for coldformed steel members using roller or pres$raking
process(Amouzegar et al. 201%h

Figure 2.2. (a)Different crosssectional shapegYu and LaBoube 2010 (b) Variety of crosssections
made from dimpled steel sheetéHadley Industries plc) (c) Dimpled steel sheets produced by the
UltraSTEEL® process in Hadley Industries plc(Hadley Industries plc)

As a result of the use of higher strength steels, CFS profiles are generally characterised by a thin
wall thickness, which is inevitably accompeah by a reduced resistance to local/distortional
buckling. The inherently low resistance to buckling is addressed by manufacturing highly
stiffened sections with more folds and stiffen@savies 200 This trend can be appropriately
illustrated by thevarious modifications made to purlin sections. Starting from the conventional
lipped channels and Zed sections, purlins have evolved into a number of more complex sections

with stiffened webs and flanges, returned and inclined lips, as shdviguire2.3.

12
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i BRIpip)

Zed Zeta Ultrazed Channel Mark | Mark 11 Mark 1

Figure 2.3. Evolution of cold-formed Zed and Channel purlin sectiongDavies 2000.

Due to their flexibility in terms of crossectional shapes, CFS members are shaped for both
structural and nostructural applications such as purlin & side rail systesteel framing
systems, window or door reinforcements, mezzanine floors, strut systems and industrial
cladding systems, storage racks. By using these new and more complex shapes, CFS sections
can be designed to have higher resistance to -thstrtiona buckling. To improve the
buckling strength of CFS beams, a wide range of sections with different types of flange shapes
have been developeds shown irFigure2.4. These include symmetricabkeam with triangular

hollow flanges(Avery et al. 200)) LiteSteel beam with rectangular hollow flangésapayan

et al. 201}, delta hollow flange beam@®lohebkhah and Azandariani 2Q1%unstiffened and
stiffened rectangular hollow flange beagi®ndini and Morbioli 201) open and closed drop
FlangegMagnucki etal. 2010 and also double box flangéslagnuckaBlandzi and Magnucki

201]). Experimental studies and analytical and numerical models were used to investigate
crosssectional local/distortional buckling, shear buckling, as well as member lateral torsional
buckling. These studies have proven that those innovative sections possess better performance
in terms of load bearing capacity and stiffnédsmapayanet al. 2011, Avery et al. 200Q
MagnuckaBlandzi and Magnucki 201IMMagnucki et al. 201Q Mohebkhah and 2andariani

2015 Tondini and Morbioli 2015Uzzaman et al. 20)6and that they can meet the requirement

of longer span in practical applicat®n

13
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Figure 2.4. Different shapes of cross sections of cefdrmed channel beams with (a) Triangular
hollow flanges(Avery et al. 2000 (b) LiteSteel beamwith rectangular hollow flanges(Anapayan et
al. 201)) (c) Delta hollowflanges(Mohebkhah and Azandariani 2015 (d) rectangular hollow
flanges(Tondini and Morbioli 2015) (e) stiffened rectangular hollow flangegTondini and Morbioli
2015 (f) open drop flanges(Magnucki et al. 2010 (g) closed drop flangegMagnucki et al. 2010and
(h) double box flangegMagnucka-Blandzi and Magnucki 2019

Since the elastic compressive stress in a colungerngrally more uniform thaim beams, it is
shown that column strengths can oere easly enhanced with more flexible cresections.

This is due to the fact that (a) intermediate stiffeners are able to increase the local buckling
strength of single plate among the cresstions; (b)edge stiffeners contributéo the
distortional buckling strength of compressive stiffeners and (c) -sexdsonal dimensions are
easier to be adjusted to change the gross -sexgfonal properties which contribute to the
global stability. Therefore, the design of columns with complex edge stiffeners, intermediate
stiffeners, stiffeners with inclined andtave been investigated by many researcf@hnen et al.

201Q Manikandan and Arun 201&an and Young 20Q2'oung 2008bZhang et al. 2007jaas

shown inFigure2.5.
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Figure 2.5. Columns with complex intermediate and edge stiffener@Chen et al. 2010Yan and

Young 2002
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Figure 2.6. Section geometries of the innovative steel columiidarayanan and Mahendran2003)
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In order to further improve the buckling strength of columns, Narayanan and Mahendran
(Narayanan and Mahendré2003 conducted experimental and numerical studies on CFS
columns with innovative crossectional shapes. All of the sections failed by distortional
buckling and the local bucklingzas successfullglelayed by using smaller flat plates in the
sections, as shown Figure2.6.

All of the sections above are generally manufactured by using the same steel coil and are either
cold rolled or brake pressed into stural shapes, athe processhown inFigure2.1. As a

result, coldformed steel sections are usually mattured to be singly point, or non
symmetric open shape®pen sections have relativghportorsional properésand areveak in
twisting compared to closed sections. Therefore, open sections would fail most probably by
local/distortional bucklingpossibly coupled with global twisting/bending depending on the
dimension of the crossectional shapes and the lengths of the members.-lBuitections,
which are assembled from a number of single channel sections with connectorshéhave
potentialto provde improved strength and stiffness when applied in lorsgers. However

there arecurrentlyno mature guidelines for the design of cfiddmed steel buitup sections.

For example, Eurocode(8EN 2005 simply adds up the &ngth of individual CFS cimels

while the North American Specification stand#tEl 2007 adopted a modified slenderness

ratio for builtup column design.

@ o o (®)

wi

© - )

Figure 2.7. Cold-formed steel built-up sections(Wang and Young 2016aWang and Young 2016b

The use ofCFS builtup sections haattractedhe attentionof severaresearcherd;or example,
Piyawat et al(Piyawat et al. 20)Xtudied the axial load carrying capacity of doubly symmetric
built-up coldformed sections with simple | and box shape. Zhang and YZhgngand
Young 2015 investigated the design of celdrmed steel buitup open section columns with

longitudinal stiffenersand nore recently, Wang and Your(§vang and Young 2016&Vang
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and Young 2016bconducted numerical and experimental studies on therpefaece of CFS
built-up sections with intermediate stiffeners under bendiigure 2.7) and developedSM

equations fodesign

The widespread us# CFS as construction materialalsoattracting more researdn its use in
composite structures. Hanaianaor 200p conducted experimental research on tise of
coldformed sections as composite beams in concrete slab systems. Different CFS cross
sectional shapes were tested with concrete slabs and extensiv@uptssts of numerous types

of connectors wre conducted. A review on the cdliimed steel and concrete composite
system can be found iresearch(Lawan et al. 2016 Other Coldformed stel composite
structures includbambod steel composite bean(Figure2.9(a)) (Li et al. 2015Li et al. 2013

and ColdFormed Steel and wood floorfigure2.9(b)) (Kyvelou et al. 201p

o e e )
L3 B

Figure 2.8. Cold-formed and concrete composite bearfHanaor 2000.
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Figure 2.9. Cold-formed steel composite elements with (a) bambdti et al. 2015,Li et al. 2012)and
(b) wood (Kyvelou et al. 2015)

2.2 Designof CFS members

Three basic modes of buckling of CFS memloars be identified (see for exampigure2.10)
(Schafer 2006 As defined inEC3, part 13 (CEN 2005B, local bucklingis a mode involving
flexural deformation in each individual plate without transverse deformation of the lines of
intersection of adjacent platd3istortional bucklings a mode of buckling characterised by the
change in crossectional shapes excludingcld buckling. Global bucklingt¢rsionatflexural
buckling, lateratorsional buckling is a mode in which compression members can bend and

twist simultaneously without change of cresstional shapes.
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Figure 2.10. Buckling modes of a lipped channel in compression using CUFSiBchafer 2006

The development and introduction of different design specifications foff@atoed thinwalled
structures have been represented by a number of design codes such(@4SAIS07), ANZ
(AS/NZS 1996 and EC3 specificationd CEN 2005h. The European desigrode E3 (CEN
20058 and the AISI, Appendix TAISI 2007), include two representative design concepts for

cold-formed steel members, howevtrey are fundamentally different.

221 EG

The European standaiC3 for CFS structures design is based on the-kvelivn effective
width concept, first proposed by Von Karm@ron Karmanet al. 1932. This recognizes the
fact that local buckling of the sectional plates has the effect of shifting thdéaaihg stresses
towards the corner zones, and reduces the eféigiehthe central parts in carrying compressive
loads.In addition,EC3is consistent with the traditional design philosophy of steel structures,

where a number of design curves for local/distortional and global buckling are used.

The basic idea for the dign ofa CFS section according 6C3 (CEN 2005b is to represent

the reduction in the effectiveness of a locally and distortionally buckled plate with-a non
uniform stress distribution by using an effective plate under a simplified linear stress
distribution, as shown ifrigure 2.11. The effective width of plate with different boundary
conditions and stress gradients can be calcukatedrdingto EC3(CEN 2005&
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Figure 2.12 Distortional buckling model: (a) flange with edge stiffener (b) flexural buckling of edge
stiffener as a strut on elastic foundation and (c) flexural buckling curve for edge stiffendlCEN
2005b)

EC3 (CEN 2005bh bases the design for distortional buckling on the assumption that the
effective parts of edge stiffener behave as a dfigu(e2.12) continuously supported by elastic
springs of stiffnesK along its centroid axis. The buckling of edge stiffener is ttaden into
account by using a reduced thickness in the effective edge stifls@8(CEN 2005b also use

this model to calculate the reduagickness of intermediate stiffeners.

Instead of the gross cresectional propertiesEC3 (CEN 2005H subsequety uses the
effective crosssection to design CFS membdos global buckling. The method of effective
width conceptfor design of CFS members according=03is complex andequires the use of
an iterative procedure; however, it is consistent with #sigsh guidelines for classclass 3
sections(CEN 2005¢. Recent research on the improvementhef éfective width methodhas
been conducted by other researcliBeista 2009Bernuzzi 2015Bernuzzi and Maxenti 2015
Bernuzzi and Simoncelli 201B®ubina and Ungureanu 2014e and Zhou 2014ui et al. 2016
Ungermann et al. 201%u and Yan 2011

2.2.2 Direct Strength Method

The Direct Strength Method (DSMiroposedn Appendix 1 of the AISI specificatian(AlSI
2007 is an alternative to the traditidnaffective width method to predict the load carrying
capacity of CFS members. This method integrates a computational stability analysis into the

design process. In a first step, the elastic local, distortional and global buckling loads are
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determined. Usig these elastic buckling loads and the load that causes first yield, the strength is
then directly predicted based on a series of simple empirical equéfitis 2007). While
calculation of the effective properties can be tedious for complex CFSsentiess, only gross
section properties are needed in the DSM. The elastic buckling loads of CFS members can be
calculated using software such as CUF$&thafer 2006 A comprehensive review of the

DSM has been presented by Sché&Bahafer 2008

Currently, the DSM has been pravéo be efficient and effective for the design of typical and
prequalified CFS section@&ISI 2007). However,plain channel and angle sectiocennotbe
designed according to DSMnitially, DSM was limited to a number of prequalified cross
sectionswasunable to design beaoolumns, negleedthe shift of effective centroid arabuld

not accounfor interactive bucklingUngermann et al. 20}2

The DSM has been further developiedinclude the analysis dfexural beams, compression
members, combined compression and bending, mendefitgent inshear and the interactive
buckling of membersSee for examplelesign recommendations by research@&jsesh and
Jayachandran 2016&umar and Kalyanaraman 201Kwon et al. 2009 Landesmann and
Camotim 2013Landesmann et al. 20L6or the design of columndy researcherfAnbarasu
2016 Nandini and Kalyanaraman 201®ham et al. 2014#&ham and Hancock 201Ben et al.
2016 Wang and Young 203}4for beam and purlg) guidelines proposed by researchers
(Degtyareva and Degtyarev 2QMahendran and Keerthan 20Fham et al. 2013°hamet al.
20143 Pham et al. 2014bfor shear designand design recommendations(Kumar and
Jayachandran 201G orabian et al. 2016Torabian et al. 201}p for beamcolumnsand for
interactive bucklindCava et al. 2016, Dinis et al. 2012, Dinis and Camotim 2015, Martins et al.
2016)

With the development of DSM, the design procedure relies heavily on the buckling signature
curve concepand this has led ta significant increase of research into the different methods for
elastic buckling analysis of thawalled steel sections. The conventional finite element method
can be used whereas CFS sections are susceptible to local/distortmed! bgckling and their
interaction. Therefordt is essential to isolate the individualickling modes i.e. the pure local,
distortional, global and shear buckling modes for computational efficiency in terms of design.
The majority of the research inastic buckling has concentrated: @) the constrained finite

strip method (cFSM) from Professor Schafer at the Johns Hopkins University and dProfess
Adany at Budapest University of Technology and Econonjfatany and Schafer 2006a
Adany and Schafer 2008 b) the finite strip method (FSM) for shear buckling developed by
Pham and Hancock at the University of Sydfidgncock and Pham 20t 2) the general beam
theory (GBT) mainly from Professor Camotim at the Universidade de Ligboncalves et al.

2010 andd) an alternative modal decomposition method based on polarisation developed by Dr
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Becque at the University of SheffielBecque 201p Ot her researchersbéb
buckling and modal decomposition can also be founthe literature(fCamotim andBasaglia
2013 Li and Becque 2014.i et al. 2014 Naderian and Ronagh 201Silvestre 200Y.

Recent developments on the elastic buckling and modal decomposition can be mainly found in
thefield of shear and localised buckling analy@#ancock and Pha015 Hancock and Pham
2013, elastic buckling of perforated membékedelcu 2014Smith and Moen 20)4and shell

or finite element based analy$f&day 2016, Nedelcu 2014Nedelcu 2012

2.3 Seismic behaviour of CFS members

The CFS sections have been wideled as envelope structures such as secondary cladding,
purlins and wall panels in momerdgsisting frame systems. However, the application of CFS
elements as primary structural components is generally restricted ‘stavag portal frames

and lowtrise studwall frames with low ductility in nomseismic areagDubina et al. 201R2
Compared with conventional hotlled steel structures, the CFS structures are susceptible to
premature local/distortional buckling in sections with large widtthickness rao. Also
conventional CFS connections usually cannot provide high strength and ductility. This implies
that the conventionally developed stresmumn weakbeam, and stroAgonnection weak
components seismic design philosophies adopted in seismic dedig{Als] 2006) cannot be
directly used in CFS structures due to lack of ductility in CFS elements and connections. This
restricts the applicatiof multi-storey momentesisting CFS framing systems in seismic
regions(Dubinaet al.2012.

Recent studies on CFS bolted systems showed that both beams and columns can be designed in
accordance with the capacity design principles to remain elastic during a strong seismic event
(Sato and Uang 2013ato and Uang 201QJang et al. 2010 In their poposed design
methodology the seismic energy has been dissipated mainly through the slippage and bearing
failure caused by boekheeting conneion, as shown inFigure 2.13(a). Another design
philosophywas devéoped by BagherSabagh et al{Sabbaghet d. 20123 Sabbaghet al.2011)

by using appropriate detailing such as longitudinal and transverse stiffeners to prevent
premature buckling in the vicinity of connections and new CFS -@@s$ons with added bent
corners to increase the capacitytiod CFScrosssections. The seismic energy is thus dissipated
through a mechanism by bolt slip and cresstion buckling similar to the plastic hinges
behaviour in hotolled steel elements, as shownHFigure 2.13(b). This implies that with the
development of mre efficient CFS elements, high performance momesisting CFS framing

systems can be achieved.
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Moment Moment

Rotation

Figure 2.13. Responses of bolted CFS bedroolumn momentresisting connections: (a) energy
dissipation through slippage and bearing failure ;(b) through beam sectiofSabbaghet al. 20129

In order to fully understand the behaviour of CFS systeubjected to ararthqake scenario

there is a need tiirst expandcurrentknowledge on CFS at member level. Existing research on
cyclic behaviour of coldormed steel members is still limited. An early investigation on the
cyclic behaviour and energy dissipation associatdti Wical buckling deformations in CFS
beams subjected to cyclic bendif@alderoni et al. 2009 indicated that strength degrades
rapidly in the initial cycles and remains almost the samsulbsequentycles. Thiswas the

result of localized inelastic bulikg deformations (and fracture in the cr@gsxtion) gradually
spreading through the cresection as the number of cycles increased. diservedstrength

can be beneficial in the context of collapse analysis and design of CFS systems. An
experimental pggram was conducted by Padilliano et al.(PadillaLlano et al. 2016 to
investigate the cyclic bending behaviour and energy dissipation of CFS channel members
experiencing local, distortional or overall buckling. CFS axial members were also tested under
cyclic load by Padilld_lano et al.(PadillaLlano et al. 201}t The nemberswere designed to

fail by local, distortional or global buckling modes, and it was found that the total energy
dissipated within a small length and decreaséth increasingcrosssectional slenderness.
More recently,tests were carried out d@FS lipped channel and curved channel beama in
momentresisting framesubjected to cyclic bendingSerror et al. 201§. The effect of
configurations with and without owlf-plane stiffeners on the energy dissipation, the moment
strength and the ductilitwas nvestigatedBeamswith curved section were prow¢o possess
higher ductility and dissipate more energy.

2.4 Cold-formed steel connections

Unlike thedesignof hotrolled steel structureshe design guidelines for CFS connections are
still limited (CEN 2006d). Detailed design procedures for CFS connections are not always
available in design codes due to the wide variety of joints used in the construction ifdustry
and LaBoube 203)Gsuch as boltsr self-tapping screwg¢lL.ennon et al. 1999 The performance

of singlelap bolted connectionwas examinedBolandim et al. 201,3Chung and Ip 20Q1
Chung and Ip 20QKim et al. 2015Kim et al. 2008 Teh and Gilbert 2014Teh and Yazici

2013 Yu and Panyanouvong 2013Screwed connectiongere studied bya numberof
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researchergFiorino et al. 2007Peterman et al. 2014Rahmanishamsi et al. 2018e et al.
2016¢ Zhao et al. 2014andsheet or sheathing splitting, bearing failunel met section tension

rupturewere the most common failuraodesobserved in thesgngle fastener studies.

Bolted connections are frequently used site due to their efficient assembly. The most
commonly used CFS bolted connections consist of: 1) Heamalumn joints with gusset plate
or apex joints used in portal frames and dstarey buildings Kigure 2.14(a)); 2) bolted
connections used in truss elameFigure2.14(b)), and 3) sleeve or overlapped connections for
beamto-beam or purlinsKigure2.15).
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Figure 2.14. (a) Beamcolumn connection with stiffeners(Sabbagh et al. 2018and(b) CFS truss
bolted connection(Zaharia and Dubina 20)

@) (b)

Figure 2.15. (a) Sleeve and overlapped connectiorf¥ang and Liu 2012 Zhang and Tong 2008 and
(b) Details of apex joint(Lim and Nethercot 2003

Design guidelines for CFS connections are limited to their fundamental strength prediction of
bolted fasteninggCEN 2005d AISI 2007). These design rules for individual fastenings have
been typically developed from test data with limited ranges of mhtpr@perties and
geometrical dimension®Bryan 1993 Fisher 1964Rogers and Hancock 1998eh and Yazici

2013 and therefore, should be carefully used in design and construction. While it is important
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to assess the load carrying capacity of connectibissalso crucial to examine the stiffness and
deformation characteristics of CFS connections. The local carrying capacity and deformation
characteristics of CFS sleeve joints or overlapped connediiauiserrez et al. 201,1Ho and
Chung 2006Liu et al.20153 Liu et al. 2015bYang and Liu 201R CFS apex joint¢Elkersh

2010 Lim and Nethercot 20044d.im and Nethercot 20 Lim and Nethercot 20030zturk

and Pul 201p and bolted moment resisting connections have been investigated through
experiments. Aalytical formulas have also been proposed to predict thedispthcement
curve and rotational stiffregB ul mys and D8nol mpas addl%Bauliuv?
The kehaviours of connectors in CFS storage ragleye examinedexperimentdy and
numericaly by researcherg¢Baldassino and Bernuzzi 200Bernuzzi and Castiglioni 2001
Gilbert and Rasmussen 2QMarkazi et al. 199/7Shah et al. 2016/in et al. 2019.

Nevertheless, analytical and experimental investigations on the monotonic and cycliotrehavi
of bolted moment resisting connections in CFS construction are still limited. Uan@/anglet

al. 2010 presentedan experimental study oroints, where double channel beamwere
connected to HSS columns. The beams were directly connected to the oollynaith bolts

but without any other components as showrrigure 2.16(a). A ductile yielding mechanism
was achieved through the inelastic action of bolt slippage and bearimg $héets. A model to
simulate the cyclic behaviour of the connection was proposed. However, thetaviditkness
ratios were limited strictly to prevent the local buckling in the vicinity of connectiittsough

a relatively high ductility was achievedhis wasat the expense d reductionin rotational
stiffness.

Sabbagh et al(Sabbaghet al. 2013 Sabbaghet al. 20120) demonstrated that both high
rotational stiffness and ductility could be achieved by using @estons with curved flanges
(alsoseeFigure2.14). This was als@tudied angroved byother researche(Serroret al.2016.
Also, vertical and horizontal stiffeners were used to preverimartteire buckling along the
connection as shown ifrigure 2.16(b) and momentotation behaviourwith and without
slippage were observed. Thain disadvantagef the sections examined by Sabbagh etsal.
that the curvedlange crosssections are hard to manufacture and the additional welding work

of the stiffenersreates a problefior fast and larg-volume production of CFS products.
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Figure 2.16. (a) connection presented by Uang et alUang et al. 2010 and (b) by Sabbagh et al.
(Sabbaghet al. 2012

2.5 Optimisation of CFS elements

CFS sections can be manufactured in a wide range ofsecsisns and, therefore, identifying
the optimised crossectional shapes for CFS elements is of great interest to both manufactures
and designers. Optimisation of CFS profiles is a complex pragess the strength of CFS
members composed of thinner plates are determined by local, distortional, and global buckling

modes and their interactions.

Early research on the optimisation of céddmed steel sections started by Seaburg and Salmon
(Seaburg ad Salmon 1971with the minimum weight desigrin their research, coffbrmed
hatshaped sections were optimisactording tathe steepest descent method. Later, Adeli and
Karim (Adeli and Karim 199y optimised hat,-land Zshapes crossections using the neutral
network method. Lee et afLee et al. 2005h Lee, Kim and Park 200§kinvestigated the
optimum design of channel beams and columns by using the micro genetic algdridmrend

Lu (Tian ard Lu 2004a)investigated the minimum weight of the cdtdmed Gchannel
sections with and without lips with a fix coil width subjected to a prescribed axial compressive
load. Toward this, they have developed a simpbiimisation procedure that assumeseth
simultaneous occurrence of all failure modes in a minimum weight structure. Different failure
modes including yielding, flexural buckling, torsiosilxural buckling, and local buckling
were considered, while the failure criterion was based only ordimpressive strength. The
accuracy of the developed analytical procedure was confirmed through experimental tests on the
optimisad C-sections with and without lips. In another study and using micro genetic algorithm
(MGA), Lee et al.(Lee et al. 2006ajpund the optimum design of CFS channel cresstions

with and without lips under axial compression. The optimum design formulation of CFS
columns is derived based on the AISI specificatigSI 2001) The optimum results of
different parameters were pregesh in the form of the design curves for different axial loads
and column lengths.
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Nevertheless, these reseastudiesfocusedon the optimisation athe geometrical dimensions
of conventional crossections and the solution space of other prototypes nlohsbeen

considered. Thus, optimal solutions may not have been necessarily achieved.

In past studies, the strength capacities of selected prototypes were either determined using the
conventional i e f {(GES 2005H AISM2DOT, Vdn Kammeahdt al. #1982 or

the more recently devel op ¢éAdSI @)i(egehy usingfiniteen gt F
strip method (FSM) (Li and Schafer 201QbSchafer 2006 Leng et al.(Leng et al. 201])
combined the DSM with the gradiebased steepest descenethodas well asgenetic and
simulated annealing algorithms to obtain CFS sections with maximum capadityeir work

resulted in thdreeform sections shown ifrigure2.17. Gilbert et al.(Gilbert et al. 201 and
Moharrami et al.(Moharrami et al.2014 conducted similar research while modified their
optimisation algorithms to search for the minimum of the local, distortional and global buckling
stress. The resulting shapes, althoeghibiting significant improvementn strength, require

very highmanufacturingcosts Leng et al(Leng et al.2014 extended thie previous worksy
incorporating constraints on the numbef bent rollers, which reswdtd in reduced
manufacturing costsAdditional work on the combination of DSMDirect Strength Method)

andGA (Genetic Algorithman be found imther referencei<umar and Sahoo 201Madeira

et al. 2015Wang et al. 2016aVang et al. 2016b

Figure 2.17. Optimal cross sections found by using GA and DSNLeng et al. 2011)

Sabbagtet al.(Sabbaghet al.20123 investigated the efficiency of six different shapes of CFS
beams cressectiong(Figure 2.18) analytically The results demonstrated that the strength and
ductility of the CFS sections can be significantly improveaugh the introduction obent
rollers (from section 1 to section 6 kigure 2.18). For exampleFigure 2.19 shows that the
premature buckling behaviour can be delayed by using the curvedseisms. Nevertheless,
curved crossections are difficult to manufacture and connectother structural and nen

structural elements such as floor systemd more practical shapes should be developed
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Figure 2.18. Evolution of CFS crosssections by addingoents(Sabbaghet al. 2012a)
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Figure 2.19. Moment-rotation behaviour of the CFS crosssections(Sabbaghet al. 2012a)

Optimising the dimensions of crassctional shapes of the CFS elements can increase their
ultimate strength. Howeverhe limitation is that the known DSM strength equatiovere
originally developed for prqualified beams or column sections, awere not validated
(numerically or experimentally) for the design of more complex profiles. Therefore, for
practical optimisatin of nonpredefined (or general) sections there is a need to develop suitable
methods by considering manufacturing and construction constraints. Moreover, the optimisation
of CFS crossectional shapes based on the buckling strength may not always eptigiis
energy dissipation capacity and ductility, which are especially important for seismic design

applications.

2.6 CFS structural system

There are a number of structural systems available in the CFS construction, such as CFS truss
roofs, CFS shear/stud walystem, CFS portal frame, CFS momeggisting system and some

other innovative structural forni®ao and van de Lindt 2013

The shear/stud wall structures have been widely usegksidential buildings and frames
composed of shear/stud walls can bedu$er multistory buildings. A great number of
experimental studies have been conducted to investigate their shear performances under lateral
loading scheme. Fig and Dubin@ulop and Dubina 20Q4onducted a fulkcale shear test on

a CFS stud wall systm with various configurations like diagonal strap braces, door openings,
sheathing with corrugated sheet or Oriented Strand Board (OSB). The tested results show that

the hysteretic behaviour is characterised by significant pinching and reduced eneépgyiainss
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Similar research on the behaviour of sheathed studweallcarried ouin other research as well
(Lin et al. 2014 Miller and Pekoz 1994Pan and Shan 201Serrette et al. 1997In more
recent studies by Ye et glfe et al. 2015Ye, Wang andZhao 2016}, the effects of sheathing
material, stud dimensions, stud spacing and fastener spacing were investigatsively The
behaviour ofCFS shear walls comprising single and dotgitked steel sheathing wagamined
experimentallyby Mohebbi et al(Mohebbi et al. 2016 In this research studyhe failure
modes of sheathinp-frame connection failure and stud buckling were obsemedktail It
was also found that the sheathing screw failure with a bearing type led to highgy ene
dissipation. Mohebbi et a(Mohebbi et al. 2016also conducted experiments on the seismic
behaviour of steel sheathed CFS stud walls cladded by gypsum and fibre cement boards.
Different types of cladding boasdvere combined with steel stikingandit was observed that
the use of cladding can lead tcsafe and more efficient designand to an increased energy

dissipationcapacity

The dynamic behaviour afingle and double story stestheathed CFS framed shear waliss
examined experimentally tshamim et al(Shamim et al. 20)3Wang and Y¢Wang and Ye
2016 conducted cyclic tests on two and three story CFS shaits with reinforced end studs
and reported a very good performance in ternghefir strength and energy dissipation capacity.
Dao and Lindt(Dao and van de Lindt 201Bao and van de Lindt 2018sed an experimentally
validated numerical model to study the seismic performance of GBfdéd buildingsand
found that the buildings performed very well compared with the required perfoencateria at

the global level.

Schafer et al(Nakata et al. 2015chafer et al. 20)&onducted a fulkcale shake table test on

CFS framed buildingsThe eperimentalwork was accompanied by an extensivanerical
studyand addressed various research issneljding: stud wall testing, characterisation, and
modelling; cyclic beams and columns testing, characterization, and modelling; CFS screw
connection testing, characterisation and modelling and whole building &idkeesting, and
modelling. Their research shows that it is essential to used more detailed numerical models to

simulate the behaviour of fuficale CFS building system subjected to seismic load.

As discussedibove, the use of CFS stud wall systemsléeelop a higher shear resistance is
commonpractise However, stud wall systenastrictsthe architectural flexibilityreducesopen

spaces antimits future planning modification. An alternative to CFS shear walthasuse of

CFS portal frames thaolely composed of fully CFS beams, columns and momesisting
connections. CFS portal frames are being used more frequently and therefore, research on their
structural performances increasinglybeing undertalen The dtimate strength of CFS sub

frames wasnvestigated by Lim and Netherc@tim and Nethercot 2004&im and Nethercot

2003, and Yu et a(Yu et al. 200%. Dundu(Dundu 201} investigated the design approach for
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CFS portal frames. The design of beams, columns and-belamns were discussed bging

the effective width method while recommendations were made for the design of CFS bolted
momentresisting connections. The limit of deflection of the frames was also discussed. Phan et
al. (Phan et al. 20)loptimised the topology of CFS portal frasnesing Genetic Algorithm.

The effect of wind action was investigated whereas serviceability limit state was not taken into
consideration. Kim et al(Rasmussen et al. 201@&nd Zhang et al(Zhang et al. 2015
developed a beam finite element methtitht enables the consideration and effect of
local/distortional buckling deformations. It was realized that the development of
local/distortional buckling reduces the stiffness of CFS members. The results were verified
through the use of ashell based finite lement method. Following the development of the
element, secondrder effects in locally and/or distortionally buckled frames were investigated
by Zhang et al(Zhang et al. 201§ato more accurately capture the true deformations and
internal forces and mnments of the portal frameSubsequentlyan experimental program was
conducted(Zhang et al. 2016bto investigate the structural behaviour of CFS portal feame
subjected tathe occurrence ofocal/distortional bucklingprior to global sway buckling. A
critical evaluation was made on the accuracy of existing design guidelines to predict the

ultimate strength of the frames tested.

The stressed skin diaphragm action in CFS portal frame was investigated by Wrzesien et al.
(Wrzesien et al. 20)5using experirantal tests. Two types of jointgith and without roof
sheetingwere used in the CFS frames. It was shown that due to the stressed skin action
developed in the CFS frame, the internal portal frame with roof sheeting resisted about three
times more laterdbad than the bare frame and the deflection of the internal frame was reduced
by 90%when compardo the bare frame in terms of serviceability limit state. Optimisation of
CFS portal frame taking into account of the stressed skin diaphragm action wastedrgu

Phan et al(Phan et al. 20)5who concludedhat the material cost afframe can be reduced by

up to 53%when considering thstresseeskin action.

The behaviour of CFS momerdsisting frame with concrete filled CFS column and CFS-back
to-back beams was investigated under cyclic lg@&hbbagh et al. 201L0The tested CFS
momentresisting frames showed satisfactory seismic performance subjected to lateral cyclic
load. In another study by Johnston et(dbhnston et al. 2015dohnston et al. 2@b) , the
collapse behaviour of CFS portal frasrmubjected to elevated temperatuvess investigated

The test and numerical results showed the importance of connection rigidity in the modelling of

CFS frame under fire.

CFS trusesarecommonly used structural fostior constructing lightwveight floors and roofs
of portal frame structure§.he @timisation of CFS space structures was conducted firstly by
Tashakori and Adeli(Tashakori and Adeli 2002 who consideredstrength, stabilityand
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serviceability limitsin their design approactd flat-panel double layer grid structure and a
spherical double layer space trussrgoptimisedby the authors using the devised methodology.
A neural dynamics model has been uasdhe optimisation atgithm for the minimum weight
design. An experimental study on a truss assemblage and its compep®dtpiwere tested by
Mathieson et al(Mathieson et al. 20)6and agood agreement was achieved between the
experimental results and the finite elemeatdelling in terms of stiffness.

2.7 Summary

From the review of the literature discussed above, the following research needs were identified
and will be addressed in more detail in the following chapters:

1 It is apparentthat the flexibility in the manufacturip of CFS sectionallows the
development of innovative shapesdth improved resistance to local and distortional
buckling. CFS sections can be stiffened by using intermedi#ffeness, edgestiffeners
and increasing the folds among crgestions In addition exploiting the composite
action between CF8lementsand other materialsuch as wood, bamboo and concrete
can assist in developing more economic design of CFS sectiohfowever, the
manufacturing and constructional restraints should be takém account when
innovative crossections are developed.

1 Understandingand studyinghe main aspects of structural behaviour, advantages and
deficiencies of CFSections is a first step to impmtheir performancandefficiency.
Therefore, prior to theptimisation of different crossectional shapes of CFS sections,
it is essential to develop a procedtinat can be used for the design of CFS sections.
Both the effective width concept and the DSM can be used for the optimisation of CFS

members. Howevethe sections should be predefined for the design procedure.

1 The results of several studiésdicated that optimising the profiles of CFS cross
sections based on their inelastic plostkling behavioucan offer a greapotential to
improve the seismic prmance of CFS framing stgiructures and fulcale systems.

I More practical cross sectional shapes should be developed to allow easigz on
connections by taking the manufacturing and construction factors into consideration. In
addition, advanced numeal models should be developed to simulate the inelastic and
cyclic behaviour of bolted connections with and without slippage so as to more

accurately capture the behaviour of CFS connections.

1 The optimisation of CFS cros®ctional shapes based on theling strength may not
always optimise their energy dissipation capacity and ductility, which are especially

important for seismic design applications.
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1 Theresearch oseismic behaviour of CFS truss and frasgstemis still limited. At the
same time, C§ buildings with longer span and more flexible layouts are in demand for
peopleds requirements. Therefore, more resear
frame and frame system considering the effect of cladding and stressed skin diaphragm
action.
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CHAPTER 3. Optimisation
of CFS columns Using
Particle Swarm
Optimisation Method

This chaptemeports on the results of an investigation pertaining on the optimal design of cold
formed steel (CFS) colums with respect to themaximum compressive strength total of 10
channel crossection were considered and their geometrical dimensions were optimised in pin
ended columns with three different length; 1m, 2m, and 3m. In the optimisation procedure, the
thickness and total coil width were retained to be constant. In order to comply with the
manufacturing and constructional restraints, the selected prototypes and optimisation process
satisfy the regirements of Eurocode 3 (EC3Jhe crosssectional propeits and flexural
strength of the sectionsasdetermined based on the effective width method suggested in EC3,
while the optimisation process was performed using particle swarm optimisation method. The
flexural strength of the optimised sections were alstained using the nonlinear finite element
(FE) analysis and the results were compared with those of effedtitte method suggested in

EC3.
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3.1 Introduction

There have also been a few studies on optimisation of-sem$®n of CFS columnsiterature

review on the optimisation of CFS columns can be found in Section 2.5. As pointed out in
Section Z7. despite some research on s@gtimisationof CFS column with &ections, no

single research included the domain of all channel gesgons commonly manufeured and

used in construction industry. As a result, this study was aimed at @pgnthe geometrical
dimensions of all manufacturable-dbiape crossections (i.e. with and without lip and
intermediatestiffeners). For theptimisation all the sections were considered to have a fix coil
width and thickness while the optimisation was performed based on the load capacity obtained
following the provisions of effective width method suggested in ECBN 200%). The
optimised solutions werarrived using particle swarm optimisation (PSO) method while the
results was also validated using the nonlinear FE analysis. To facilitate the procedure, both the
optimisation and strength calculation were performed using a program developed in Matlab
(Mathworks 2011, Appendix A.1)

3.2 Design of CFScolumns based on EC3

It is clear according to EC3 that calculation of the effective properties requires an iterative
procedure and the round corner effects are essential for consideration. In the optimisation
proaess, the axial capacities of the sections were calculated according to the effective width
method provisions of EC3. To provide a better illustration of the method, a summary of the
requirements of this guideline in order to design CFS structural memimes aritical buckling
conditiors is provided in the following.

3.2.1 Design for local buckling

The local buckling design of CFS members are addressed in EC3 using the effective width

concept, first proposed by Von Karmévion Karmanet al. 1932. It recognizes the fact that

local buckling of the plates constituting the cresstion has the effect of shifting the lead

bearing stresses towards the corner zones, while the central parts of the plates become less

effective in carrying load. Thecressect i on i s consequently -idealized
sectiond as s howrFigured.l $hisleffedive lareais dssurhed to earry the

full compressive load applied to the section.

34



Chapter 40ptimum desigrof CF®eamsusingParticle Swarm OptimisatioNethod

(a) (b)

Figure 3.1. Effective area of (a) a plain C channel; and (b) a lipped channel with stiffener

3.2.2 Design for distortional buckling

Distortional buckling is considered as flexutatsional buckling of plate subassemblies and
therefore requires iplane movement as wels autof-plane movement of one or more plates.
This is naturally accompanied by the intersecting lines of certain plates undergoing
displacements out of their original positions, unlike what happens in local buckling. While EC3
accounts for local bucklindgpy a reduction of the effective width of the constituent plates,
distortional buckling is taken into account by reducing the effective plate thickness. The elastic
distortional buckling stress, necessary for the calculation of a distortional slendertiesseby
obtained from a simplified model where the restraining effect of the adjacent plates is simulated
by elastic springs as illustratedkigure3.2.

.

Figure 3.2. Flange and web models of a lipped channel section for distortional buckling
calculations.
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3.2.3 Design for global buckling

The design a CFS column for global buckling in EC3 requires the determination of the global

slenderness/ . which is defined as

_ A fy
¢ N

(3.2)

cr

where N, is the minimum of the elastic flexural, torsional or flexttational buckling loads

based on the gross cressction. It should be noted that the slenderness is calculated using the

effective area of crossection, A, to account for locaglobal interaton buckling (i.e. the fact

that local/distortional buckling erodes the global buckling stiffness).

3.2.4 The shift of the effective centroid

For a section lacking double symmetry, the centroid of the gross section and that of the effective
section generally wadd not match, as depicted Figure3.1. A pin-ended column with a load
applied at the centroid of the gross section will therefore sustain an additional bending due to
the shift of the effective centroid once the local/distortional buckling takes E&®accounts

for this through an interaction equation for an axial folkecombined with a moment of

M =N g, wheree is the shift of the effective centroid. However, this phenomenon is not
observed in a fixegénded column as the shift in the line of actionnéinal force is balanced

by a shift in the line of action of external for€éoung and Rasmussen 199%ience, local
buckling in a fixended column would not produce any extra bending. According to EC3, the

axial force, Ng in a column without any externlaénding moment is defined by

)]

(3.2)
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where Ny, rq is the buckling resistance of a compression member according to the flexural
torsional or torsionallexural buckling depending on the relative slenderness Mgy

represents the design cremction and member bending moment resistance of the weak axis

and based on the effective bending properties. Adgois the shift of the entroidal axes as

shown inFigure3.1.
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3.3 Particle Swarm Optimisation method

The objectiveof the optimization was to maximize the bending capacity of CFS beams
according to EC3, subjected to the design constraints and practical limitations listed in Table 1.
Due to the high nonlinearity of the problem, a Particle Swarm Optimisation (PSO)dwediso
adopted. PSO is a populatibased algorithm, which is inspired by the swarming behaviour of
biological populations such as flocks of birds or schools of fish. The mechanism has some
parallels with evolutionary computational techniques, such as iGehligorithms (GA). An

initial population of solutions is randomly selected, but unlike GA, solutions are optimised by
updating generations without any evolution operators such as crossover or mutation. The
potential solutions in PSO, called particles, mav the problem space by following the current
optimum particles. This usually leads to a better efficiency in terms of computational time and
cost and, therefore, a faster convergence rate compared (bl&as8an et al. 2009e¢ong et al.

2009) Also, therequired parameters in the PSO is less than those in tH{B&ihi et al. 2012)

PSO is inspired by the swarming behaviour of biological populations such as flocks of birds or
schools of fish. An initial population of solutions is randomly selected amdatutions are
optimised by updating generations without any evolution operators such as crossover or
mutation (unlike GA). The potential solutions in PSO, called particles, move in the problem
space by following the current optimum particlesséarchfor the global optimal solutionA

swarm is comprised of N particles moving around-difdensional search space, in which each
particle represents a potential solution to the optimisation proflam.position and velocity

vectors of i™ particle are 7 ={ i i Fees ,[..,iD}A and V, ={\41,\(2,...,\{ ,\,5} :

respectively wherei =1,2,3,..N . In each iteration step, tifparticle updates its position and

velocity based on a combination of its personal best position over its history, and the position of
the particle within the swarm with the best position in the previiteration. This can

mathematically described as:

VEl=w @ o (@G 1) -t o P(E OOt (33

rit= gk € (3.4)
where the subscripisandk denote the particle and the iteration number, respectiitlis the
time increment.Pbestiz{ Pas Pi2se- B ﬁb} represents the best position of tifeparticle

over its history up to iteratiok, while Gbest={gl, gz,...,gj,...,gD} shows the position of the

best particle in the swarm in iteratidn The cognitive parameter indicates the degree of
confidence in the solutioRyes; Obtained from each individual particle. The camstparameter

C, is a social parameter to reflect the confidence level that the swarm as a whole has reached a
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favourable position. In addition; and r, factors are two independent random numbers

uniformly distributed between 0 and 1, addimgandomsearcimg aspect within the feasible
region. Finallyw is the inertial weight factor used to preserve part of the previous velocity of

the particles to improve the convergence of the optimisation process.

3.4 Optimisation procedure

3.4.1 Problem definition

This study wasimed at optimising the CFS columns with different length. A total of 10-cross
sections were considered as the prototypes, as illustratefhbie 3.1. This table also
summarizes the optimisation variables and constraints corresponding to each pratutgee.
shapes were selected considering the manufacturing and construction restraints. Each cross
section was optimised individually with respect to its axial capacity determined according to
EC3. All the limitations prescribed by EC3 on the slendernesgesabnd the relative
dimensions of the plate components in the eeestion were thereby taken into account as

constraints on theptimisationproblem in addition to a constant thicknesg efl.5mm and a
total coil widthof | =34Imm for all prototypes. Theptimisel prototype with the maximum

capacity then represented the overall optimum solution. The results of optimisation were also
compared to a standard CFS cresstion (BW C17515) with the same total coil width and
thickness as shown Figure3.3. The radius o | | round corner s, el astic mod

ratio were assumed &mm, 210GPa and 0.3, respectively. The steel yield strength was
considered to b, =450MPa. the optimsation problem can be formulated as a misation

problem, defined by

min f (x) = -min{Ns, Nj Ra» NcR(} 19 o
(35)

Upin € X QU fOr i=1..N

where f (x) is the design moment resistance of a coluhp.is the axial member resistance
considering shift of centroid as describedsettions3.2.4 N, g4 and N g4 are the resistance
of member and crossection, respectively. Als@y, is the partial factor in ultite limit state.

It is worth mentioning that the inelastic reserve capacity is always taken into account according

to EC3 when calculating the bending resistance. For each varablthe lower and upper
bounds,u.,,, and u,,.x respectively, are considered acdogdto EC3 as summarised Trable

3.1
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The sections were optimised for three different lengths (1, 2, and 3m). The effective lengths for

bending and torsion were assumed to be identical.optimmisationwas carried out for a pin

ended column with warping allowed at the ends. This boundary condition considers the effect of
the shift in effective centroid by using a beaplumn interaction equation as described in

Section3.2
Table 3.1. Optimisation prototypes, variables and constraints
Prototype Design Constraints based _
Prototype section variables on EC3 Urmin Umax Comments
b
~ EN19931-
btO5 0
< =L . 0 0.220 3 Clause
X WtO5 0 0 .
ytibga
- HtO5 0
x1=h/L H1O5 0 0 0 0.220
xo=R 2. 0.1 0.9  EN1993l-
- 0.ROD. 9 N N 3 Clause
X3:G = wal 36 32 5.2
Xi=S 3 6@p32 10 20 '
* 1 002 0
x=h/'L ::g: (()) 0 0 0.220
x=R 2. 0.1 0.4  ENI19931-
=G 0.ROD. 4 %6 32 3 Clause
3= Z Y2 5.2
X4=S J 6@y2 10 20
10020
0.@o0. 6
x=d b HtO6 0 0.2 0.6 Eg‘gvl’:fsle
x=h'L dt050 0 0.264 59
HtO50 0
0.@0. 6
x1=d b HtO6 0 0.2 0.6 EN19931-
< x>=h' L dt050 0 0.264 3 Clause
x=G WtO50 0 34 3/4% 5.2
8o 3 4G@D3 54
sfbH“
. Hb;; X1=d b, O‘ (2[:0‘0 - 6 0.2 0.6
£>\ & . 3 AGD3 34 Ny g 3 Clause
; N, X= & Y 6@92 34 3/4% c o
1osfd 0.rX®.9 36 32
ey X6=S 10020 10 20
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Prototype Design Constraints based .
Prototype section variables on EC3 Umin Umax Comments
x1=d b, . . 0.2 0.6
x=oL 0. @OBLIOEC 0.264
iR J0SH0500 op g ENLOL
e 3 6GDY? AR B
° 0.RXD 1002 ( I 3
Xe=S 10 20
xi=d b 0.@0.6, g, 0.6
0.dmo. 3 )
x=d b o A 0.1 0.3  EN1993L
i HtO9 @t06 0 ' ' 3 Clause
"3‘5"} JtiO5 #0500 ° 0.264 5.2
X=Q ? 4@3 /34 34 3/43
0.@0.6, g2 0.6
xi=db 0.dmWwo. 3 01 03
x2=d b 09 @106 0 0 0.264
xs=h/ L dtO5 B/105 0 0 ' EN19931-
=R 3 4GD3 34 9.1 0.9v 3 Célguse
. L Y 6 4 3/4 :
Xs=@, Xe= G 3 6@32 3 5 5
=S 0.ROD. 9 36 32
10020 10 20
0.@00. 6, 02 0.6
xi=db 0.dmo. 3
oed b : { 0.1 0.3
i 09 @106 0 0 0.264
xa=h L d105 610500 oa aast
xi=R 3 4@ 3 534 V-4 3/;( 53use
sté, xe=G 3 6@32 :f/ > 3
wms 0.ROD . 4 36 32
— <
10020 10 20

In the optimisation process, the starting point was set to be the commessiailgible C

channel sectignas shown irFigure3.3. However, it also allowed for the more complex double
edge folds, inclined edge folds and intermediate stiffeners. In addition, the effects of intersection

angle and side length of intermediate stiffeners (ranged frt8nto p/2 and 10 to 20mm

respectively)were taken into account as constraints in ¢ipgimisation Other constraints
include the limits on the ratios of the plate width to thickness, relative dimension ratios, and

internal angle of edge stiffeners

.
|

T
194

175

++19

_

Py

Figure 3.3. Standard CFS column section (BWC17515) with the total coil length of 341mm
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3.4.2 Optimised results and comparison

To facilitate the optimisation procedure, both opsation algorithm and strength calculation

were performed using a program developed in Mgtiddthworks 2011 Appendix A.). In the
optimisation process, the population of particle swarm was taken as 100, and the same number
was also used for iterations except for prototypesand  where the program ran for 160
iterations to obtain the optimum value. The maximum and minimuntiane@eight factors in

the PSO were 0.95 and 0.4, respectively. For ogditioin, each of the preéefined prototypes

was run three times and the results with maximum compression capacity were chosen as the
optimal crosssection. The selected prototypes wexened at investigating the effect of
geometrical details and positions of edge and intermediate stiffeners.

Table3.2 compares the axial capacities and geometric properties of the optimisedexntics

are compared with those of the standard esession. Also, a schematic illustration of the
optimised crossections for columns with three different lengths is providetable3.3 where

thick black lines represent the fully effective parts lmels with intermediate thicknegsdicate

those have been reduced to consider for the distortional buckling of edge and intermediate
stiffeners. The thin blue lines signify theeffective portions of the crossction. EC3
determines the effective cressctions under the axial load and the moment resulted from the
shift of the centroid separately. Under a pure axial load, the effective areas of the optimal cross

sectionsaredit ed under t he c olTable83. We dhifiey bas sidniicant A A 0

effect on the resistance of the members. According to EC3, the effect of the shift in the centroid
should be considered by controlling the worse scenarios of shifting on bettiah (i.e.
towards the web or edges). These two cases were determined in coland B of for the

edge stiffeners and the web part under compression, respectively.
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Table 3.2. Comparison of the geometrical dimensions and axial capacity tifie optimised sections
with the standard section

protoypes LENIN b c d s G1 G2 Comer St‘:z?g"’t"h
(m) (mm) (mm) (mm) (mm) (mm) (deg) (deg) radius (KN)
1 175 64 19 - - - - - 71.4

Standard 2 175 64 19 - - - - - 52.1
3 175 64 19 - - - - - 33.2
1 210 65 - - - - - - 55.3
2 191 75 - - - - - - 40.3
3 191 75 - - - - - - 26.1
1 176 75 - - 10 30 - 0.5 65.6
2 176 75 - - 10 30 - 0.5 51.5
3 176 75 - - 10 30 - 0.5 35.7
1 159 75 - - 15 55 - 0.302 86.5
2 172 75 - - 15 90 - 0.297 57.4
3 172 75 - - 15 90 - 0.297 35
1 132 65 39 - - 90 - - 102.1
2 132 65 39 - - 90 - - 71.1
3 132 65 39 - - 90 - - 42.6
1 140 63 38 - - 105 - - 102
2 145 61 37 - - 110 - - 73.9
3 150 60 36 - - 120 - - 46.3
1 154 51 30 - 20 100 45 0.5 113.7
2 159 54 33 - 14 110 90 0.5 79.1
3 154 55 33 20 120 90 0.5 47.6
1 136 50 30 20 115 55 0.287 135.2
2 147 54 32 20 120 90 0.3 815
3 145 54 33 20 120 90 0.297 49.5
1 113 60 36 18 - 90 - - 118.2
2 128 59 35 13 - 90 - - 73.9
3 135 59 35 9 - 90 - - 42.8
1 94 60 36 18 20 90 70 0.5 148.7
2 110 58 35 16 20 90 90 0.5 90.5
3 104 59 36 18 20 90 90 0.5 47.7
1 102 58 35 15 20 90 90 0.267 140.6
2 103 58 35 14 20 90 90 0.32 76.1
3 94 59 35 18 20 90 90 0.32 39.3
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Table 3.3.Effective crosssections of optimised sections under compression and flexural moment

Prototype L=1m L=2m L=3m
B1 A B1 B2 A B1 B2
r r r
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01698983 81878383 83

For the plain channel of prototype , the effective portions of both web and flange are quite
small signifying the weakness of this creesxtion under local buckling. As a result, a
significant shift of centroid was observed in this section. Iteration procedures of the centroidal
axes in oder to calculate the effective properties of the plated assemblies are important in this

prototype since it is sensitive to the shift value of centrgid, Adding intermediate stiffener to

this plain channel section can increase the axial capacity by5@%4@s observed in prototypes

and . However, this increment was not so significant for threldéhg columns. This can
be attributed to the fact that adding intermediate stiffeners can increase the effective portions of
the plates, improving local buchklj strength for short columns whereas, the increased effective
portions in web exacerbated the shift of centroid, which may decrease the axial compressive

resistance of long columns.

As indicated by the effective crosections of prototypes and |, the kngth of lips tends to

be around 60% of the flange width which is identical to the allowed value in EC3. This can
increase the moment of inertia of the edge stiffeners, providing more spring stiffness to prevent
distortional buckling. In addition, changitige inclined angle of the edge stiffeners can result in
keeping the centroid in its initial position and increasing the second moment of area to achieve
high elastic critical buckling resistance for longer columns as observed from prototyipe

which theinclined angle increased with the column length. However, angle of lips has just little
effects on the ultimate resistance of columns. Introducing the web stiffeners in prototypes
and resulted in reducing the flange width in these prototypes compatiegrototype

Since the axial capacity of the columns is calculated based on the effectiveemtiasal area

and a reduction factor related to the relative slenderness ratio, it is governed by the interaction
of the local and global bucklingccording to EC3. The stiffeners in the web can significantly
improve the local buckling strength of the web plates. However, this will cause the shift of
centroid and changes the gross cresstional properties which relates to the global buckling

behavour.

With introducing the web stiffeners, tloeeosssections of prototypes and showed to
arrange themselves to a more stocky effective property. The flanges of these twsectioss
could be fully effective with narrower plates (smaller relativenddeness). However, the
flanges adjusted to be wider to provide more effective portions toward the side of lips,
preventing the centroidal axis of the effective cresstions to shift toward web side. The

interaction behaviour of the local/distortionadagiobal buckling for columns in prototypes
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and were less significant compared to the effective eeesgion of prototype which can
be due to the higher local buckling resistance of these two protoggigeved by the use of

intermediatestiffeners

3.5 Nonlinear FE analysis of the optimised columns

In order to evaluate the reliability of the optsaiion procedure, the axial capacity of columns
with the optimged and standard sections were also determined using the detailed nonlinear FE
models considering the geometrical imperfections. The FE modelling and analyses were
performed in ABAQUSABAQUS 2011).

The threedimensional (3D) FE model of the columns with optimised and standard sections
were developed in the commonly used ABAQUS software. To model the characteristics of the
CFS plate the general purpose S4R elementn@dé quadrilateral shell elemenith reduced
integration was employed. Through the sensitivity analysis the maximum mesh size has been

selected to be equal Bmm with at least four elements in the corners. To simulate the material

behaviour of CFS plate, the constitutive streisain malel suggested by Haidarali and
Nethercot(Haidarali and Nethercot 20Lhs shown inFigure 3.4, was used. This model is
comprised of the basic Rambefggood stresstrain relationship up to 0.2% proof stress
followed by a straight line up to ultimate pbiThe slope of the linear part is equalEd50
where E stands for the initial elastic modulus. The stigtsain behaviour of the CFS material
in this model is defined by

° n,
e=£+0.00225—s 8 for s¢ o5
(3.6)
e= @2+50(SI_E $2) for & o5

wheres and e are stress and strain, respectively. Alsg,=450N /mnf is the 0.2% proof
stress, g, , is the total strain ak,,, n stands for the shape parameter recommended by
Gardner and AshrdiGardner and Ashraf 20P6o be taken as 28 for high strength steel (with
fy =350 -450N /mnt), and E is the elastic modulus which is taken equaPi®GPa.
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Figure 3.4. Stressstrain behaviour of CFS plate used in the FE modelling

In the FE simulation, the effects of geometrical imperfections were also considered by scaling

the critical buckling modes to specific amplitudes and superposing them into thepeifect

geometry. The shapes of the geometrical imperfections are generated using QLIFESM

Schafer 2010p a finite strip software. Only the imperfection of the critical one of the local and

distortional buckling modes observed in the signature curve obtained from CUFSM, was chosen

to superpose as the localized imperfection while global imperfection magmiaigdeonsidered

as L/1000 where L is the total length of the column. For prototypet®  and the standard

section (BW C17515) which were with edge stiffeners, the magnitudes of the local and

distortional geometrical imperfections were considered basetheortumulative distribution

function (CDF) val ues [Schafprard®ekozdiIPeSuchcaseser and Pek
the type 1 and type 2 imperfections with a CDF value of 50% which have 34% and 94% of the

original thickness, respectively, were adepin the FE modelling. However, the plain chel
sections (i.e. prototypes to ) donot have a distortional buckl
modelling with the imperfections of 50% CDF value showed a great deviation. To overcome

this problem, the effect of impiection for these three prototypes were considered as 25% of the

crosssectional thicknessased on the study performed ¥pung and Yan(Young and Yan

2002.

Originally, Schafer et al(Schafer et al. 20)0recommended boundary conditions on CFS
collapsemodelling, where they employed kinematic constraints at ends to force the member to
bend and twist about known reference point to reflect the global behaviour of columns. Their
suggested boundary condition prevents the warping of -sexg®ns. Howeveffor pin-ended
columns, EC3 typically allows the free warping at both ends of the members. Thus, the
boundary conditions of the FE models were modified to simulate-angied column, as shown

in Figure3.5. The longitudinal movement of the columns was jud®d through restraining the
nodal displacement of the midngth crossection while the horizontal displacement of the
column was restricted by retraining the nodes at the end-segsisns. Consequently, the
longitudinal displacements at both ends evitentionally retained free to allow the warping of

the end crossections. Also, the axial forces were applied to the nodes of the endecatisss.
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applied to the mid-span)
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Figure 3.5. Schematic illustration of the FE model of the columns with pirended boundary
conditions

To build the geometrical modelling of the optimised crasstions, the coordinates of the cross
sections were determined using a program developed in Mafathworks 2011, Appendix

A2 and A4) The information was then imported to CUFSM and Schafe2010h to obtain

the critical halfwavelengths and mode shapes using the classical elastic buckling analysis. For
the local, distortional and global buckling modes, the magnitudes and directions for the
deformations of the crossectional nodes can be detmmi ned from in the at
CUFSM. Therefore, the shape of the initial imperfections was obtained from the array while the
sinusoidal functions were used for the distribution of initial imperfections along the columns.
The mesh density and maténmoperties used in the FE modelling in ABAQUS were identical

to those used in the finite strip method performét CUFSM.

To avoid the convergence problem during the nonlinear analysis, the load was applied with the
displacement control method. The solution was arrived using the Riks method considering the
effect of the large deformations to track the gmstkling behaviourThe maximum step sizes

were modified to assure reliable results with at least 20 iterations before arriving at the peak
bending momeniSchaferet al.2010.

The FE models were developed for the optimised columns with three different lengttzn(1
and 3n). The geometrical dimensions, thickness, and material properties such as elastic
modulus and vyield stress were assumed to be identical to those used in the optimisation
procedure. It is worth noting that the round corners of the @ssons were alsmodelled in

all the FE analyses.

3.6 Description and comparison of the results

The axial capacities of the optimised and standard -s@ssons obtained from the FE analyses

are compared with those calculated according to EG3guare 3.6, Figure 3.7 and Figure 3.8
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for columns with 1m, 2m, and 3m in length. Despite some differences, a good agreement was

observed between results obtained from FE analysis with those calculated based on EC3.

For1 m longcolumns, compressive capacities are more likely to bergedeby the interaction

of local/distortional and global buckling. For this type of columns, comparison of the results
obtained from FE analysis and EC3 showed that, except for the standard BW columns, EC3
slightly overestimates the capacities of columis.observed irFigure 3.6, the compressive
capacities of the plain channel columns without or with only one web stiffener are even lower
than the standard BW craessction which can be due to the more vulnerable behaviour to the
interactive buckling. Formptotypes and , the FE results of in channel column showed

that the change of inclined angle of lips may lead to decrease of the compressive capacity,
though the results from EC3 shows little effect. Even by just optimising the dimensions of the
standad BW crosssection, the bending capacity can be enhanced by 43% and 23.6 % according
to EC3 and FE results, respectively. However, the best prototypenfdorig column is
prototype in terms of compressive capacity where 108.3% and 77.1% increase can be
achieved according to EC3 and FE modelling compared to the standard section. The results also
indicated that despite prototype occupies the biggest number of stiffeners; its congires
strength could not be necessarily the highest. Because of the intermediate and edge stiffeners in
this prototype, the local buckling is unlikely to happen (see the effectivesgotien shapes of
prototype in Table3.3) and the stiffeners take gome of the material which could be better

used for the development of gross sectional properties (the second moment of area about weak
axis to prevent the shift of centroid). A similar trend was also observed from the resutis of 2
and 3n columns with thesame prototype.

For the column with & and 3nin length, there were some discrepancies between the FE and
EC3 results in different crosections. It should be mentioned that for longer columns, the
effect of local/distortional buckling behaviour is lésgortant compared withnilong columns.
However, EC3 still considers the shift of centroidal axis by calculating the effective cross
sectional properties based on the yield stress. Regarding the axial capacity, the best performance
in columns with 3m lerttp was observed in prototype 6 from both the FE results and EC3 while
the axial capacity of protype calculated according to EC3 indicated highest strengthnfor 2
long columns. The effect of edge stiffeners on the compressive capacity oblBmn is
negligible since long columns fails under global buckling mode before the happening of
local/distortional buckling mode. However, with the prototype the compressive strength of
columns with 2nin length can be increased by 73.7% and 59.2% according toaBCEFE
results, respectively compared to the standard -@®stions. For the columns witim3n length,
prototype achieves 43.4% and 42.9% more than the standard BW -szo8ens,

accordingly.
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Taking the manufacture coshto consideration, prototype and  offered numerous
advantages compared to other cresstions since they need only 4 and 7 rollers to shape the
crosssections while possess relatively high compressive capacities. Prototypes are not

good choices for application since their compressive capacities are relatively lo theyg
are easy to manufacture.
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Figure 3.6. Comparison of the axial capacity of the standard an@ptimised columns with 1 m
length
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Figure 3.7. Comparison of the axial capacity of the standard an@ptimised columns with 2 m
length
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Figure 3.8. Comparison of the axial capacity of the standard anaptimised columns with 3 m
length

3.7 Summary and conclusions

This chapterpresents a framework for tleptimisation of CFS columns to achieve the optimal
compressive capacity with various cresstions. As the prototypes, 10 channel ceesgions

were selected and the geometrical dimensions of each individual prototype were optimised with
respect to itsxdal capacity. The thickness and coil length of the prototypes were kept constant
during theoptimisationprocessThe selected prototypes were comprised of the plain channels,
channels with single inclined lips, channels with double folded lips with one or two intermediate
stiffeners incorporated into the web. All relative geometrical proportions recommended in EC3
were taken into account as optimisation constraints. The optimisation procedure was performed
using a program developed in Matlab.

For comparison purposes, a commercially available standardszoissn with the same total

coil width and thickness was seted and its axial capacity was compared with those of
optimised crossection in columns with 3 different lengthsm12m and 3n. The axial
capacities of the optimised cressctions determined based on EC3 were also verified against
detailed nonlinear [E analysis considering the effect of geometrical imperfection. The
compressive capacity has been found to be highly dependent on the shift of centroid and the
effective crosssection of the prototypes. It was concluded that the axial capacity of therdtanda
crosssection can be enhanced up to 108.3%, 73.7% and 43.4% according to EC3 but 77.1%,
59.2% and 42.9% with regard to the FE modelling, in columns with2in and 3n length,
respectively. The largest axial capacity for columns withahd 2n in lengthwas observed in
prototype 9 (channel with doubfeld lips and one web stiffener) while fom3ong column,

prototype 6 (channel with single lip and one web stiffenegretf the highest axial capacity
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CHAPTER 4. Optimum
design of CFS beams
using Particle Swarm
Optimisation Method

Optimisation on CFS columns was presentedCimapter 3, m this chapter,a detailed
investigation was conducted on the practical optimisation of CFS beams using a Particle Swarm
Optimisation (PSO) method. Six different CFS channel section prototypes were selected and
then optimised with respect to their flexural strength, determinedrdingoto the effective

width based provisions of Eurocode 3 (EC3) paBt(CEN 2005h. Comparing the capacities of

the optimisal sections to those of the original channel sections with the same amount of
structural material, significant improvements wel#ained. The accuracy of the optimisation
procedure was assessed using experimentally validated nonlinear Finite Element (FE) analyses
accounting for the effect of imperfections. The results indicated that, using the same amount of
material, the optimumestions offered up to 25% and 75% more flexural strength for laterally
braced and unbraced CFS beams, respectively, while they also satisfied predefined

manufacturing and design constraints.

4.1 Introduction

Cold-formed steel (CFS) structural elements andesys are widely used in the construction

industry, for instance in trusses, modular building panels, stud walls, purlins, side rails, cladding
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and even as the primary lehéaring structure in lowto mid-rise buildings. Compared to their
hotrolled counteparts, CFS members are often found to be more economical and efficient, due

to inherent advantages such as a light weight, an ease and speed of erection and a greater
flexibility in manufacturing crossectional profiles and sizes. Many cotdling compaies

have the ability to custom roll sections on demand, adapted to certain particular applications. It
is this versatility on the manufacturing side which makes the problem of finding optimal cross
sectional shapes of great interest to structural enginkegeneral, crossectional optimisation
methods of CFS members can be classified into two categories. One can either aim to determine
an optimal crossectional shape without any initial restrictions on its form (slo@pienisatior),

or optimise the dative dimensions of a crosection with a predefined shape (size

optimisatior).

As an example of shamgptimisation Liu et al.(Liu et al.2004) introduced a knowledgkased
approach for optimisation of CFS column sections. Initial knowledge aboutowhatitutes a
6goodo design i s thereby established by trainin
algorithm. This knowledge is subsequently used to reduce the global design space to a lower
dimensional expetbased feature space. The results showed optimised crossectional
shapes can demonstrate a much higher capacity (by up to 300%) compared to conventional
crosssections. Moharrami et gMoharramiet al.2014) found the optimal shapes of open CFS
crosssections in compression, using a fixeall width and plate thickness. The compressive
strength of a given section was thereby evaluated using a combination of the Finite Strip
Method (FSM) and the Direct Strength Method (DSM). However, their study did not consider
manufacturing and constructioconstraints and, therefore, highly complex shapes were
identified that are not suitable for practical applications due to their high manufacturing costs
and the difficulty in connecting to other elements. The resulting shapes also did not classify as
pre-qualified sections under the DSM rules, thus questioningpkimisationapproach. Leng et

al. (Leng et al. 2014plater improved this method by incorporating arsgr constraints and
limiting the numbers of rollers in the manufacturing process. CFSmtauwith different
lengths wereoptimisad and more practical shapes were obtained, which however still did not

meet the DSM prgualification conditions.

Several research projects have previously been carried out aimed at optimising the relative
dimensios of predefined conventional CFS crsgstions such a€- , Z- , or & -shapes.

Adeli and Karim(Adeli and Karim 199y developed a Neural Network methodology for the
optimum crosssectional design of CFS beams, considering conventionall hat,and Z -
crosssections. Using Micro Genetic Algorithms, Lee et(hke et al. 20054_ee et al.20063
optimised the geometry of CFS channel beams and columns under a uniformly distributed load
and a compressive axial load, respectivélyeir numerical resultarere presented in the form

of optimum design curves for various load levdlsan and Li(Tran and Li 200Bpresented a

52



Chapter 40ptimum desigrof CF®eamsusingParticle Swarm OptimisatioNethod

theoretical study on theptimisationof lipped channel beams subjected to uniformly distributed
transverse loadingThe failure modes folocal, distortionaland global buckling as well as
yielding, in combination wittdeflection limis, were considered and tbetimisationprocess

aimed to minimizehe coil width. The shape opti misation of CFS
flanges (roundedeturn lips shaped like a water drop) was described by Magnucki et al.
(Magnucki and Paczos 2009 hey found that channel beams with closed drop flanges can offer
better performance compared to beams with open drop flanges or standard lips. More recently,
Ma et al.(Ma et al.20153 optimised CFS compression and bending memibegssrding to EC3

(CEN 2005b by using the genetialgorithm toolbox in MatlabThey investigated the influence

of the column length andhe shift of the effective centroid, induced by local/distortional
buckling, on the optimum design solutions. The practicality of their solutions was guaranteed by
constraining the overall shape of the cregstion to a channel, but no additional mantufidcg

or construction constraints were taken into account in the study.

The research presented in thisapteraimed to develop a new practical framework to optimise

CFS channel beam sections while considering both manufacturing and design constraints. Th
Particle Swarm Optimisation (PSO) method was thereby adopted to achieve optimum design
solutions according to the European design guidelines for CFS structural mégbRra005a

CEN 2005h CEN 20058. The complexity of the nelinear optimisation proleim was managed

by using the Eurocode -Wexsd ghoolegiuhat henepts
The adequacy of Eurocode 3 in predicting increasing/decreasing trends in capacity as a result of
changing geometric parameters and adding featikesstiffeners and return lips was then
evaluated by modelling the optimal sections using detailed FE models accounting for material
and geometric nofinearity, as well as imperfections. The developed FE models were first

validated against existing exjraental results.

4.2 Design of CFS bears based on EC3

In this study, the flexural strength of CFS sections was calculated based on the Effective Width
Method, following the provisions of EN19933 (CEN 2005k and EN19931-5 (CEN 20053
The adopted design predure is described bfly in the following sections.

4.2.1 Design for local buckling

In Eurocode 3, the effect of local buckling is considered through the effective width concept. It

is based on the observation that local buckling causes a loss of competiess in the
centre of a plate supported along both | ongi
EC3) , or along the free edge of a plate sup
element) as a result of ndinear effects. Theorner zones of the cresection consequently

become the main loadearing areas and are idealized in the effective width concept as carrying
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the totality of the load. The effective area of a sample &eston is indicad in solid black
line in Figure4.1. It is thereby noted that local buckling causes the centroid of the effective
crosssection to shift over a distan@g relative to the original centroid of the gross cross

section. According to EN1998-5 (CEN 2005, the effective widths of ternaland outstand
compression elementaregiven by (sed-igure4.1):

€13 5
Tigé- 0.055(3#) 9 for internal compression elemen
— be _I % ¢ o -
S N (4.2)
b {18 01888 _
I_aé' o for outstand compression eleme
¢ O =
f
with 7, = |+ (4.2)
s

In Equation(4.1), r is the reduction factor on the plate width aménd b, are the total and
the effective width of the plate, respectively. The slenderness/jatielates the material yield

stress f, to the elastic local buckling stress of the platg andy is the ratio of the end

stresses in the plate. It is worth mentioningtf in principle, Eurocode 3 calculates the effective

crosssection Ay; using the yield stres$, in Equation(4.2), while some design standards (in

particular the NorthAmerican (AISI 2007 and Australian/New Zealan@AS/NZS 1996
specifications) use the apal buckling stress of the beam. It should also be noted that the
calculation of the effective cros®ction in bending is an iterative process, since the neutral axis
of the effective crossection shifts over a distance which depends on the loss atieffe
section in the flange and the upper portion of the web and this, in turn, affects the stress

distribution. Although not required by EC3 guidelines, full iterations to convergesce
carried out in this study.

compression

= =
b_e=g1:bz _compression
P <~ o
-
8 <
=il
R web
lip
tension =
(a) (b) (c)

Figure 4.1. Effective width of (a) lipped channel; (b)internal compression elementand (c) outstand
compression element
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4.2.2 Design for distortional buckling

Distortional buckling of a CFS section is a process which requirptaire as well as ouwf-
plane displacements of some of the constituent plates. Specifically related to lipped channels, it
can be seen as latetarsional buckling of the flangp subassembly, but distortional buckling

can also occur in the web when intermediate stiffenergnatuded.

While EC3 accounts for local buckling through a reduction of the effective width of the
constituent plates, distortional buckling is instead taken into account by reducing the effective
plate thickness. The elastic distortional buckling stresquired for the calculation of the

distortional slenderneds = ffy/ Srs . is obtained through a simplified model where the

restraining effect of the adjacent plates is simulated by elgsiitgs, as illustrated ifigure

4.2. The elastic buckling stress of thetplatiffener assembly,, s is then given by:

2JKEI, @3
A

scr,s -

where E is the modulus of elasticityl,; is the second moment of area of the stiffener about an
axis through its centroid parallel to the plake,is the spring stiffness per unit length aAd is

the stiffener area. The spring stiffndsss determined by applying a unit lodd 1 (per unit
length) to the full crossection at the centroid of the stiffener assembly and by calculating the
corresponding displacement.

Intermediate Stiffener Edge Stiffener Is,As

Is,As

Spring stiffness, K—»ﬂ%

Spring stiffness, K

Figure 4.2. Simplified models for distortional buckling calculations

EC3 provides the option to refine the loséénderness ratid, of the platesusing an iterative

process based on the following equation:

/I,red = (\/—dc (4-4)
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where ¢4 is a prescribed function of theistortional buckling slenderness/y . When

calculating/4 in each iterationfy should be replaced by, = ¢ y- This option provided by

EC3 was implemented in the study and the iterations continuedcypt?t g . 1)-

4.2.3 Design for global buckling

According to EC3, the design of CFS members for globakling requires the calculation of a
global slenderness. For CFS beam elements, the slenderness foitdeseyahl buckling is
defined as

/1= 4.5
BNy (45)
where M., is the elastic laterabrsional buckling moment based on the gross esestion,

andW is the effective section modulus.

4.3 Definition of optimisation problem

The optimisation procedure aimed to optimise CFS esesfions with regard to their bending
capacity, determined according to EC3. The starting point of the optimisation was the
commerciallyavailablechannel section shown irigure4.3. The thickness of =1.2mm and

the total coil width ofl =333mmwere kept constant in theptimisationprocess, so that the
total material use was also kept identical for all csmsgions. The radius of the rounded
corners (measured along the heart l ine of

ratio were taken a2.5mm, 210GPa and0.3, respectively. T yield strength of the steel was

assumed to béy =350MPa.

> [Te}
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£
$
o
S
Te}
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Figure 4.3. Standard CFS beam crossection(TATA -A3709)

To ensure that theptimisation process resulted in practically useful cresstions, the

following measures were taken:
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1. The basic overall shapef the crosssection was restricted to a channel. In current
construction practice, channels (andettions) are the most commonly used CFS beam
sections. The succession of flat plate elements within the -seas®n permits a
straightforward manufacturgnprocess and allows for easy connections with trapezoidal
steel deck or other roof/floor systems, as well as bridging, cleat plates, etc. This stands in
contrast with the often complex and curved shapes typically encountered as the result of
unrestrictedshapeoptimisationprocedures. This objective was achieved by considering
six different prototypes, listed iable4.1. All prototypes are based on a channel shape,
but they allow the inclusion of a single web stiffener, double web stiffeners, inclined lips
and doubldold (return) lips. These additions are typically within the capability of
commercial coldolling enterprées. Each prototype wamptimisal individually, after

which the overall optimum among the sigtimiseal prototypes was identified.

2. In practical situations, additional constraints typically come into play. These constraints
may be quite casgependent and may, for instance, be related to the ability to connect
the beam to other elements, or be imposed by the manufacturing prodéskitbés

particular case the following constraints were imposed:

a. The width of the flanges was required to be at least 30mm in order to connect
trapezoidal decking or plywood boards to the beam by means of screws. This

width was determined after constilke with the industrial partner on the project.

b. The lip needs to be of a sufficient length. A lip of, for instance, 1mm or 2mm
length cannot be rolled or brakeessed. The industrial partner on the project
suggested a minimum length oftBmm. Thereforeas indicated inrable 4.1,
cO10mm was imposed for adOSimmglfer!| iap ran

c. The height of the web was specified to be at least 100mm in order to allow a
connection to be made (e.g. to a cleat plate) with at least two bolw dod
bridging to be connected.

One of the major advantages of the PSO algorithm is that these constraints can easily be altered
and others added. The constraints merely result in a restriction of the search space of the particle

swarm.

In addition to tle practical constraints mentioned above, the EC3 design rules also impose
certain limits on the plate widito-thickness ratios, the relative dimensions of the esession
and the angle of the edge stiffeners. These constraints were also taken intd atdbe

optimisatonpr ocedur e and are |isted in Table 1 und
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Finally, the opening anglg, and the lengtts of the intermediate stiffeners was limited within
the ranges op/6 to p/4 and 5mm to10 mm, respectively. Th@ptimisationwas conducted

separately for laterally braced andhmaced beams, as discussed in the following sections.

It is clear that both the choice of the prototypes and the addition of practical constraints

significantly restrict the solution spacenA u n c o n s t-f a i ominidatiohviould reost

likely result inacrossecti on with a higher ulti mate capacit
solution not being contained within the current restricted search space. However, the aim of the

research wa produce crossections with practical relevance and the prototypdsabie4.1

were decided on after consultation with the industry partner.

It is also noted that, while the chosen constraints are quite specific, the proposed optimisation
framework isgenerally applicable and can be used in combination with different prototypes and

different constraints.
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Table 4.1. Selected prototypes, design variables and constraints

Constraints Manufacturing

Prototype Design . & practical
Prototype section variables based on  Unin  Umax ~ Comments limitations
EC3
(mm)
—b—
b1, . . EN19931-
7\ 0.Dc /0L 3Table 5.1 ,
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< X2=b/ | ctO50 0.09 0.216 Equation O30
X 1 htd500 ¥4 343  (5:28) ©10
S AN Ao Clause
J4026/45 5.5.3.2(1)
_ 0.@o. EN19931-
oo Twoso 02 0% Swe o100
o ctos50 0 O and O3 0
= htd500 .- > Equation ©O10
X=[1 & . . 34  3/43 (5.2a), -
o= 3 4/@3 13- % 32 Clause 0.RUD. S
R A (= 5 72 5.5.3.2(1)
0. @O0 . EN19931-
x1=c/b N .
xl—b/I bO6 0 (;) 59 ooéie STene ot 0100
o ctos0 O and BO3 0
= ht0500 .- *  Equation D10
=1 5 o~ 34 343 (5.2a), -
x| 3 4033 %6 32 Clause 0.ROD. 4
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x,=d/b bﬁoog 8 01 03 a”‘j_ bO3 0
T - c quation .
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. 4 -~ s ~ 9.0,
—_ Y 4403 5. )
0. @mo .
- ——: x=cb 0.dmO. 02 06 EN1993I- 6100
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4.4 Optimisation of CFS beams

In practical applicationsthe boundary conditions of laterally braced daterally unbraced
beamsrepresenttwo distinct situations. The laterally bracedbeams are representative, for
instance, of floor beams connected to a steel deck with concrete topping, where the compression
flange is continuously supported. On the othardchaoof purlins subject to wind uplift where

the rotational stiffness of the roof diaphragm is insufficient to provide full restraint should be
designed as laterally unbraced beams with a representative effective length, and the effects of
laterattorsioral bucklingshould be taken into accouiiiherefore jn this study Jaterally braced

and unbraced bearase optimised independently.

4.4.1 Laterally braced beams

In many practical applications the CFS beams are laterally restrained, for instance by the
presenceof a floor system. In that case the optimisation problem can be formulated as a
maximisation problem, defined by:

max f (x) =W fy /9o Upin ¢ % Qe fOr i=1,...N (4.6)

where f (x) is the design moment resistance of a caesgion about the major axis awdy; is

the effective section modulus, as introduced in Seddi@n Also, g, is the partial safety

factor prescribed by EC3 for the ultimate limit state, which is equal to 1.0. For each design
variablex , the lower and upper bounds,, and u.,, are determined by th&C3 design

constraints as well as the manufacturingjtetions summarised ihable4.1.

The selected prototypes in this study were aimed at investigating the effects of changing the
relative geometric dimensions of the cresgtion and the configuratis of the edge and
intermediate stiffeners (séable 4.1). The optimisation framework required the development

of two distinct pieces of software, developed in Mat{dbathworks 201X a programme

i mpl ementing the EC3 design rules and further use
out the PSO. The population of the particle swarm was taken as 100 for all prototype sections.
To obtain good convergence, the number of iteratioas set to 100 for prototypes to

while this was increased to 160 for prototypesand  to accommodate the larger number of
design parameters. The maximum and minimum inertial weight factors were chosen as 0.95 and
0.4, respectively. Each of the pritpes was optimised three times to ensure consistent results
were obtained. The maximum difference in ultimate capacity encountered between the three
runs was less than 10%. Out of the three resulting -s&sions, the one with the highest

capacity wasealected.
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Table 4.2. Dimensions of optimal solutions for laterally restrained beams

Prototype h b ¢ a I Iz s
(mm) (mm) (mm) (mm) (© () (mm)
227 32 20 - 90 - - -
214 33 20 - 90 45 10 0.85
215 33 20 - 90 90 10 0.1
215 37 17 5 90 - - -
204 37 12 5 135 67 10 0.9
193 39 17 6 135 90 10 0.1
Prototype
Optimised
sections
| || N B [

*The bold lines indicate effective parts of the -@@cson.

Figure 4.4. Optimal cross-sections for laterally restrained beams using differenprototypes

Table4.2 shows the dimensions of the optimised sections for prototypés
cross sections of the optimum soluscare also illustrated iRigure4.4. The flexural strengths
of the optimised crossections, as well as tleandard crossection taken as a starting point,

are compare in Figure4.5. The results indicate that the optimised shapes offer a significantly

. The effective

higher moment capacity (up to 25% higher) compared to the original section.
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Figure 4.5. Comparison of theflexural strength of standard and optimised crosssections for
laterally braced beams

The results inFigure 4.5 also indicate that the most efficient prototype is a lipped channel
section with one stiffener placed in the web. While adding one stiffenerased the capacity

of the optimised section by 25%, adding two stiffeners in a symmetric arranggegatype

) actually reduced the flexural capacity of the channel by 12.4% compared to prototype

This is due to the fact that, when the total devedblength of the crossection is kept constant,
the height of the crossection is reduced by adding the additional web stiffener, while, in a
symmetricarrangementhe stiffener is ineffective in the tension zone. It is also noted that none
of the imposgd practical constraints, listedtime rightmost column ofable4.1 turned out to be

critical.

4.4.2 Laterally unbraced beams

Laterally unbraced beams with low lateral and/or torsional stiffness may buckle in combined
bending about the minor axis and twisting. For a simply supported channel beam subjected to
equal but opposite end moments about the major axis, the critical-tarsianal buckling load

M. can be calculated in terms of the span length and the section properties of the gross section

as follows:

M., :f\/EI o5 @ : 4.7)
G

where El is the flexural rigidity about the minor axigl,, is the warping rigidity,GJ is the

torsional rigidity ad L indicates the span length. The EC3 reduction factgr, accounting
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for lateratdistortional buckling, can then be obtained using the slenderpesm Eq (5). The

design moment resistance of a laterally streéned beam is calculated as:

f(x)=cr By T @ (4.8)

with ¢ 1 = 1 a.0 (4.9)
For "‘\/ Br A

and F; 0581 0.3{/ur 0} B (410

The optimisation was carried out for the first prototype (lipped channel), while considering four
different lengths: 1, 2, 3 and 4 m. The optimised esesdions and their corresponding flexural
strengths are summaes inFigure4.6 andFigure4.7, respectively.

Length L=1m L=2m L=3m L=4m
381,
— 1 v V)
25 8

’—{—gv\?% 56— A 2
de)o 1350\% ‘\U'J
(&\?04’ (%’\
Optimum
sectional
dimensions

209

177
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—130—1

/o L 4 M

L o 56—
ds t_48_¢¥
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38—

Figure 4.6. Optimised results for member capacity of lipped channel beams
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Figure 4.7. Comparison of the flexural strength of theoptimised and standard crosssections for
laterally unbraced beams

A comparison between the optimised resultsFigure 4.6 indicates that the flange width
becomes larger with increasing unbraced length, and consequently, the total height of the
section isdiminished to keep the total coil width constant. This is due to the fact that longer
beams are more susceptible to latépasional buckling, and thus the dimensions of the flanges
increase while the lips turn outwards to enhance the torsional stifimesshe minor axis
bending stiffness. In contrast, beams with shorter spans are predominantly affected by the
interaction of local/distortional buckling and latetatsional buckling, rather than failing purely

in the global mode. It is noted that sepability criteria (deflections) were not considered in

this study and that th@ptimisationis solely carried out with respect to the ultimate capacity.

Figure 4.7 compares the flexural capacity of the optimised and the initial lipped channel
sections forall four lengths. It is shown that a considerable increase in flexural capacity can be
achieved by using the proposed optimisation method. While, for the same amount of material,
the flexural capacity of a 1m longptimisel beam is 26% higher than that thie standard
section, the improvement is 75% for the 4m long beam. Once again, none of the practical
constraints in the rightmost column of Ta#lé turned out to be critical.

It is worth mentioningthat the optimisationwas carried out assuming a umifo bending
moment in the beam and assuming the previously defined boundary conditibesa. thé
laterally unbraced beams aesposed toa different applied loaidg (reflected in a different
elastic lateratorsional buckling momengr differentboundary onditions, the optimal sections
will change. Besidedor longer beam elements, serviceabilityits (in particular: maximum
deflections)may govern the design. While serviceability criteria were not considered in the
current scopethe proposed optimisain framework using PSO algorithm caasily be adapted

to incorporate serviceability limits.
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Figure 4.8. Comparison of the flexural strength of the optimised and standard crossections for
laterally braced beams obtained using the DSM and EC3
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Figure 4.9. Comparison of the flexural strength of the optimised and standard crossections for
laterally unbraced beams obtained using the DSM

Table 4.3. Local and distortional ultimate strengths for laterally braced beams obtained using the

DSM

Section Local Buckling (kNm) Distortional Buckling (kN ‘Irh)
Standard 5.52 4.98

5.25 5.47

7.34 5.68

571 5.16

5.27 5.27

5.94 5.74

6.07 5.56
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Table 4.4. Local, distortional, and global ultimate strengths for laterally unbraced beams obtained
using theDSM

Length . Local Buckling Distortional Buckling Global Buckling

Section Strength Strength Strength

(m) (KN 'Irh) (kN 'Irh) (kN 'Irh)
Standard 5.53 4.98 6.59
! Optimised 5.48 5.66 5.5
Standard 5.53 4.98 3.94
? Optimised 5.54 5.28 5.2
Standard 5.53 4.98 2.56
° Optimised 4.98 4.61 4.6
Standard 5.53 4.98 1.47
! Optimised 4.22 4.15 3.4

In this study the flexural strengths of the optimised as well as the original sections were
determined based on the Dbke Section 2.2Jor both laterally braced and laterally unbraced
conditions, for the purpose of comparison with the Eurocdbe.results are shown Figure

4.8 andFigure4.9. For the laterally braced beams, the flexural strength was determined as the
minimum of the dcal anddistortional strengthsT@ble 4.3). However, for laterally unbraced
beams, the ultimate strength was determined based on the minimum of the local, distortional
and lateratorsional strengthsT@ble 4.4). The strength in local buckling thereby aaats for

the possibility of locafjlobal mode interaction.

For both laterally braced and unbraced conditions, the results obtained from the DSM confirm
that the flexural strengths of the optimised shapes have been considerably improved compared
to the orginal crosssections. Comparison between the results predicted by the DSM and EC3

indicates that both methods show a very similar trend across the range of prototypes.

However, itshould bementiored that only prototypes (lipped channeljand (lipped
channel with one intermediate stiffener in the web)dare-q u a | icrbssseatiohs according
to Appendix 1 of AISI(AISI 2007). This means that, in principle, the DSM should not be
applied to prototypes -

4.5 Nonlinear FE analysis consideringnitial geometric imperfections

The flexural capacity of the optimised cresections in this study was also determined using
detailed nonlinear FE analyses performed with ABAQ@807. The results were used to

assess the adequacy and performance ofrtpoped optimisation procedure. In this section, a

66



Chapter 40ptimum desigrof CF®eamsusingParticle Swarm OptimisatioNethod

detailed description of the modelling approach is first presented, followed by its verification

against experimental data available in the literature.

4.5.1 FE modelling

The FE models of the CFS sections were developed usingpdetquadrilateral shell element

with reduced integration (S4R). By performing sensitivity analyses, a mesh sigé Hdmm

was found to be optimghs shown in Figure 43}, so that further refinemenidinot result in

any noticeable improvement in accuracy. However, smaller elements were used to model the
rounded corner zones. The strefigin behaviour of the CFS plates was simulated using the
constitutive model proposed by Haidarali and Nethefidaidarali and Nethercot 20} 1which
isillustrated in Section 8.

The solution was obtained using tsplacement contrahethod which has previously been
shown capable of adequately modelling large deformations in thebpcding range
(ABAQUS 2011).

4.5.2 Experimental verification of the FE model

45.2.1 Laterally braced beams

For the purpose of verifying the FE modelling approaith respect to CFS members failing by
local/distortional bucklingthe fourpoint bending distortional buckling tests performed by Yu
and SchafefYu and Schafer 200&/u and Schafer 20Q7vere selectedrigure4.10 presents a

schematic illustration of the test agi and also shows the cressction of the test specimens.
This test setp was designed to prevent global buckling aneretore, the test specimens acted

as laterally braced beams

1626mm

Figure 4.10. Schematic illustration of Yuand S ¢ h a f(Muard@ $Schafer 2006Yu and Schafer 200y
distortional buckling test setup and crosssectional geometry
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Table 4.5.Cross-sectionaldimensions

h b & 2 b a1 3 14 n n t f,

Specimen (mm) (mm) (mm) (deg) (mm) (mm) (deg) (mMm) (mm) (mm) (mm) (mm) (MPa)

D8.521264 196 53.4 19.4 54.2 498 208 502 75 75 75 75 3 423

D8.571151 197 56.9 17 483 485 175 483 75 75 85 85 296 453

D8.520923 198 55.6 20.6 51.9 49.1 20.1 516 59 59 69 69 227 397

D8.5Z20824 200 53.8 20.8 485 49.2 212 513 6 6 7 7 2.06 408

D8.520657 199 51.3 17.3 50 499 169 493 72 7.2 82 82 163 430

D8.5Z0654 198 495 175 473 46.6 126 512 72 7.2 6.2 6.2 157 401

D11.520923 270 75.3 19.3 493 76.3 183 495 69 69 69 69 226 483

D11.570824 274 75.4 184 484 743 183 499 7 7 7 7 2.06 507

The total length of the test specimens was 4878 mm, and the top and bottom flatiges of
beams were unrestrained in the middle 1626mm long span to allow distortional buckling to
occur. The dimensions of the cres=ction and their material properties are summarised in
Table4.5.

The beams were modelled using hinged boundary conditiong #imhorizontal axis, while

the rotations about the vertical axis were prevented, as shokigure4.11. The end sections

were also fixed against warpin§igure 4.11) to prevent lateralorsional buckling in the FE
model. At both ends of the beam, tiisplacements of the end section nodes were coupled to
those of the bottom corner using a single point constraint (SP@krdsssectionsunderneath

the application points of the load were defined as rigid bodiesrder to prevent localised
failure. Vertical downward displacements were then imposed on the reference points of these
rigidized crosssections at the top corners of the web. These boundary conditions are similar to

the ones previously adopted by Haidarali and Neth€kaitiarali and Nether¢@011).

Residual stresses were not included in the model. It has previously been demonstrated that the
effects of membrane residual stresses can safely be neglected in open ¢8ctiaferet al.

201Q Schafer and Pekoz 1998&vhile the (longitudinalpending residual stresses are implicitly
accounted for in the coupon test results, provided that the coupons are cut from the fabricated
crosssection rather than from the virgin plate. Indeed, cutting a coupon releases the bending
residual stresses, cangithe coupon to cuflandera et al. 20p8However, these stresses are
re-introduced when the coupon is straightened under tensile loading in the initial stages of the
coupon test. Apart from introducing residual stresses, therolbidlg process has ¢éheffect of
increasing the material yield stress through wlakdening. This effect is most pronounced in

the corner regions of the cressctions. Schafer and Mog8chaferet al. 2010 have in this
respect proposed that, when residual stresses areodalled, the increased properties of the

corner regions should also not be modelled. Their rationale is that, while both effects have a
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relatively minor influence on the ultimate capacity, the detrimental effect of the residual stresses
will largely be ofset by the gain in capacity resulting from the wbetdened corners. Their
recommendation was followed in tldbapter

Rgid body, Uz
displacement
applied to
eference point

: =0 applied to
‘reference point

Lateral restraints at
bottom and top flanges

Figure 4.11. FE model and boundary conditions

The FE analysis included the effects of geometric imperfections. The local, distortional and
global buckling modes were generated using the CUFSM finite strip sof{&ahafer 2006

The same crossectional discretization as in the FE mesh was emplaoy&iUJiFSM. Sinusoidal
functions with a wavelength equal to the critical local/distortional wavelength obtained from
CUFSM were then used to propagate the esessional local/distortional imperfection along

the beams by adjusting the nodal coordinates efRE mesh. It was thereby necessary to
slightly adjust the wavelength in order to obtain an integer number eivha#s.

(a) Negative imperfection (b) Positive imperfection

Figure 4.12. Distortional imperfections in the FE model
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Table 4.6. Comparison of the bending resistances obtained from FE analysis and experiment with
different imperfection values in negative direction

) Flexural Strength (kNlrh) FE to experimental flexual strength
Specimen
Mitest M 2506 M 006 M 750 M256dM test Ms0sdM test M750dM test
D8.571264 28.7 27.92 28.32 27.88 0.97 0.99 0.97
D8.571151 26.8 28.47 27.8 26.66 1.06 1.04 0.99
D8.570923 17.3 18.45 18.22 17.45 1.07 1.05 1.01
D8.520824 14.3 15.98 15.31 15.12 1.12 1.07 1.06
D8.5Z0657 10.5 11.64 11.37 11.18 1.11 1.08 1.06
D8.520654 9 10.93 10.56 10.21 1.21 1.17 1.13
D11.520923 29.6 30.84 30.56 29.6 1.6 104 1.00
D11.520824 26.4 27.4 26.32 25.48 1.04 1.00 0.97
Average 1.08 1.06 1.02
St. Dev. 0.07 0.06 0.06

Table 4.7. Comparison of the bending resistances obtained from FE analysis and experiment with
different imperfection values in positive direction

Flexural Strength (kNlsh) FE to experimental flexural strength
Specimen
Mtest M2sse  Msow — M7sw M 2506/ M test M 5006/ M test M 7506/ M test

D8.5Z2124 28.7 28.66 28.12 27.49 1.00 0.98 0.96
D8.571151 26.8 29.46 2852 28.03 1.10 1.06 1.05
D8.520923 17.3 18.1 17.46 16.93 1.05 1.01 0.98
D8.520824 143 16.81 1592 14.36 1.18 1.11 1.00
D8.5Z0657 10.5 12.21 11.36 10.94 1.16 1.08 1.04
D8.520654 9 10.85 10.12 9.56 1.21 1.12 1.06

D11.5Z20923 29.6 3298 3083 30.69 111 1.0 1.8
D11.520824 26.4 2756 27.13 26.96 1.04 1.03 1.02
Average 111 1.06 1.02
St. Dev. 0.07 0.05 0.04

The local and distortional imperfections were multiplied with a scale factor and superimposed.

The magnitudes of the local and distortional imperfections were based on the cumulative

di stribution function (CDF) (Schaferareldfekmrl®® osed by Sc
Three different CFD values (i.e. 25%, 50%, and 75%) were considered, in both a positive and a

negative direction, according to the convention showrigure 4.12, in order to study their

effect on the load carrying capacity.

A comparisa of the experimental moment capacities with those obtained from FE analysis for
the three different CDF values is providedliable4.6 andTable4.7, for negative and positive
imperfections, respectively. It is seen that, in general, good agreemernivtamed between the
models and the experimental results. The error was, on average, leg%thanboth positive

and negative imperfections. The magnitude of the imperfection, in this particular case, did not
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seem to have a major impact on the lgading capacity. In the remainder of this study, CDF
values of 50% were used. This magnitude reptl

also been suggested by other researcherdKtaglarali and Nethercot 20))1

The experimental loddleflectionresponse of specimen D11.5Z2689ZTable4.7) is compared

to the FE predictions ifrigure 4.13. The results confirm the accuracy the FE model in
predicting the bucking and pestckling behaviour of the CFS member, including its stiffness,
ultimatestrengthand deflection at the peak load.

20
=16 -
g SN
= RN

12 S
(1] Y
o RN
T 8- --2020mm el
_% —-10%x10 mm T
< 4 5x5 mm

—Test data
0 T T T T
0 20 40 60 80 100

Deflection at loading point (mm)

Figure 4.13. Comparison between experimental results (Yu and Schafer 2006, Yu and Schafer
2007) and results of FE analyses for laterally braced specimen D11.526832or 3 mesh sizes (mesh
sensitivity analysis)

4.5.2.2 Lateral ly unbraced beams

The FE moded of the laterally unbraced beams weeeified againsttess conducted by Put et

al. (Put et al. 1999 Table 4.8 shows the dimensions of the eight test specimens. In the
experiment a special frame was attached to the -sexdfon at miespan in order to apply the

load through the shear centre by means of incremental weights. The beams were simply
supported at theiends. The local/distortional imperfections of the test specimens were not
measured and, in an identical approach to the one report&dciion 4.6.2.1, local and
distortional imperfections with a CDF value of 50% were used in the FE model. An overall
imperfection in the shape of the latetatsional mode wittlamplitudeof L/1000 was also added
(Kankanamge and Mahendran 2D1R was thereby found that, generally, adding a negative
imperfection (with the crassection rotated as shown Higure 4.14) resdted in a lower
ultimate moment capacity in the unbraced channels and was therefore more critical. Similar
observations were reported by Kankanamge and Mahen#t@mkanamge and Mahendran
2012. Therefore, only negative imperfectionwere considered in tHeE studies covered in this
chapter Figure 4.15 illustrates theFE model and the boundary conditiods reference point

wasdefinedat the shear centre of tleeosssection aimid-spanandall the node®f the web at
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the midspan section were coupled to the reference padimg rigid beams.A downward

displacementvas then imposed on the reference node without restricting its lateral displacement

The typical failure modeof the unbraced beams in the FE model wasractionof local
buckling and lateralorsionalbuckling, as illustrated irfFigure4.16. This is consistent with the
experimental results reported Byt et al.(Put et al. 1999. Table 4.8 compares the ultimate
capacities of the laterally unbraced bradeshms obtained from the FE analyses to the
experimental values. It shows that, on average, the FE models predict the ultimate strength of
the laterally unbraced beams with less than 6% ertwe. [dadvs. lateraldisplacement curge

from both the experiment and thEE analyss are showrin Figure4.17 for specimen 10L17e0

The graph showgery good agreement between the FE model antkghesults.

=—> Undeformed shape

Deformed shape

Reference

point at the
End nodes | Web nodes at shear center
(U2=U3=0) the mid-span
coupled to the

- 1 . : reference point

Figure 4.15. FE model andboundary conditions for laterally unbraced beams

Figure 4.16. Typical failure mode of laterally unbraced beams ¢pecimen 10L17e@t ultimate load)
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Table 4.8. Comparison of ultimate capacitiesobtained from FE analysis and experiment for
laterally unbraced braced beamglipped channels)

Specimen h b ! ! d Lefrl]gt Q Quest Qtéml
(mm)  (mm)  (mm) (mm) (mm) m) (kN) (kN)
19L17e0 102 51 1.9 5 14.5 1.7 13.24 15.38 1.16
19L19e0 102 51 1.9 5 14.5 1.9 12.11 12.68 1.05
19L23e0 102 51 1.9 5 14.5 2.3 9.54 9.94 1.04
19L25e0 102 51 1.9 5 14.5 25 7.79 8.65 1.11
10L17e0 102 51 1 5 12.5 1.7 3.72 3.51 0.94
10L19e0 102 51 1 5 12.5 1.9 3.18 3.46 1.09
10L23e0 102 51 1 5 12.5 2.3 2.78 243 0.87
10L25e0 102 51 1 5 12.5 25 2.3 2.8 1.22
Average 1.06
St.Dev. 0.11
| | | | 4
i i | --Test FE modelling
Test 10L17e0 i | | |
3
=
=
o
2T
[1:]
s
1
| i C i C | —3% 0

-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
Horizontal displacement at the shear center of mid-span (mm)

Figure 4.17. Comparison between experimental results and FE analysfer laterally unbraced
specimen 10L17e@Put et al. 1999)

4.6 FE simulations of theoptimised channel sections

The experimentally validated FE models were subsequently used to evaluate the efficiency of
the optimised channel sections obtainedSettion 4.4 and make a comparison with their

standard counterpart.

4.6.1 Laterally braced beams

In the FE model, the lateralhgstrained beams were observed to fail by local and/or distortional
buckling. As suggested by Shifferaw and Sché®&hifferaw and Schafer 20),2he length of

the FE models of both the optimised and the standard sections was taken as three times the
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distortional buckling haHwave length calculated using the CUF$Bthafer 2006 software.

This was generally short enough to avoid latewedional buckling. With respect to the
boundary conditions, the member was-pided about the major axis and preverited

rotating about the minor axis, while the end sections were prevented from warping. Equal but
opposite rotations gre applied at both endsigure4.18 illustrates the boundary conditions and
loading of the FE models. Local/distortional imperfectianh amplitudecorresponding to the

50% value of the CDF we used.Table 4.9 summarises the local and distortional critical
moments and the associated buckle -halfe lengths of the standard and optimised eross
sections of different prototypes obtainedmh CUFSM. The flexural strength of the optimised

and the standard cressctions obtained from FE analyses are comparétdgure 4.19. The

results confirm that a considerable increase in the flexural capacity can be observed in the
optimised shapesompared to the standard sections possessing the same amount of material (i.e.

the same total coil width and thickness).

|/ coupling the nodes of
end section to the
middle node of the web

End support
(U2=U3=URx=URz=0)

SESE

: ] ] U1=0 boundary condition
v ¢' % Uniform rotation is applied to the mid-span

Figure 4.18. Boundary conditions in the FE models of channel sections

Table 4.9. The critical buckling modes and the buckling halfwave length for laterally restrained

beams

. Buckling half-wave length (mm) Buckling moment (kN ‘Irh)

Section
Local Distortional Local Distortional

Standard 100 400 4.79 4.81
Opt 120 600 4.12 6.09
Opt 80 600 16.99 7.18
Opt 100 500 7.14 6.08
Opt 100 500 4.31 5.69
Opt 100 600 7.43 8.57
Opt 120 600 8.8 8.8
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Standard (1) ©) @ ® (&)
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Figure 4.19. Comparison of FE predicted strengths of optimised and standard crossections for
laterally braced beams

4.6.2 Laterally unbraced beams

The laterally unbraced beams were assumed to be simply supported at the ends (with respect to
both inplane and oubf-plane rotations) with no lateral restraints in between. Warping of the
end sections was free to occur and the load was applied by igposiendotationaboutthe

major axis, as shown ikigure 4.20. Four different lengths (i.e. 1m, 2m, 3m, and 4m) were
considered, both for the standard and the optimised CFS-swossns. Local/distortional
imperfections were modelled and combined waithoverall imperfection of L/1000 in the shape

of the lateratorsional buckling mode

U1=0 boundary
condition is
( applied to the End nodes
En mid-span (U2=U3=0)

rotation - 1 .

Figure 4.20. FE model for laterally unbraced standard and optimised beams
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Figure 4.21. Moment-lateral deflection curves at midspan of the optimised unbraced beams

The (uniform) bending moments obtained from fie analysis are plotted iRigure 4.21
against the lateral displacement (at fsjEhn) of theoptimised beams with four different lengths.
The momerdateral displacement curves illustrate the obvious faatiticreasing the length of

the CFS beams results in a decrease of the bending capacity due to lateral torsional buckling.

The flexural strengths of the optimised and the standard-sezs®ns with different lengths
obtained using FE analyses are comgan Figure4.22. Confirming the results obtained from

the effective width method in ECBjgure 4.22 shows that the optimised shapes offer a much
higher flexural capacity (up to 108% higher) compared to the standard sections with the same

amount of mateal, particularly in longer beams where global buckling is the dominant mode.

5.4
O Standard

43 4.5 = Optimised

36

25
21

Moment capacity (kN-m)
w
T

Length (m)

Figure 4.22. Comparison of FE predicted flexural strengths of optimised and standard cross
sections for laterally unbraced beams
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4.7 Evaluation of the EC3 based approach

Theresults obtained from the experimentally validated FE models were treated as a benchmark
to evaluate the accuracy of the DSM and the effective width method implemented in EC3. The
EC3 and DSM predicted flexural strengths of the standard lipped channéheanptimised
crosssections obtained fall six prototypes (se€able4.1) are compared ifiable4.10 for the

laterally braced elements. For comparison purposes, the strength values are normalised with
respect to the flexural strength obtained from F&lyamis.

The results obtained from EC3 and from the DSM are both in good agreement with their FE
counterparts. However, for the laterally braced beams, the DSM provided slightly more accurate
and slightly more conservative estimates of the strengths th& EC3 overestimated the

flexural capacity of the laterally braced sections b¥6Jon average.

Table 4.10. Comparison of predicted strengths with FE results for laterally braced beams

) Section
Strength ratio Average St. Dev.
Standard
EC3/FEM 107 109 116 115 1.12 114 108 111 0.036
DSM/FEM 0.98 0.92 098 098 096 1 099 0.97 0.028

Table 4.11. Comparison of predicted strengths with FE results for laterally unbraced beams

Standard section Optimised section
Length (m)
EC3/FEM DSM/FEM EC3/FEM DSM/FEM
1 0.97 1.15 0.98 1.02
2 0.82 1.05 0.87 1.16
3 0.87 1.24 0.81 1.28
4 1.02 1.25 0.84 1.36
Average 0.92 1.17 0.88 1.21
St. Dev. 0.091 0.093 0.074 0.148

For the unbraced beams, however, the findings are reversed. It is shoaiied.11 that the

strengths calculated based on EC3 are conservative for the unbraced beams, while the DSM
overestimated the flexural capacity of both the standard and the optimised sections by up to 36%
and by 21% ormverageTable4.11 also indicates that the accuracy of the DSM decreased with

increasing span length.

The FE simulations carried out in this study generally confirmed the accuracy of the EC3 design
rules and therefore its suitability to be used as a toobptimisation It is thereby noted that
using EC3 as a basis faptimisationleads to a significant simplification of the process
compared to the effort it would take to use detailed-lmwar FE analyses as part of the

optimisation process.
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As a fimal summaryFigure4.23(a) andrigure4.23(b) compare the ultimate capacities obtained
using EC3, the DSM and the FE models, made dimensionless with respect to the capacity of the
standard section obtained using the same method, for all braced and unbraced channel beams. It
is shownthat, while the EC3 predicts gains which are consistently about 10% higher than the
FE/DSM predictions for the braced beams, a very good match is obtained for the unbraced
beams. Most importantly, however, the trends of increasing/decreasirgtgaper the range

of prototypes (for the braced beams) and over the range of lengths (for the unbraced beams) are
very well predicted by EC3 when the FE simulations are taken as a benchmark. In particular, the
EC3 predtted conclusion that prototype is the most efficient prototype for unbraced beams,

is confirmed by the FE models. In general, the results indicate that the proposed optimisation
method is accurate and reliable and provides a practical tool for manufacturers and structural
engineers topimisethe capacity of CFS elements.

By optimising each CFS beam in a given structure for a particular length and boundary
conditions, a structure with minimum weight and optimal material efficiency could be obtained.
However, in reality it would not be economical to custom roll each individual membee, i
definite cost is incurred when reconfiguring the rolling process. Moreover, smaltésrrolhg
companies might not have this capability in the first place. Considering the range of optimum
sections over lengths from 1m to 4Fidure4.6), a questia of a very practical nature could be
which section to commercializeandm@ass oduce as a O6gener al purpose se
design experience, the effective lengths of roof purlins, after taking into account the rotational
restraint of the claddg (and given the reality in the UK that the market for roof cladding is
almost monopolized by a single type of roofing panel), usually range from 1.5m to 2.5m.
Therefore, the optimum section proposed for a 2m length would be a good candidate for a

commerdal roof purlin.
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Figure 4.23. Flexural strength ratio of the optimised sections to the standard section for (a) laterally
braced beams and (b) for laterally unbraced beams using the same amount of material

4.8 Summary and conclusions

This chapterpresents a practical method to obtain more economical CFS channel sections for
use as laterally braced or unbraced beams by optimising the dimensions of tisectiossand
allowing for the addition of doubif®ld (return) lips, inclined lips and triantar web stiffeners.

The optimisation process is thereby based on the Particle Swarm Optimisation (PSO)
Algorithm, while the flexural strength of the sections is determined using the Effective Width
Method as implemented in EC3. Six different prototypesewsnsidered based on practical

considerations. Based on the results of this study, the following conclusions could be drawn:

(1) By applying the proposed optimisation method to laterally braced beams, significant gains in
crosssectional bending capacityan be achieved: in the example, the bending capacity of a CFS
crosssection was increased by up to 25% compared to the commercially available section taken
as a starting point. The most effective crssstional prototype in this case was the lipped

chamel section with one stiffener located in the web. Using two stiffeners in a symmetrical
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arrangement, while keeping the developed length constant, would again reduce the efficiency of

the solution.

(2) The flexural capacity of the optimised 1m, 2m, 3m dna long unbraced beams was
increased by 26%, 25.8%, 61% and 75%, respectively, compared to a commercially available
section with the same amount of material. Comparison between the optimised results indicated
that, when increasing the unbraced length fidrege width of the optimum solution increased,

and consequently the total height of the section was reduced.

(3) The adequacy of the optimised sections was verified using detailed nonlinear FE analyses
validated against experimental data, while alsontpkinto account the effects of initial
imperfections. The FE results, on average, showed less than a 6% error compared with the
experimental data. The FE results of the commercially available and the optimised sections for
both laterally braced and unbraceonditions generally showed good agreement with the
flexural strengths estimated by EC3. The FE simulations also closely followed the increasing or
decreasing trends in flexural capacity predicted by EC3 across the different prototypes. This

demonstratethe reliability of the proposed optimisation method using the EC3 design rules.

(4) The flexural strengths of the optimised and the commercially available sections were also
determined based on the DSM. Overall, the strengths calculated using EC3 ab8Mhe
displayed a similar trend. Compared to the FE results, EC3 overestimated the flexural strength
of the laterally braced beams by up to 16%, but underestimated the strength of the laterally
unbraced beams by up to 19%. While the DSM, in general, pibédeurate estimates of the
capacities of the laterally braced beams, the accuracy of the method was seen to decrease with
an increase of unbraced span length. It was shown that the DSM may overestimate the flexural

capacity of long span laterally unbradeshms by up to 36%.
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CHAPTER 5. Development
of a more efficient CFS
channel section in
bending

In the last chapter, optimisation on conventional CFS beams was conditdtechapteraims

to developa more efficientCFS beam sectiowith maximum flexural strength for practical
applications. The optimised sections are designed to comply with thedder (EC3)
geometrical requirements as well as with a number of manufacturing and practical constraints.
The flexural strengths of the sections are determined based on the effective width method
adopted in EC3, while the optimisation process is performsidg the Particle Swarm
Optimi sation (PSO) met hod. To alffbdbanfed the
section, the effective width method in EC3 is extended to deal with the presence of multiple
distortional buckling modes. In total, ten diffateCFS channel crossection prototypes are
considered in the optimisation process. The flexural strengths of the optimised sections are
verified using detailed nonlinear finite element (FE) analyses. The results indicate that the

optimised foldedlange £ction possesses upi@ higher bending capacity compared to other
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optimum standard shapedthvthe same amount of materidihe methodology presented in this

chapter can bapplicableto other innovative crossections.

5.1 Introduction

It has been poied out thata folded flangecrosssection Figure 1.3(b)) can be better in terms

of manufacturing and constructional aspects than a curved flangeseas,as shown in
(Figure 1.3(a)). However, the EC3 guideling€EN 2005 CEN 2005a CEN 2005pH do not
provide a direct procedure for the design of such esestions. In particular, there is a need to
develop a design procedure that can account for the multiple distortional buckling modes which
may occur in the foldetlange section.

This study aims to elelop such a design methodology in order to subsequently use it to
optimise the CFS foldeflange section. The efficiency of the folddnge beam section is
investigated alongside nine more conventional channel prototypes which are aimed at
investigatirg the effects of intermediate web stiffeners, return lips and inclined lips. All sections
are optimised by maximising the cressctional flexural capacity for a given thickness and coil
width (equal to the total develop&shgth of the crossection). A brief overview of the effective

width method adopted in EGEEN 2005 is first given inSection5.2. This method is then
extended to deal with the presence of multiple distortional buckling modes in the-fialoigel
crosssection. The particle swarm omiisation (PSO) method, used to solve the optimisation
problem, is described iBection5.3 and the optimum solutions are presentegeiction5.4. The
accuracy of the proposed design model and the efficiency of the optimisation procedure are
investigated hrough detailed nonlinear FE modelling fBection 55. A comprehensive

comparison of the optimised results is provided in Section 6.

5.2 Designof CFS members based on EC3

The CFS sections to be optimised are evaluated according to thesectispal strength and
stability provisions in ECZCEN 2005b accounting for both local and distortional buckling
modes. The fino ofithe plate asdembdids arev usddt tbedrine the cross
sectional properties, which are then reduced by a faetptd account for the influence of the
rounded corners. A brief description of the EC3 provisions for the design of CFS mesnbers

provided in the following subsections

5.2.1 Local buckling

In EC3, the effect of local buckling is considered through the effective width concept. It
recognizes the fact that local buckling of the plates constituting the-sgoten has the effect
of shifting the loaebearing stresses towards the cornerezorin the process reducing the

effectiveness of the central parts in carrying compressive stresses. Thesecto®ms is
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consequently ideal iszed i amiogofidblld iné idigure5.4W. cr os
This effective area is assumed to resist the full bending action applied to the section. According

to Eurocode 3, Part3 (CEN 20053, the effective width of a (doubly supported) plate is given
by:

b, 1& 0.0553%)
o2y —A) 5.1
o ne ey
with /= Ty 5.2
- Ser ( - )

whereb andb, are the total and the effective width of the plate, respectiyely.f,/ f; is the

stress ratio of the plate, as showrFigure5.1(c) and (d). An equation similar quation(5.1)

is also provided for outstand elements. The slenderness ratio for local bu¢klimglates the
material yield stressf,, to the elastic local buckling stress of the platg,. It is worth

mentioning that Eurocode 3, ParBICEN 2005 always calculatethe effective crossection,

W, , based on the yield stresfsy, while some other design standards (e.g. the MA$5I

2007 and AS/NZS(AS/NZS 1996 specifications) use the stresses at global buckling.

fi(compression) f1(compression),

be=bith, W 1,
y =1,y

f,(tension) f,(compression

(b) (c) (d)
Figure 5.1. Local buckling mode of a foldedflange crosssection: (a) buckled shape, (b) effective
area of the crosssection for local buckling, (c,d) web under stress gradient

5.2.2 Distortional buckling

Distortional buckling of CFS members is linked to any buckling nmaiesing a distortion of

the shape of the crosgction, but excludes those deformaticgiated to local bucklingHijgure
5.2(a)). As a result, distortional buckling is always associated with the displacement of one or
more of the foldines of the sectio out of their original positions. Distortional buckling can
also be interpreted as global (flexural or flextmabkional) buckling of plate subassemblies
within the crosssection. In line with this latter view, EGEEN 2005b bases the design for
distottional buckling on the assumption that the plate subassembly at risk of buckling (which
could be a stiffened web or a compressed fldimgassembly) behaves as a strut continuously
supported by elastic springs of stiffndssalong its centroid axis. Thesprings replace the

restraint experienced by the plate assembly from the omitted parts of thesexties and
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therefore depend on the flexural stiffness of the adjacent plates. The buckling behaviour can

then be studied by considering an equivalent sinuan elastic foundation, as showrFigure

5.2(b). The elastic critical buckling stress of the stsyt ¢ is:

2, [KEI,
SCI’,S = IAS

(5.3)

where E is the modulus of elasticityl¢ is the second moment of the area of the stiffener

about the axis through its centroid parallel to the plate element being stift€nisdhe spring

stiffness per unit length, ané, is theeffective crossectional area of the edge stiffen&he

stiffness K is determined by applying a unit loadl (per unit length) at the centroid of the
effective part of the edge stifier assembly, as shown kigure 5.4 for the case of a double
fold stiffener. The stiffness of the equivalent springs thus depende exiral stiffness of the

adjacent plane elements

Intermediate Stiffener
ls,As Edge Stiffener

Is,As

Spring stiffness, K%
Spring stiffness, K

(@) (b)

Figure 5.2. Distortional buckling mode of a channel section with intermediate and edge stiffeners
(a) distortionally buckled shape and (b) equivalent struts

This procedure cannot directly be applied to the design of the filltege crossection shown

in Figure1.3(b), because of the possibility of not one, but two distinctively different distortional
buckling modes occurringlepending on the length of the flange segments. As illustrated in
Figure 5.3, when the length of flange segment 2 is relatively large compared to segment 1,
distortional buckling type 1 is dominant (i.e. buckling of the assembly consisting of flange
segmeh 2 and the lip). However, for sections where flange segment 1 is much longer than
segment 2, distortional buckling of type 2 (illustrated-igure 5.4) is critical (i.e. buckling of

the assembly consisting of flange segments 1 and 2 and the lip). Cmgsttie two structural
systems shown irFigure 5.3 and Figure 5.4 (and ignoring any second order effects), the

deflections ¢y and o, produced by concentrated forcess and u, , respeavely, can be

determined to be:
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a&:%ge3+ &b +{ e doos ¢(2e kos,y g Hf e b:osl)zq (5.4)

u é3 3
dy=—2 &+ > hé :
2 3D8 2 (55)

where the bending rigiti of the plate,D, is determined by:
D=Ef /12(1 -v2) (5.6)

In the above equations,is the distance between the centroid of ¢kge stiffener (shown in
Figure5.3(b) andFigure5.4(b))and the pivot point (which is the wads-flange junction for type
2 buckling and the junction between flange segments 1 and 2 for type 1 budklisghe
height of the webp is the length of flange segment 1 agdis the angle between flange
segnert 1 and segment 2 (sddgure 5.3(a) andFigure 5.4(a)). Furthermoret is the plate

thicknessandtandvar e t he modul us of elasticity and

Distortional buckling is taken into account in E(CEN 20050 using a reduction factoX 4 on
the thickness of the stiffeners. This method can be extended to deal with-ffatdgal cross
sections by determining the elastic distortional buckling stsgss, with Equation $.3), using
a stiffnessK obtained from Egations(54-5.5). The effective crossection needs to be
calculated separately for each of the two distortional modes, yielding two effectivesectiss

moduli. For a particular crossection, the effective section modulus is then taken as the

minimum valueof the two.

Ull
— = T

=}

y—e

\

/

/ stiffener Is,As

t e 4 \
|
/

\\ Spring
gtiffness, K\
~_ e

[

() (b)

Figure 5.3. (a) Actual system, and (b) simplified model to analyse distortional buckling of type 1
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— ~
// h
/ Stiffener Is,As \\
flange 2 ‘ €7 ?

&
} flange 1 /\
| \ Spring /
‘ N stiffness, K./

-7

(@) (b)

Figure 5.4. (a) Actual system, and (b) simplified model to analyse distortional buckling of type 2

The design model developed for the foldlohge section is further used during the

optimisationprocess irBectionss.3 and5 4.

5.3 Optimisation procedure

5.3.1 Problem definition

The optimisation procedure in this study aimed to maximize the CFSsgossns with respect
to their bending capacity. Thugtimisationproblem can be formulated as:

max (M g =Wer(X) ®,) Omin ¢ % 0day fOr i=1,...N (5.7)

where M gy is the moment resistance of a crgsstion about its major axis aMd ( x) is

the effective section modulus. For each design variablelower and upper boundsd,,;, and
dmhax » Were determined based on a combination of the constraints imposed by

2005H armd certain manufacturing limitations and practical considerations , which will be
explained further in this section. Throughout the optimisation process, the thickness of the
crosssections was kept constant at 1.5 mm and the total developed lengthcoddbsection

(the coil width) was also maintained at 415 mm. These values were taken from a commercially
availablechannel section, shown Figure 5.5, which was used as a benchmark and to which

the performance of theptimised sections wi be comparedh section 4.2.

The values of the radius of the rounded corners (measured along théink¢athe elastic
modul us and the Poi3nnmg21@0GPa and @.3, respestalyeThdyelkl e n  a s

stress of the CFS material was assumed td,e450MPa. It is again noté that the

optimisation was carried out with respect to the cresstional capacity, excluding lateral
torsional bucklingThis situation is representative, for instance, of purlins connected to a steel
deck with concrete topping, where the compressiamgi is continuously supported, or even of
roof purlins where the lateral and rotational stiffness of the roof diaphragm and/or the presence

of sufficient bridging prevent any cof-plane effects.
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Figure 5.5. Selected commercial CFS beam crossection

To ersurethe practicality ofthe optimised sections, the followiragiditional constraints were
imposed

(1) The basic overakthape otll the crosssectionsvasrestricted taa channel Channelsections
arecurrentlythe most widely used CFS beainspreactical applicationsThe fact that they are
composed oflat plate elementsboth allows for a straightforward manufacturing process and
facilitates the connections to trapezoidal steel deglor roof/wall systems, as well as bridging,
cleat plates, e&c Ten different prototypes were opisad, which are shown ifiable5.1. They
include nine relatively conventional sections and the newly proposed fidaegk channel
section All prototypes are based on a channel shape, but they allow the additismgfeaweb
stiffener, double web stiffeners, inclined lips and dodbld (return) lips. These featuresare
commonly encounteredvithin commercially availablesectionsand do not impose any
excessive demands on the fabrication process. Each prototypedivédually optimisel, after

which the overall optimum among ttenoptimised prototypes was identified.

(2) In practice additional constraints of a very concrete nature typically come into play. These
constraints may be quite cagdependent and may, rfanstance, be related to the ability to
connect the beam to other elements, or be imposed by the manufacturing process itself. In this

particular casghe following constraints were imposed:

a) The width of the flanges was required to be at léflstmm in ader to connect
trapezoidal decking or plywood boards to the beam by means of screws. This width was
determined after consultation with the industrial partner on the project. In the case of
the folded flange section, it was the flat width of the centrakbntal segment which

was restricted to a minimum of 50 mm.

b) The lip needs to be of a sufficient length. A lip of, for instance, 1 mm length cannot be
rolled or brakepressed. The industrial partner on the project suggested a minimum
length of 515 mm. Therefore, asndicated inTable5.1, cO 5 mm was imposed for a

single lip and combined withO5 mm f or a return | ip.
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c) The height of the web was specified to be at least 100 mm in order to allow a

connection to be made (e.g. to a cleat plate) with attiwadbolts and/or for bridging to

be installedAn upper bound of 35tmwas also imposelimit the total floor depth

d) The ratioR (seeTable5.1) was restricted so that thetermediatewveb stiffener would

be physicallypositionedwithin the web.

One ofthe major advantages of the PSO algorithm is that these constraints can easily be

accommodated and others added. The constraints merely result in a restriction of the search

space of the particle swarm.

In addition to the practical constraints mentionedvah the EC3 design ruléSEN 2005h also

impose certain limits on the plate wieitithickness ratios, the relative dimensions of the eross

section and the angle of the edge stiffeners. These constraints were also taken into account in

the optimisationprocedure and are listed Trable5.lu nd e r

EC36.

Finally, the opening angle and thegy length of the intermediate stiffeners were limitegh/6

and 15mm, respectively.

t he

Table 5.1. Selected prototypes, design variables antbnstraints

heading

. . Manufacturing
Prototype Design Constraints _ -
Prototype section variables based on EC3 Unmin Umax <|§ praqtlcal
imitations
—b—r1
[ by tO50 bO5 0
< =b/L . 0.1205 0.1807 R
{ X V1O 500 1000350
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Manufacturing

Prototype Design Constraints

Prototype section variables based on EC3 Unmin Umax ‘F‘ p_rac_tlcal
Imitations
r—b—1
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5.3.2 Optimi sation solutions

To facilitate the optimisation process, both the design procedure and the optimisation algorithm
were implemented in MatlaMathworks 201). The population of the particle swakhwas

taken as 100, and 100 iteratiokig,, were used to obtain the optimum results. The maximum
and minimum inertial weight facton,,,, andw,,,, were taken as 0.95 and 0.4, respectively

(Shi and Eberhart 1998Each of the prototypes was optimised 3 times using a different set of
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random initial particle and the result with the maximum bending capacity was retained as the

optimum section. As an examplEigure 5.6 shows the iteration history of the bending capacity

of prototype

, Where the convergence was practically achieved after about 50 steps.

16.4
E
=
. [
=
9 |
315'6 —Iteration 1
(1]
:’D -=|teration 2
c 15.2 - .
5 e Iteration 3
c
o]
)

14.8 ‘ ‘ ‘

0 20 40 60 80 100

Iteration history

Figure 5.6. Iteration history of the maximum bending capacity of prototype

Table5.2 summarises the dimensions and the bending capacity of the optimisedexrtisas

corresponding to each of tpeototypes presented Trable5.1. Table5.3 illustrates theeffective

crosssection of the optimised prototypes, maintaining the same scale for allseams. A

thick black line represents a fully effective part of the ciesdion, while a line with

intermediate thickness indicates that the thickness hers feeluced to account for distortional

buckling.

Table 5.2. Geometrical details and bending capacities of the optimised sections

Section h b c d €] G Bending ‘capacity
(mm)  (mm) (mm) (mm) (deg) (deg) (kN Irh)
315 50 - - - - - 9.84
305 50 - - - - 0.856 11.08
295 50 - 0.186 9.92
(Fsi;r:z;g 231 75 17 . 90 . . 10.30
270 50 23 - 91 - - 13.38
263 50 21 - 92 - 0.79 13.66
234 50 20 - 90 - 0.223 12.69
242 50 29 7.5 90 - - 15.11
240 50 25 7 135 - 0.9 14.62
232 50 25 6.5 135 - 0.1 13.41
185 48 50 17 105 95 - 16.12

It is clear fromTable 5.3 that, in general, the optimised cresctions tend to adopt the

minimum specified flange width of 50 mm and, hence, have a large eigidth ratio.

However, prototypes

to

, wWhich have the largest height, still show the lowest bending
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capacity (one which is even lower than the standardoptimisel section taken as a starting
point). This is due to the fact that the flanges without edge stiffeners are highly susdeptibl
local buckling and, therefore, the strength can only be marginally enhanced by adding
intermediate stiffeners to the web in prototype. However, the optimised lipped channel
section  shows that adding an edge stiffener can improve the bending tyapacnore than

25%.

Adding an intermediate stiffener in prototype increased the bending capacity of the optimum
section by only 2%, compared poototype . However, using two intermediate stiffeners in

the web (prototype ) actually reduced the flexural capacity of the optimum CFS section by
5.2% compared to the optimum lipped channel with no stiffener (prototypeThis is due to

the fact that folding the intermediate stiffeners into the section (while keeping the total
developed length constant) causes a reduction in total height, which impacts negatively on the
effective modulus of the section. Moreover, in this symmetric arrangement the web stiffener in
the tension zone is completely ineffective. It can be concludegneral terms that for CFS

beam sections, edge stiffeners are much more efficient in increasing the section capacity than

intermediate web stiffeners.

The results also indicate that, using the same amount of material, the newly developed folded
flange seabn (prototype ) provides the maximum flexural strength compared to the other
prototypes. Moreover, this cresection can easily be manufactured and satisfies all the

practical constraints which were imposed.

It is also noted that the practical consitaiimposedn the floor depthn of the sectionglisted
in the rightmost column ofable5.1) never turned outo be critical. However, other practical
restraints in particular the minimum flange width and the restricti@m the raticR and the

angled,, wereoften found to govern the crasectional shape
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Table 5.3. Effective crosssections of theoptimised beams, presented at the same scale

Prototypes
“ ‘ [ 1 1
Effective
sections
3
4 4
Prototypes
oo
Effective
sections

__ ] ) ] \_,

5.4 FE analysis

Detailed geometric and material nimear FE analyses were performed using ABAQUS
(ABAQUS 2011) to evaluate the flexural behaviour and capacity of the optimised-sectisns

for the ten considered prototypes (Jedble5.2) as well as the ahdard lipped channel taken as

a starting pointKigure 5.5). The main purposes of the FE analyses were: (a) to examine the
accuracy of the method proposedSection5.2 for the flexural design of foldefthinge cross
sections; and (b) to investigate theremll effectiveness of the developeagptimisation

framework in obtaining sections with increased capacity.

5.4.1 FE modelling and parameters

The FE models were developed in ABAQUSBAQUS 2011) using the gemal-purpose S4R
element (Figure 5.7). This element is a-Aode quadrilateral shell element with reduced

integration. Through a sensitivity analysis, a mesh siZzznmi®® 5 mn for the flat plate sections,
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with smaller elements used in the rounded corner sections was foundapptogpriate. No

significant change on the ultimate capacity was observed by reducing the mesh size.

Coupling the
" Uy=Uz=Urx=Urz=0 nodes of end
boundary conditions section to the

é - are applied to the eference node
; S reference node at s of the web_
| ends) :

Ux=0 boundary :
condition is applied'to -

Uniform the mid-span

" rotation

Figure 5.7. FE model of the foldedflange beam subjected to local/distortional buckling

The stresstrain behaviour of the CFS plate material was simulated using the constitutive model
suggested by Haidarali and Nether@daidarali and Nethercot 20},Jas shown in Section 3.5

In the FE analysis, the effects of the geometric imperfectiare wcluded in the FE analysis

by scaling the local and distortional modes to specific amplitudes and superposing them onto
the initial perfect geometry. The critical buckling modes were obtained using CUFSM, a finite
strip based softwardSchafer 2006 The magnitudes of the local/distortional geometric
imperfections were obtained from the cumulative distribution function (CDF) values presented
by Schaf er (Schafedand®fekoz 2908In particular, the local and distortional
imperfections with a CB value of 50% were considered, corresponding to valueg/tofrtl

d,/t equal to 34% and 94%, respectively, wittadd g illustrated inFigure5.8.

Figure 5.8. Geometric imperfections: (a) local buckling, and (b) distortional buckling

To simulate pirended boundary conditions with warping prevented, the nodes of each end
section of the CFS member were coupled to the central point of the web (acting as the master
node)(Shifferaw and Schafer 201.2The external load was then appliedhie form of uniform

rotations of the end sections about the major axis usiadriks solver in ABAQUS. The
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boundary conditions and the applied loading are illustratefeigare 5.7. Large deformation
effects were considered in the element formulationrdeioto be able to accurately track the
postbuckling behaviour of the CFS beams. It is worth mentioning that the modelling techniques
utilized in this study, including the type of elements, the material behaviour, the meshing and
the imperfection modellig borrow heavily from the work by Haidarali and Nethefétaidarali

and Nethercot 20)Jand Shifferaw and Schaféshifferaw and Schafer 201L2I'hese techniques
have been extensively verified against experimental re§dlisand Schafer 2006Yu and
Schagér 2003, demonstrating excellent predictive capability with an average error typically less
than 4%.

5.4.2 FE analysis of folded-flange sections with varying dimensions

This section presents the results of FE analyses used to evaluate the accuracy of the design
approach proposed tBection5.2 to calculate the flexural strength of foldiéghge CFS cross
sections. To achieve this, six fold8dnge sections with a rangé different dimensions were
investigatedTable 5.4 provides the geometric details of all selected sections. The ratio b/c of
the flange segments lengthBaple 5.1) and the angles of the inclined lips were varied. The
sections failed by local buckling afod distortional buckling of the two possible types described

in Section5.2. Since the CFS beams in the current study were laterally restrained, however,

laterattorsional buckling did not occur.

As used byGalambogGalambos 1998, the lengths of theEEmodels were taken as three times

the distortional buckling halivave length.

The flexural strengths of the selected sections obtained from detailed FE analyses are compared
to those calculated using the proposed design metBextign 5.2) in Table 5.4. The results
indicate that the proposed design methodology predicts the flexural capacity of the folded
flange sections with reliable accuracy. The average and the standard devitti®mnatio ofFE

to EC3 results are 1.02 and 8%, respectively, as siroWable5.4.

For illustrative purposes, the effective creggtions calculated according to EC3, as well as the
failed shapes at the ultimate load obtained from the FE analyses are preséatdd5rb. With
respect to the effective crassctions it should be noted that the reduction in thickness of the
black lines indicates distortional buckling of the section. These results show that the type 2
distortional buckling mode (seEigure 5.4) is dominantfor the foldedflange crosssection
M2002, where the length of flange segmeris around 2 times of the segméntFor all other
foldedflange sections iTable 5.4, distortional buckling of type 1 (sdégure5.3) is critical.

This result was predicted/the design methodology and confirmed by the FE analysis results.
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Table 5.4. Dimensions of the foldedflange crosssections and bending capacity obtained from EC3

and FEM
(S:;:(t)i(;nes Thickness  Depth a @ Flangel Flange2 Lip Cr::drir:g C(:I?li)lals:;y e
Tabless) (™M) mm) ¢y ()  bmm emm)  d(mm) (mm) Eca FEM
M2001 14 200 135 135 18 66 18 2.8 10.14 1006 0.99
M20@ 1.4 200 135 135 66 30 18 2.8 1374 1520 1.11
M20@B 14 200 135 135 40 40 18 2.8 12.71 11.7 0.93
M2501 1.6 250 135 135 18 85 18 3.2 16.50 1509 0.91
M25@ 1.6 250 120 90 30 61 30 3.2 19.76 21.30 1.08
M25@ 1.6 250 150 45 30 61 30 3.2 19.43 2111 1.09
Standard 102
deviation 0.08

The momentotation responses of the foldddnge sections obtained from FE analysis are
plotted inFigure5.9. It is seen that, with the exception of section M2503, all sections display, to
a varying degre-backombehavw iaoland. Thisé&a phertorhemonp e
which is not commonly observed in regular lipped channel sections and is more reminiscent of
the postpeak behaviour of, for instance, cylindrical shells or strongly curved plates under
compressionKigure 5.10). It appears tht replacing tB semicircular flange shape ifigure

1.3(a) by a segmental approximation for practical reasons causes the-fialdge section to

6i nheritd s o mebadkbehavibueoftheyfggmiec al s nap
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Table 5.5. Effective crosssections and buckled shapes of the folddthnge beams (presented at a
consistent scale)

Range M2001 M2002 M2003 M2501 M2502 M2503

Effective
sections

\_/\_/

failure
shapes

N
N

N\~

25
- e M2001
M2002
e 2003 e°%e A,
201 o - —M2s01 .-. ,’.: K
= = =+ M2502 K A “
’E\ 15 e e 00 0oM2503 .. ” .. \\
£ 151 A :
[ ]
§ 10 -
=
5 -
0 T
0 0.5 1 15 2
Rotation(°)

Figure 5.9. Moment-rotation curve of the folded-flange sections
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Figure 5.10. Schematic view of the behaviour of axially compressed panels (adapted frqdones
2009)

5.4.3 FE results of optimised cross -sections

The bending moment capacities the standard channeFifure 5.5) and the optimised
prototypes Table 5.2) were determined using FE analysis. The adopted boundary conditions
were identical to the models of the foldié@inge sections previously described, and the load
was again applied as uniform rotations at both ends. The lengthsrobtedled beamsT@ble

5.6) were selected as three times the distortional bucklingwsale length. For prototypes
without edge stiffeners (prototypes, , ) only the local buckling imperfection was
incorporated, since local buckling was the dominant enddble 5.6 shows the bending
capacities of the optimised and standard esestions obtained from the FE analyses and
compares them to those determined based on the EC3 effective width method. Even though the
results obtained from EC3 are slightly unservative compared to the FE predicted capacities,
this study shows that the effective width method is generally reliable and provides a reasonable
prediction for the bending moment capacities of the selected CFS prototypes. The average ratio
of the capadty determined using FEM to the capacity calculated using EC3 was 0.95 with a
standard deviation of 5%. The failed shapes at ultimate capacity, obtained from FE aaaysis
also illustrated irFigure5.11.
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Table 5.6. Comparison of the bending momentapacities of the optimised and standard sections
obtained from EC3 and FE analysis

Bucklilng hf;lllf-wave Bending morpent capacity
Section Local engItDiztortional |e|\:|13?f$|(|mg1) — ECYFEM
(mm) (mm) EC3 FEM
ifg::;? 100 600 1800 10.9 10.0 0.99
200 - 600 9.84 9.11 1.08
200 600 11.08 11.22 0.99
200 - 600 9.92 9.41 1.05
140 600 1800 13.38 12.73 1.05
50 600 1800 13.66 12.08 1.13
50 600 1800 12.69 11.15 1.14
120 800 2400 15.11 14.09 1.07
100 800 2400 14.62 12.99 1.13
100 800 2400 13.41 12.33 1.09
100 800 2400 16.12 15.52 1.04
Srandard 095
deviation 0.05

Figure 5.11. Buckling shapesat peak loadof the optimised and standard section§Stress: MPa)
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5.5 Comparison of the results and discussion

Figure 5.12 compares the EC3 predicted capacities of the optimised sections to the results
obtained from detailed FE analysis. As a geneaogiclusion, the FE results follow the trends
predicted by the EC3 very well and confirm the reliability of the proposed optimisation method.
The results also indicate thdbr the same amount of material, the optimisation procedure can
significantly incrase the bending moment capacity of the CFS &estons
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Figure 5.12. Comparison of the moment capacities of different prototypes

—_—
~
Il

-
o

Moment capcacity (kN-m)
® o

()]

Standard

Sectional prototypes

It is shown specifically irFigure 5.12 that by only optimising the relative dimensions of the
plates and the angles of the inclined lips (i.e. prototyp® the bending capacity of the
commercially available channel section taken as a starting point can be increased by more than
30%. A comparisn between the optimum results of prototypes and indicates that the
bending capacity of CFS channel sections can be significantly increased (by up to 55% in this
case) by adding edge stiffeners which suppress the distortional mode. On the other hand
comparing the bending capacity of the prototypesand , and also and , it can be

seen that adding intermediate stiffeners in the web does not necessarily increase the optimal
bending capacity of the sections. This is also illustrated by the seutfitnsvo web stiffeners
(prototypes and ), where the flexural capacity of the section with stiffeners was up to 13%
less than the optimum channel section without web stiffener (prototypelhe main reason

for this behaviour is that, when placing ttdfener at the centre of the web or in a symmetric
arrangement with one stiffener ending up in the tension zone of the beam, the stiffeners are not
at their full effectiveness. At the same time, the total developed length of theseobss is

kept corstant, so that folding the stiffeners into the section reduces the total height of the cross
section and, therefore, its bending capacity. For practical reasons, however, it is not
recommended to place the stiffeners in an asymmetric configuration shoce @uring the

installation of the beams would almost be inevitablgure 5.12 also highlights the increased
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efficiency of the proposed folddthnge prototype compared to any other prototype considered.
It is shown that, for the same amount of matepabtotype leads to a maximum flexural
capacity which is aroun87% higher than the standard commercially available channel section
and 22 % higher than the optimum lipped channel section (prototype Foldedflange
sections are also easy to manufaetand connect to typical floor systems and, hence, are ideal
candidates for practical CFS beam sections.

5.6 Summary and conclusions

In this chapter a practical framework is proposed to optimise CFS beam-seati®ns while
considering coddased design constraints as well as manufacturing issues and practical
limitations. Using the framework, a commercially available CFS lipped channel section was
optimised based on ten different prototypes, including a felld@de crossection, while
keeping the material use constant. A modification of the EC3 design methodology was first
developed in order to account for the multiple distortional buckling matiegsh may occur in

the foldedflange crossection.The crosssectionalbuckling behaviouwas taken into account

by considering arquivalent strutn compressioron an elastic foundatignvhere the stiffness

of the foundation dependsn the relative dimnsions of the flangeslhe particle swarm
optimisation algorithm was then used to obtain the solutions with the maximum flexural
strength. The accuracy of the modified design model and the effectiveness of the proposed
optimisation framework were also elimated using detailed ndmear FE analysis. The

following conclusions can be drawn:

1 The FE simulations of the folddthnge sections confirm that the proposed additions to
the effective width based design method in EC3 to account for the multipleidrsibrt
buckling modes in the foldeifange section lead to accurate predictions of the ultimate

bending capacity.

1 By applying the proposed optimisation framework to laterally braced beams, the
bending capacity of a commercially available CFS beam was sedday 30% by only
optimising the relative dimensions of the flat plates and the inclination of the lips. The
results also indicate that flanges with double fold lips have the potential to considerably
increase the flexural capacity of CFS beams (by ugOh), while using intermediate
stiffeners in the web does not necessarily increase the capacity of the sections. As
expected, plain CFS channel creestions provided the minimum flexural capacity,

even when using intermediate web stiffeners.

9 Foldedflange sections, which can be easily designed and manufactured due to their
simple sequence of straight plate segments with a relatively small number of folds, are

shown to be viable and even superior alternatives to typical lipped channel sections. For
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the sane amount of material (i.e. the same total coil width and plate thickness), the
foldedflange section possesses a flexural capacity whiéit% and 22% higher than

the selected commercial section and the optimum lipped channel section, respectively.
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CHAPTER 6. Development
of optimum CFS sections
for maximum energy
dissipation in seismic
applications

While conventional building structures exceed their elastic limits in severe earthquakes,
previous optimisation studies concentrated mainly on the optimum elastic buckling strength of
CFSelements. Thighapteraims to, for the first time, improve the seismic performance of CFS
elements by optimising their pestickling behaviour in the nonlinear inelastic range. A novel
nonlinear shape optimisation method is presented for the optimungndedi CFS beam
sections in mome#esisting frames. The relative dimensions of the esession, the location

and number of intermediate stiffeners and the inclined lip angle are considered as main design
variables. All plate slenderness limit values éndts on the relative dimensions of the cross
sectional components, set by the Eurocode 3, are taken into account as constraints on the
optimisation problem. An additional constraint is considered where maximum equivalent plastic
strain is restricted tornsure a sufficient level of ductility. Global optimal solutions are obtained
through the Particle Swarm Optimisation (PSO) algorithm. The developed PSO algorithm is
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linked to the ABAQUSABAQUS 2011) finite element programme for inelastic pdsickling

andysis and optimisation.

6.1 Introduction

Cold-formed steel (CFS) elements are produced by bending relatively thin metal sheets into a
variety of cr@ssectional shapes by either colnlling or press brakig. Structural systems
composed of CFS members proviglevide range of advantages. They typically offer a high
strengthto-weight ratiq are lightweightand aresasy to handle, traport and install. However,
typically large widthto-thickness ratios of CFS cresectional plate assemblies, resulting from
practical limitations on the sheet thicknesses which can be processed at room temperature,
leaves CFS members susceptible to several instabilities including local, distortional and global
buckling modes. The large width-thickness ratios of CFS memberg also typically outside

the limits prescribed by seismic design co@ESC 341-05 2005, CEN 2008

Whilst some research has previously been carried out on the seismic behaviour of CFS stud
walls (Nithyadharan and Kalyanaraman 203®ang et al. 2015 research into the plastic
behaviour and the energy dissipation capacity of CFS primarybleadng elements is still very
limited.

Calderoni et al(Calderoni et al. 2009 conducted monotonic and cyclic tests to study the
seismic behaviour of CFS channel beams. The results of their study showed substantial ductility
and energy dissipation capacity in the CFS beam sections despite their full plastic moment
capacity being ratted by local buckling. The axial cyclic behaviour of typical wall stud
elements used as CFS framing members was investigated by-lAdilia et al.(PadillaLlano

et al. 2014. Their experimental tests showed a damage accumulation within the tested
specinens. The results of their study indicated that the amount of dissipated energy in the stud
elements varies with the dimensions and the shape of thdeprdiipically decreasing with

increaing crosssectional slenderness ratio.

Another research projean the development of elements and bolted connections for CFS
momentressting frames has shown théeir ductility and energy dissipation can significantly

be improved by gradually adding intermediate folds into the flat plate sections to eventually
form curved profilegSabbaghet al.20123, as shown irFigure6.1. However, curved profiles

are difficult to manufacture and connect to other elements and, therefore, more practical shapes

could be developed by taking into account manufacturingcandtruction constraints.

While typical CFS crossections are generally unablepievent the local bucklingp practical

seismic designthe previous research has indicated that local buckling can be postponed by
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optimising the shapes of CFS profiles atlow for development ofductility and energy
dissipation(Sabbagtet al.20123.

-1-J-1-0

Figure 6.1. Development of CFS sections towards curved flanges to increase crgsstional ductility
(Sabbaghet al. 20123

Pan et al(Panet al.2007) developed an optimisation method to obtaibéaims with optimal

flange shapes to increase the energy dissipation capacity of the elements under monotonic and
cyclic loads. To achieve this, they combined Simulated Annealing optimisation algorithm with
detiled nonlinear Finite Elemertnalysis. In a similar research project, Deng ef2énget al.

2015 optimised the length and shape of the straight part-ehaped dampers, working as
passive control devices in hailled eccentrically braced frames, moaximise their energy

dissipation capacity.

The flexibility of CFS members with respect to the manufacturing and construction processes
offers potential to develop cressctions with high ductility and energy dissipation capacity.
However, no research has previously been carried out on the optimisation of CFS members
based on their postuckling behaviour, ductility and energy dissipation. In tiapter a new
framework is proposed to optimise cold formed steel sections witleaesp their maximum
dissipated energy capacity. The relative dimensions of the-seotions, the location and
number of intermediate stiffeners and the angle of the inclined lips are considered as the main
design variables. The commercially available pgram ABAQUS (ABAQUS 2011) is
combined with a Particle Swarm Optimisation (PSO) algorithm to conduct the optimisation.
During the optimisation process, the efficiency of the design solutions is investigated by using

nontlinear detailed FE modeiscluding the effects of imperfections.

6.2 Development of optimum CFS sections for seismic applications

In seismic design of hablled steel members, the widtb-thickness ratios of the compressive
plate assemblies of the cressctions are often restricted in cedf practice(AISC 34105 2005

and CEN 2008to avoid local buckling before yieldintherefore allows fothe development of
plastic deformations. It is, however, almost impossible for typical CFS-sea$®ns to satisfy

the widthto-thickness ratiostgulated in the seismic design code. Nevertheless, due to the

flexibility in their manufacturing processjtermediate stiffeners and lips as well as additional
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folds can be easily rolled into CFS crasstions. As a result, the flat widtbrthickness atios

of the plate assemblies of the CFS crasstions can be significantly reduced.

I /4 B Y B \
I \ A\ 4
(b) (c) (d)
Figure 6.2. Reduction of the width-to-thickness ratio by using intermediate stiffeners and folding
the flanges

@)

Figure 6.2 illustrates a number of typical CFS sections that are generally easy to be
manufactured and connected to other members and/or floor systems. It also indicates a process
in which the flat widthto-thickness ratios of a conventional baokback CFS channdleam

plate assemidis Figure6.2(a)) are reduced by gradually including intermediate stiffeners and
bends in the crossections. Since the normal stress is maximum in the flange of CES$ bea
elements under bendinthe intermediate stiffeners were intredd first in thélanges as shown

in Figure 6.2(b). The web typically has high widt-thickness ratio under the stregmdient

and therefore intermediate stiffeners can be also added to the webyttodalabuckling (see

Figure 6.2(c)). The foldeeflange crosssection sbwn in Figure 6.2(d) providereduced width
to-thickness ratios and therefore can be used as a good replacement for the curved sections.

An analyticd design model was develop@u Chapter Sfor the flexural design of the folded
flange crosssection, where the effective width method in EC3 was extended to deal with the
possible occurrence of multiple distortional buckling modes. To show the efficiency of the
foldedflange crosssections, an optimisation method was conducted to maximédexural
strength of CFS C sections with different shapes usiadParticle Swarm Optimisation (PSO)

algorithm.

It is shown inFigure 5.12 that for the same amount of material, the optimised feftdadje
section can provide a bending capacity whechp to 57% higher than other standard optimised
shapes. More information about the adopted optiiisgtrocess can be found @hapter 51In
the current studythe efficiency of the foldeflange sections in terms of exg dissipation

capacity isnvedigated.

6.3 FE analyses of CFS beam sections

As discussed before, CFS sections are susceptible to local, distortional and global buckling
failure modes under serviceability loads due tol#nge widthto-thickness ratios of the plate

assembliesPrevious nmerical and experimental research studies have shown that detailed
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Finite Element (FE) models can accurately predict the ultimate load carrying capacity and

collapse behaviour of CFS sections if appropriate element type, material parameters and
imperfectio profiles are selecte@Haidarali and Nethercot 201Yu and Schafer 200Q7In this

study the ABAQUS FE packad@&BAQUS 2011) is used to (1) determine the flexural capacity

of CFS beams and to track the legeflection behaviour of the beam sections, and (2) search
for the optimum crossectional shape to maximise the energy dissipation capacity of the beams.
Two types of analyes have been performadABAQUS (ABAQUS 2011):

-Elastic Eigenvalue Buckling analysis using the linear perturbation procedure BUCKLE to

capture the fundamental modal buckling shape to apply the initial imperfection.

-Nonlinear inelastic analysis using ti¢atic General step with displacement control method,
which takes into account the stiffness degradation due to buckling and material softening.

6.3.1 FE models

The FE models of the CFS members were developed usingnadedquadrilateral shell
element with reduced integration (S8R). The stetssin behaviour of CFS plates was
simulated using the constitutive mogeésented in Section 3.4

The effect of geometal imperfections has been included in the FE analysis. The first buckling
mode shape is used as the initial geometrical imperfection distripdtiong and Yan 2002

To this end, an elastic eigehwa buckling analysis is first conducted on cantildvesm under

end point displacement. The mode shape is then scaled and superimposed to the initial model.
The amplitude of the imperfection in this study are selected according to the values
recommended iiSchafer and Pekoz 1998 he magnitudes for locaind distortional buckling

modes are 0.34t and 0.94t, respectively, where t is the thickness of the profile.

The external loads were applied as imposed displacements at thbtkacdeam elements (see
Figure 6.4). The effect of large deformations was @akinto account in the FE models to

simulate the podbuckling behaviour of the CFS beams.

6.3.2 Flexural strength and post -buckling behaviour of sections

In this section, as a procedure towards shape optimisation of FBeb€am sections, the
behaviourof six different CFS beams with cressectonal dimensions shown ifigure6.2 was

first simulated by using the nonlinear FE model describedbdation 6.3.1. The selected
sections includetwo conventionally backo-back lipped channel sections, two bdokback

lipped channel sections strengthened with intermediate stiffeners, one curved flange and one
folded flange sectioriThe single channels are assembled and connected byfilsaign the

webs.
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A two meter long cantilever beam was selected as rempiatsve of a four meter span beam in a

laterally loaded momenesisting frame (i.e. up to inflection point). The material model in
Equation 8.4) was adopted by assuming 0.2% proof stsgss,=279Vpa. Details of the FE

models including the boundary conditions, tataestraints and the apgtl load are illustrated

in Figure6.4.

According to AISC Seismic Provisiori®ISC 34105 2005), IntermediateMoment Frames
(IMF) and Special Moment Frames (SMF) should sustain at least 80% of their peak load
carrying capacityat interstorey drift angles of 0.02 and 0.04 rad, respectively. To check the
eligibility of CFS beam sections for SMFs, a displacement of 150mm (equivalent to a drift
angle of 0.075radas applied at the tip of the cantilever beam showfignre6.3. Fa better
comparisons, all # cross sections listed Figure 6.4 had the same amount of material (i.e.
identical coil width and thickness). Nonlinear inelastic post buckling analysis was conducted to
track the loaetlisplacement curve, by usingjsplacemen control scheme which considers
stiffnessdegradation due to bucklingigure 6.4 shows the failure shapes sik selected CFS
beams obtained from detailed FE analysis. It is also shown that the buckling shape of curved
flange and folded flange sectioneavery similar. The results also indicate tbae offlange

stiffeners could postpone the local buckling of the flange.

Fixed end at X,y
and z directions

End displacement

Lateral
restraints

Tied lines
between webs

Figure 6.3. Boundary conditions and loading points for the cantilever beam
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Figure 6.4. Various crosssectional shapes for bacio-back channel beams and their failure modes
at a drift angle of 0.04rad (SMF limit)

Figure6.5 shows the moment rotation curves sélected beams up &adrift angle of 0.04rad. It

is shown that there is a sudden losdl@tural capacity for the lipped channel C1, at a rotation
less than 0.02 rad (i.e. IMF drift limit), due to the local buckling of the flanges. This is in
agreement witlthe failure mode shown iRigure6.5. By reducing the width of the flange and
increasing the height of the section in C2, the flexural strength is improved by 19%, whereas
there is no obvioubenefitin the post buckling behaviour of the section. It is shown that the
CFS section with intermediate stiffener in the flange (C3) hasndr@% higher flexural
capacity and less pebtuckling strength degradation compared to the similar sectiorowtith
stiffener (C1). Comparisoof C3 and C4 sections shows thate of theintermediate web
stiffeners can improve the post buckling behaviduthe CFS section, while it kanegligible

effect on the flexural strgth. The results shown iRigure 6.5 demonstrate agaitinat, for the

same amount of material, curved flange and folded flange sections provide the highest flexural

strength compared tather sections.
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Figure 6.5. Moment-rotation curves of the beams with the dimensions ifigure 6.5

It is shown inFigure 6.5 that while C1 and C2 sections satisfy the drift requirement of IMF,
they do not satisfy the SMF drift limits. Even by using intermediate stiffeners in the flange, C3
section still does not satisfy the SMF drift requirement due to buckling of the webyveiolg

using intermediate stiffeners in both flanges and webs (C4), the CFS section satisfies the SMF
inter-storey drift angle requirement. Both curved flange (C5) and folded flange (C6) sections
reach up to a rotation of 0.04 rad without significant dsbptrength, which implies they both
satisfy the is the SMF requirement.

6.3.3 Ductility capacity of sections

In accordance with ASTM E21280 (ASTM 2009, the ductility of the six selected sections
was calculated usintpe equivalent energy elastmastic (EEEP) bilinear models as shown in
Figure 6.6. This model assumes an ideal elaptefectly plastic response of the system based
on the momentotation response of theasssections. As shown iRigure6.6, the idealized bi

linear curve includes two partsving the same areas above and below the cuiye &). The
elastic part of the EEEP curve is defined using initial secant stiffiesk §ssociated with the

moment equal to 40% of the idealised yield moment of the -s@sion. The second segment
line and tke postyield slopeis thenspecified by a line passing through the point corresponds to

20% drop of the peak moment in the softening branch.
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Figure 6.6. Equivalent energy elastieplastic (EEEP) bilinear modelsof the load-deformation
curve(ASTM 2009)

To investigate the effect of cross sectional shape on the ductility of the CFS beams, the moment
rotation curves are used to calculate the ductility of the CFS sectsesl lon the following

equation:

-

N (6.1)

whereg, is defined as the yield displacement based on the equivalenear curve andy, is

the rotation corresponding to the 80% of the peak bending moment in tHaupkléng range as

shown inFigure 6.6. The ductility of the six selected beam secti¢wgh the specification

shown inFigure 6.4) is compared irFigure 6.7. The results indicate that, in general, using
intermediate stiffeners in the flange can increase the ductility of the CFS beam sections by to 36%
compare to the standard section. Additioirdermediate stiffener in the web can further
increase the ductility of #section by another 37%. d¢an also be seethat, for the same

amount of material, curved flange and folded flange sections exhibit more than two times higher

ductility compared tohe standard channel sections.
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Figure 6.7. Ductility of the 6 selected CFS beams with the same amount of material

It is worth mentioning that there is no significant difference between C5 and C6 in terms of
strength and ductilityeven though there ia more complex manufacturing process for the
curved flange crossection C5, as stated 8ection6.2. This makes the folded flange sections

as the best practical optimum solutions.

6.3.4 Energy dissipation capacity of sections

The failure of CFS beam elements under monotonic and cyclic loads usually starts by the flange
local buckling in compression side followed by the web buckling and finally the fracture of the
flanges(Calderoni et al. 200®RadillaLlano et al.2014). Basedon the previous research studies,

the energy dissipation capacity of CFS beams is not negligible if sufficient ductility is provided
(Calderoni et al. 2009. In general, the results of this studgmonstratethat the energy
dissipation capacity of CFS gsems can be considerably improved by adding intermediate
stiffeners and shape optimisation. Since the fracture of steel is mostly related to the equivalent

plastic strain, in this study this parameter is used as the failure criterion for optimisatib8 of C

members towards maximum energy dissipation. The equivalent plasticq;(a)n(EP) can be

defined as followingOhsaki and Nakajima 20}:2

s = 2 PO P30 62)

where qu( ¥ is the plastic strain tensor a(n)js the derivative with respect to time. In this study,

the Von Mises yield criterion is used as the yield surface. The magnitude of the equivalent

plastic strain reflects the plastic rotational deformation capacity of the members and it is
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evaluated at e&cintegration point in FE analysis. The equivalent plastic strain can be used to

evaluate the ultimate plastic rotation and the ductility of CFS members. Here the energy
dissipation through plastic deformations is calculated in ABAQUSu&ing the followiry
equation:

E=F) i) € )deav (63)

where s is the plastic strain tensoFigure 6.8 compares the equivalent plastic strains and

energy dissipation capacity of the six selected CFS beam sections at the drift ratio of 4%. It is
shown that, in general, the conventional lipped channels (C1 and C2) exhibited higher
equivalent plastic strairmmpared to other sections.
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Figure 6.8. Comparison of (a): maximum equivalent plastic strain; (b): Energy dissipation capacity

By adding the intermediate stiffeners in the flanges and webs (C3 and C4), the equivalent
plastic strains were significantly reduced though the amount of energy dissipated was not

considerably improved. The curved section (C5) dissipated the most amemetrgy, while its
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maximum plastic strain demand was considerably smaller than that of the conventiorhl lippe
channels. It is shown iRigure6.8 that the folded flange crosection (C6) has the potential to
have a high energy dissipation capacity (almost similar to the curved section), while it exhibits
minimum equivalent plastic strains. This is in agreement with the ductility results presented

the previous section.

In general the results presentedrigure 6.8 indicate that the podtuckling behaviour of CFS
beam elements can be changed significantly by adjusting the dimensions and incorporating

features such as intermediate stiffenardijned lipsand bends.

6.4 Formulation of optimisation problem and optimisation method

This section aims to develop optimised cresstional shapes for CFS beams to have maximum
energy dissipation capacity, which is especially important for seismic applEatin
commercially available lipped channel section is taken as the starting point, whereas the
optimisation process allows for the addition of inclined lips, reifethtermediate stiffeners in
flange and web, and the folds of the plate to form more a@ugbsssections. A folded flange
crosssection is also considered in the optimisation process, since it was sh&ettion 6.3

that, in general, the folded flange cregstion has the potential to dissipate higher energy levels
with minimum plastic sain demands. The members are optimised with regard to their
maximum energy dissipation capacity, determined according to the results from detailed FE
modelling considering geometric and material nonlinearity. All plate slenderness limit values
and all limits on the relative dimensions of the crgestional components, set by the Eurocode,

are taken into account as constraints on the optimisation problem.

6.4.1 Problem formulation

A cantilever beam is considered which is fully fixed at one end and loadedaher end, as
shown inFigure6.9. The length of the beam lis1400mm that represents the distance between
inflection points of a beam length of 2800 mm in a moment resisting frame. The optimal cross
sectional dimensions can be found for the beams subjecte static loading defined by the end

displacement at the tigs discussed before (deigure6.3).

1400

—— e — — — —

N

SANNNN

Constrain the maximum )
Eaquivalent Plastic Strain End displacement

Figure 6.9. A cantilever beam model for optimisation process
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In this study, the design variables were the dimensions and the angles ofdlesgtanhblies as
shown inTable6.1. The same amount of material was used for all cross sections (i.e. same plate
width). For practical applications, the selected cross sections were prequalified shapes according
to EC3. The relative plate slenderness amit lvalues on the relative dimensions of the cross

sections were set as the design constraints during the optimisation process.

The optimisation procedure was aimed at optimising each CFSswossn with regard to its
energy dissipation capacity thighout the loading history until the drift ratio of 4% (i.e. SMF

limit). Therefore, the optimisation problem was formulated to maximise the dissipated energy

E(X)as follows:

max E(X) (6.4)
st e,(X)¢ g (6.5)
xex of, (i B-n) (6.6)

whereX denotes the vector consisting the cssstional dimensionsx" and X " indicate the

upper and lower bounds of the design variable vector, respectively. The components of vectors

are indicated with subscript, such X;[Xl,---,xn], wheren is the number of the design
variables. The upper boung, in Equation (6b) is the maximum allowable equivalent plastic

strain €, of CFS steel material to prevent fracture under tensile loads.
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Table 6.1. Selected prototypes, design variables and constraints

Design Constraints

Prototype Prototype section variables based on EC3 Comments
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In total, 5 different prototypes were considered in this study with the same thickness of

t =1.5mm and total coil width ofL =415mm, as shown inrable6.1. The yielding stresfsy,

elastic moduluEand Poi s & avaré4b0MPag 210@Pa and 0.3, respectively. The
start point of the optimisation was set to be stendard commercially available channel C1
(with lip=17mm, flange=75mm, depth=231mm and thickness=tir§. The optimisation
process allowed for the inclined lips, flangad web triangular intermediate stiffeners and
folded flanges. The position of the triangular intermediate stiffeners in the webs was varied
during the optimisation process to investigate their effects on the energy dissipation capacity of
the sections. Tdintermediate stiffeners consisted of two 10 mm legs with an intersecting angle

of 60? To investigate the effect of plasticity development on the energy dissipation cagacity
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the sections,dur levels of plastic strai@” =0.2,0.15,0.and 0.0 were used as the upper

bound rage in Eaation (6.5). The upper bound of plastic strain is generally depended on
different steel grades’hese plastic strain values were based on the coupon tests reported in
(Quach and Huang 20L1lt should be noted that these plastic strain limits lzased on
monotonic coupon test without iaky into account the cyclic effect.

6.4.2 Optimisation technique

The purpose athe optimisation in this study was to demonstrate that the shape optimisation can
be effectively applied to increase the energy dissipation capacity of CFS beams subjected to
large deformations. The optimisatitlamework in this study was based on theiitesf detailed

FE models by taking into account geometrical and material nonlinearities and imperfections,
using a Particle Swarm Optimisation (PSO) methbide PSO method has bedascribed in
Section 3.3

The optimisation constraints iBquation(6.5) was incorporated by using a penalty function.

Assume a penalty factbr> 0, the objective functiorE(X) is then transformed to:
E(X)=E(X) #maxg0, g(X)/ pe 1 (6.7)

The flowchart of the proposed optimisation method to link the detailed FE models in ABAQUS
(ABAQUS 2Q11) to the PSO algorithnm Matlab (Mathworks 201} is Figure 6.1Q For each
generation, the PSO algorithm generates new input data for the CF&extens (i.e. new
design value vectors). This data is then transmitted to ABAQUSprpeessing module
(ABAQUS 2011) for creationof the cantever beam model shown KFigure6.3. The entire FE
analysis was programmed using Python script language by taking into account 4ivee@on
inelastic behaviour of material and the effects of imperfectf&AQUS 2011). The Python
script(Appendix A.6)consisted of the following steps:

(1) The FE model of the cantilever beam is developed according to the dimensions
generated from PSO algorithm using the materiaperties calculated from Eaqtion
(6.1). The load and boundary conditions are thpplied to the FE model.

(2) An elastic linear BUCKLE analysis in ABAQUS is conducted. The normalized
displacements of each node in the first buckling mode are extracted and used for the
incorporation of the initial geometrical imperfection. The displacemiefd fs then
scaled and applied to the initial meshed geometry to form the initially imperfect model
for Standard Static analysis. Since the first buckling mode is either local or distortional,
which is unknown, an unfavourable imperfection (0.94 timeshafkness) is used
(Schafer and Pekoz 1908
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(3) The Standard solver of ABAQUS is then used for the nonlinear FE analysis. The

necessary data such as dissipated enEl@ﬂ) and maximum equivalent plastic strain

eP (X) are extracted from the ABAJS output files usinghe post processing module.

(4) The extracted data from previous step are then returned to the PSO algorithm and new
particle swarm is generated accordindgztpuationq3.3) and(3.4). Subsequently, a new

round of iteration is started from step 1.

The PSO algdthm was developed separately in Mat{dbathworks 2011 and was adopted to
perform the optimisation process. The number of iterations was taken as 100 for all prototype
sections. To obtaigood convergence, the population of the particle swarm was 46 fior
prototypes to , while this was 15 for prototypes and to accommodate more design
variables. The maximum armdinimum inertial weight factors were chosen as 0.95 and 0.4,
respectively. Due to the high computational efforts required, thelimear analyses were

conducted on iceberg, the University of Sheffield High Performance Computing server.

Preprocessing (Python Script)

PSO Algorithm
. . »(1) Beam parts (4) Boundary and load | BUCKLE analysis
Getnheeritgg:;?clfi'g:: of (2) Material and section (5) Mesh
" (3) Beam assembly (6) Submit to ABAQUS ¢
Output file
Jobl.odb
Post processing (Python ¥
Script) Updating geometrical
< Output file < Static «— coordinates regarding
Dissipated Energy and Job2.odb General first buckling mode
Maximum Equivalent plastic — e
strain

Figure 6.10. Flowchart of optimisation for maximum dissipated energy

As an exampleFigure 6.11 illustrates the iteration history of prototype subjected to the
restraint of equivalent plastic strains®P =0.2,0.15,0.and 0.0. The results demonstrate the

good convergence of the proposed optimisation method to obtain the best design solution in all
cases. It is shown that there is no obvious increase to the objedltive(i.e. energy dissipation
capacity) after around 60 generations, which confirms the adequacy of the number of iterations
used in this study.
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Figure 6.11. Iteration history of the objective of dissipated energy forfolded flange channel section

6.5 Optimisation results and discussions

The selected prototypes in this study were aimed at investigating the effects of changing
geometric dimensions of the cressction and the positions of the edge and intermediate
stiffeners(seeTable 6.1). Optimal dimensions of the cressctional prototypes were found
under monotonic loading condition and the optimum results were compared with those of the

standard lipped channel section with the same amount of material. Optimal shapes

comesponding to the constrained plastic strainsg8=0.2,0.15,0.1and 0. are shown in

Table6.2.
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Table 6.2. Dimensions and energy dissipation capacity of optimum design CFS cressctions using
different prototypes

Prototypes  gP h(mm) b(mm) c(mm) d(mm) R My M E(J
Standard 02 231 75 17 - - - - 329
02 256 50 30 - - - - 404

015 226 73 22 - - - - 378

Type 0.1 187 78 36 - - - - 323
007 150 83 49 - - - - 255

02 228 59 35 - - 79 - 405

015 218 62 36 - - 130 - 395

Type 0.1 212 66 36 - - 59 - 376
007 149 83 50 - - 87 - 255

02 207 61 28 = - 96 = 503

015 226 50 30 - - 113 - 496

Type 01 216 58 57 - - 89 - 496
007 131 89 38 - - 98 - 280

02 205 50 25 - 023 92 - 528

015 235 50 10 - 032 95 - 494

Type 01 196 50 30 - 022 ol - 493
007 198 51 28 - 037 131 - 2%

0.2 176 48 50 21 135 57 516

015 164 46 51 28 132 104 480

Type 01 155 39 53 39 116 101 473
007 146 33 56 46 102 94 280

It is shown inTable 6.2 that the optimal shapes depend significantly on the selected plastic

strain limit €,. For better comparisoifrigure6.12 compares the energy dissipation capacity of
the optimum sections as a function of maximum plastic strain limit. It is shown thaherage
increasingé, leads to higher energy dissipation capacity levels especially for the lipped channel

sections (Types and ). The reason is that by using highgylimits, optimum sections can

develop more plastic deformations in the post buckling rdhgan be noted that increasirey

beyond 0.15 does not considerably increase the energy dissipation capacity of the CFS sections.
This is attributed to the fact that at the IMF drift ratio of 4%, the maximum equivalent plastic
strains in most prototypeseaclose to the uppdrond limits, which makes this design constraint

less critical.
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Figure 6.12. Energy dissipation capacity of optimum sections versus maximum plastic strain limit

Based on the results imable 6.2, for typical lipped channels (prototype and ), by
increasing the equivalent plastic strain limits, the flange width of the optimal shape decreases
while the height of the crossections increases. This can increase the energy dissipation
capacity of thecrosssections in two wayga) By postponing the buckling of the flange due to
using smaller width to thickness ratio ; and (b) Increases the extent of the plastic zone for a
given drift ratio.
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Figure 6.13. Maximum energy dissipated of prototypessubjected to various maximum plastic strain
constraints at 4% drift ratio

To further demonstrate the efficienoy different prototypeskigure6.13 compares the energy

dissipation capacity of the optimum sections, subjected to various maximum plastic strain limits,
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compared to a standard commercially available section shoWatbile 6.2 (first row). It should

be noted that the dissipated energy @& $itandard section is not shown for maximum plastic
strain limits of 0.1 and 0.07, since this section does not satisfy the maximum strain limits at the
drift ratio of 4%. The following general observations can be made from the optimum dissipated

energy reslts inFigure6.13:

- For low maximum plastic strain limits (i.€,= 0.07), the effect of crossectional shape on

the energy dissipation capacity of the sections in negligible. The main reason is that these
sections cannot develop high plastic deformratidue to the strictly restrained plastic strain

limits.

- The results show around 23% improvement in the energy dissipation capacity of optimum
lipped channel section (prototype ) compared to the standard section. This implies that
significant gains irthe energy dissipation capacity of lipped channel sections can be achieved
by adjusting the dimensions of the web, the flange and the lip. By relaxing the turned angle of
lips in simple lipped channels, however, only an additional increase of 0.4% iseatiiethe

energy dissipation capacity of the optimum channel section (prototype

- It is shown that using intermediate stiffeners in the flanges will increase the energy dissipation
of the optimum lipped channel sections by 30% (prototypg By compaing the energy
dissipated between prototypes and , it is shown that there is no significant improvement

by incorporating intermediate stiffeners in the web.

- The results indicate that the newly developed folifiealge section dissipated 28%, 27%, 16%
and 10% more of energy than the optimal lipped channel section under plastic strain limitations
of 0.2, 0.15, 0.1 and 0.07, respectively. Only a minor maximum reduction of 4% was observed
by comparing the results of the folddnge section (prototype ) with prototypes and

However, the number of bends to form prototypeis only 6, which is much smaller than 10

and 15 bends required for prototype and , respectively. The foldeflange sections are

also easy to connect to typical floor systems aedcéh, are ideal candidates for practical CFS

beam sections.

The optimal shapes and their distribution of von Mises stresses corresponéng @2 are

shown inFigure 6.14, where the dark grey colour represents von Mises stress larger than 450
MPa. It is shown that by optimising the dimensions of the lipped channel section, the plastic
area in prototype is considerably increased in the flange. This leads to a significant
improvement of the energy dissipation capacity of the channel section as discussed before.
However, when the lijfflange angle was considered as a design variable in the optimisation

process, the plastic region did not considerably change in prototyp&his conclusion is in
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agreement with the energy dissipation results presentéijime 6.13. By adding intermediate
stiffeners in the flanges, it is shown that the plastic region is expanded in both flanges and web
in prototype . The plastic region is furer expanded by adding an intermediate stiffener in
the web, as shown in the stress distribution pattern of optimal prototygdeis also clear from
Figure6.14 that the plastic region in prototype was developed uniformly in both flanges and
web, wheras was smaller than the plastic region in prototypeand . This can explain the
reason that the amount of energy dissipated by prototypewvas slightly smaller than

prototypes and as discussed in the previous section.

The results of this study, meneral, indicate that the adopted optimisation method based on the
postbuckling behaviour of CFS elements is robust and can considerably improve their ductility
and energy dissipation capacity. These performance parameters are especially important for
sdsmic design of CFS structural systems, where structures are expected to exceed their elastic

limits in severesarthquakes.

Figure 6.14. Distribution of von Mises stress of standard and optimal beams subjected tép ¢0.2
at drift ratio of 4%

6.6 Conclusions

A procedure is presented in thihapterto obtain optimised channel sections for maximum
plastic dissipated energy for seismic applications. The EC3 design restraints were considered to
reduce the design space. Five different prototypes were considesieding a standard lipped
channel section, a channel section with inclined lips, a channel section with intermediate
stiffeners in the flanges, a channel section with intermediate stiffeners in both web and flanges,
and finally afoldedflange crossecton. A PSO algorithm was developed and linked to the
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ABAQUS finite element programme for inelastic phsickling analysis and optimisation.

Optimal shapes were obtained for CFS beams using different prototypes. According to the

results of this study, thelfowing conclusions can be drawn:

(1)

(2)

3)

(4)

(5)

(6)

Use of intermediate web stiffeners can improve the post buckling behaviour of CFS
sections, while their effects are negligible on flexural strength. The results indicate that,
for the same amount of material, curved flaagel folded flange sections provide the
highest flexural strength compared to other alternatives.

In general, using intermediate stiffeners in the flange can considerably (up to 36%)
increase the ductility of the CFS beams. Additional intermediate stiffande web

can increase the ductility of the section by around 70% compared to the standard one.
For the same amount of material, curved flange and folded flange sections can provide

more than two times more ductility compared to their standard courtterpa

The amount of dissipated energy in CFS beam elements is increased with increasing the

equivalent plastic strain limig,, especially for the lipped channel sectionswever,
increasinge, beyond 0.13loesnot considerably affect the energy dissipatvapacity

of the sections.

Only by optimising the web, flanges and lip dimensions of a lipped channel section, the
dissipated energy can be increased up to 23%. By relaxing the turned angle of lips, only

a negligible gain of 0.4% will be achieved.

Placinga stifferer in the compressive flange of simple optimum lipped channel section
can increase the energy dissipation capacity of the optimum solution by 30%. However,
no obvious change was observed in the energy dissipation capacity of the optimum
sections g placing an intermediate stiffener in the web. By optimising the shape of

CFS beam sections, in general, the plastic area of the beams was significantly increased.

The foldedflange section, for the same amount of material, dissipates 28%, 27%, 16%
and10% more energy than the optimal lipped channel section under plastic strain limits
of 0.2, 0.15, 0.1 and 0.07, respectively. This emerge the folded flange sections as the

best optimum solutions for seismic applications.
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CHAPTER 7. Experimental
Investigations on CFS
channel columns
considering interactive
buckling

This chapterdescribes an experimental programmeiedrout at the University of Sheffield to
investigate the design and optimisation, considering interaction of loeatall buckling in
coldformed steelplain and lipped channels under axial compression. The design of the
members to local/distortionahd overall buckling was acoting to Eurocode 3, Part3 Plain

and lippedchannel sections with a thicknesslob mm and depths ranging froh25to 200mm
weretested under compressiofhe specimenniperfections were measured usingpeecially
designedsetup with laserdisplacement transducers atite imperfections werstatistically
analysed Material tests were also carried out to determine the tensile properties of the flat plate

and of the coldvorked corners.

A total of 36 column tests with three lengths were completed with the ainvestigatingthe
designallowing for local and overall buckling interaction. Four types of cismstions were

considered, these cressctions were manufactured using the sapieweidth and thickness.

125



Chapter 7Experimental investigations on CFS channel columns considieiéngctive
buckling

The specimens were tested under a concentrically applied load and wéhdeidboundary

conditions.

7.1 Introduction

Cold-formed steel (CFS) crosectionscan be foundin a wide range of applications in
secondary loadarrying merbers, such as roof purlins and wall girts. In recent years, however,
CFS crosssections are also increasingly being employed as primary structural elements in low
to mid-rise multistorey buildings(Fiorino et al. 2014 and CFS portal frames with short to
intermediate spanf.im and Nethercot 2004.im and Nethercot 2003 Compared to het
rolled members, CFS thiwalled members offer several advantages of economy and efficiency,
including a high strength for a light weight, a relatively straightforwardufacturing process
and an ease of transportation and erectitowever, CFS framingomponerg currently have

the inevitable limitationof thin thickness, which make them susceptible to local, distortional,
global buckling and theiinteraction as shownin Figure 7.1. The steelsheet with thinner
thickness requiresnore efforts todevelopthe design rules for more efficient design. This
emphasizes the importance itovestigatethe complex failure modes and assess available
mainstream design specifications in order to achieve optimal design of CFS elements.

A R T\

/ | _
(@) (b) (c) (d)

Figure 7.1. Buckling modes of a lipped channel: (a) local, (b) distortional, (c) globand (d)
interactive modes.

Experimental investigations of the ultimate strength of CFS columns have previously been
conducted on plain and lipped channel columns with pin e(Medng and Rasmussen 1999
Young and Rasmussen 19@hang et al. 20073kand fixed ended boundary conditiof¥soung

2004 Young 2008a More recently, CFS channel columns with intermediate web stiffeners and
complex edge stiffeners have been tested with pin ended boundary confiiang et al.
20169.

The experimental work presented in tbieapteris part of a wider study into thaptimisationof
CFS memberqshown in Chapter -8), which is why all four crossections in the test

programme were manufactured using the same coil width and thickness. However, the
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experimental results are here presented independently of their widertcastétie results by
themselves provide valuable data about the interactive buckling behaviour of CFS columns. A
comparison with the relevant Eurocode 3 design guideli@&N 2005a CEN 2005h CEN

20059 is also carried out.

In Chapter 3, Figures 3.6 ai®d7 shows that theimple prototype ofipped channe(prototype

) possesses relatively high strength which is an excellent choice for application when the
required length is not less than 2m. Apart from that, the simple lipped channel is more
economical and efficient in terms of manufacturing process, which can be coegable for
coldrolling production. The purpose of the test is to: (a) provide verification on the
optimisation framework proposed in Chapter 3; (b) calibrate a more reliable FE model for future
application on more efficient CFS structural design andvésify the accuracy of design
procedures adopted in E@®ich can be cruciah the optimisation process.

The experimental investigation included 36 tests on CFS channel columns, which were all
performed at the Heavy Structures Laboratory at the Untyeosi Sheffield. All specimens

failed by the interaction of local instability and flexural buckling about the minor axis. With
respect to the boundary conditions, all columns were tested between hinged end plates which

were allowed to rotate about the miraxis of the channel.

7.2 Specimen geometry

Four different crossections were considered in the test programme, of which the nominal
dimensions are presentedrigure7.2. The dimensions were measured between outer surfaces.

All crosssections had the sammminal thicknesg =1.5mm and the same total developed

length (or coil width)l =337mm.

The four types of crossections were labelled-B, as shown irFigure 7.2. For each cross

section, three different lengths were considergd=1.0m,1.5mand 2.0n. Three columns

were tested for eadatrosssection and length, in order to assess statistical variation and increase
confidence in the results, amounting tootak of 36 specimenslable 7.1-Table 7.4 list the
measured dimensions of the test specimens, using thenutature illustrated ifrigure 7.2.

The reported dimensions are average values of multiple measurements. The rsysnbud
radius of the rounded corner along the outer skin of the plaig.the length of the column.
Each specimen is labelled according to its eceesgion (A,B, C or D), followed by the nominal

length of the columnimma nd &6 aéd, 6bodé or o6cbo, i ndicating
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Figure 7.2. Symbol definitions and nominal crosssectional dimensions

Table 7.1.Measured dimensions of specimens with crosection A fnm)

Specimen L r t h b a b2 e}
A1000a 1000.1 4.2 1.51 174.94 64.45 17.72 64.09 18.21
A1000b 1000.0 4.0 1.52 174.85 64.23 17.76 64.13 17.62
A1000c 1000.0 4.1 1.50 174.89 64.27 17.82 64.12 17.51
A1500a 1499.8 4.3 1.53 175.23 64.35 17.80 64.15 17.82
A15006b 1500.0 4.1 1.50 174.97 63.84 18.50 63.68 17.03
A1500c 1500.0 4.0 1.53 174.90 64.17 17.74 64.24 17.46
A2000a 1999.8 4.1 1.52 175.62 63.86 18.86 64.09 18.11
A2000b 2000.0 4.1 1.50 175.40 64.12 17.48 64.10 17.98
A2000c 2000.1 4.0 1.51 175.33 64.74 18.57 64.23 16.77
Average 4.1 1.52 175.13 64.22 18.03 64.09 17.61

St. deviation 0.1 0.01 0.28 0.28 0.48 0.16 0.48

Table 7.2. Measured dimensions of specimens with crosgection B (nm)

Specimen L r t h b a b o
B100Ga 1000.2 4.2 1.52 125.07 81.15 25.91 81.15 25.60
B100Gb 1000.0 4.0 1.52 125.19 80.74 25.69 80.74 25.31
B1006c 1000.1 4.3 1.48 125.27 81.13 25.70 80.74 25.41
B15006a 1500.0 4.1 151 125.06 81.08 26.00 80.64 25.60
B1506b 1500.4 4.3 1.52 125.11 81.09 26.55 80.60 25.46
B1506c 1500.1 4.0 1.53 125.24 80.74 25.94 80.88 26.51
B2000Ga 2000.1 4.3 1.49 125.26 80.75 25.65 80.94 26.44
B2006b 2000.3 4.0 1.52 125.42 81.83 26.09 81.56 24.94
B2006c 2000.1 4.2 1.52 125.31 81.68 26.16 81.06 25.73
Average 4.2 1.51 125.22 81.13 25.96 80.92 25.67

St. deviation 0.13 0.02 0.12 0.40 0.28 0.30 0.51
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Table 7.3. Measured dimensions of specimens with crosgection C (Mm)

Specimen L r t h b b
C1006a 1000.1 4.2 1.53 199.84 69.23 69.47
C1006b 1000.1 4.3 1.52 199.60 69.30 70.32
C1006c 999.8 4.0 1.53 199.85 69.53 69.44
C1500a 1500.0 4.1 1.53 199.87 69.48 70.44
C1506b 1500.1 3.9 1.53 199.66 70.30 69.43
C1506c 1500.2 3.8 1.52 199.90 69.83 69.53
C2006a 2000.4 4.2 151 199.82 70.55 69.52
C2006b 2000.3 4.1 1.52 199.83 70.50 69.52
C2006c 2000.0 4.0 1.49 199.92 69.57 69.48
Average 4.1 1.50 199.80 69.80 69.70

St. deviation 0.16 0.01 0.11 0.51 0.40

Table 7.4. Measured dimensions of specimens with crosection D (nm)

Specimen L r t h b a b o
D1000a 1000.0 4.2 1.49 145.13 70.09 25.73 70.25 25.94
D100Gb 1000.2 4.1 151 144.90 70.43 24.60 70.47 26.82
D100Gc 1000.1 4.1 1.52 145.39 69.89 25.64 70.62 25.46
D1500a 1500.2 4.0 151 145.28 69.97 25.29 70.72 25.76
D1500b 1500.1 3.9 1.54 145.41 69.92 25.74 70.83 25.88
D1500c 1500.0 4.2 1.52 145.34 69.92 26.01 70.62 25.87
D2000a 2000.3 4.3 1.49 145.62 69.88 25.40 70.69 25.55
D2000b 2000.0 4.1 1.52 145.30 69.84 25.50 70.31 26.55
D2000c 2000.1 4.0 1.52 145.42 70.54 26.46 70.27 25.00
Average 4.1 15 145.30 70.10 25.6 70.50 25.90

St. deviation 0.12 0.02 0.20 0.26 0.51 0.21 0.55

Table 7.5. Critical buckling stress and buckle halfwave length for nominal crosssections AD

Buckle half-wave length (z7/m7) Buckling stress MPa) Tested buckling stress

Sections Local Distortional Local Distortional (MPa)
A 130 600 80.2 167.0 87.1
B 100 920 148.0 268.1 140.7
C 240 - 45.4 - 40.0
D 110 880 113.8 265.7 104.8

The software package CUFS{&chafer 200p which implements the finite strip method for
elastic analysisywas used to determine the elastic buckling stresses of eackseobiss type.
The results are listed ifiable7.5. It is seen that the local buckling stress is critical for all eross
sections, while it is always smaller than the yield stress. The distalrbuckling stress lies
well above the local bucklingtress for all crossections.Table 7.5 also compares the tested
buckling stress to the values obtained through CURSkhafer 2006)it is shown that the
tested buckling stress has been well predicted by CUfSMafer 2006)
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7.3 Material properties

All specimens were manufactured using a conventional brake pressing process. Tensile coupons

were cut from the flat portions of all fouragssection types in order to determimeir material

properties [Figure7.3(a)). For each crossection one coupon was taken along the centre line of

web and another one along the centre line of the flange. In order to investigate the effect of the

cold-working process on the material properties, coupons were also cut from the rounded corner

zones. The corner coupons were tested in pairs in ordavdiol eccentric loadingF{gure

7.3(b)). All coupons were taken in the longitudinal direction from thezmes of the 1506m

long columns after testing. The stresses during testing remained stiffibdewn to justify this

(Table 7.5). The coupons were tested in accordance with the specifications of the relevant

European standafd@SO 2009. Table 6lista he val ues of tB)the@%ngds modul

stress §.0,) and the tensile strengtls () resulting from the tests.

N

Epsilon

(b)

Figure 7.3. Tensile material tests for: (a) flat coupons (b) corner coupons
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Table 7.6. Tensile properties of the flat and corner regions

Sections Coupon Type E (MPa) S0.29, (MP4) S, (MPa)
AO1F Flat 196057 447.0 599.6
AO2F Flat 1 448, A
A1500A 0 a 95355 8.5 599
A03C
Corner 221076 525.8 614.2
A04C
BO1F Flat 196194 440.3 606.9
BO2F Flat 2034 441.2 4.
B1500A 0 a 03486 594.9
B0O3C
Corner 211164 529.6 613.3
B04C
CO1F Flat 208443 453.1 609.6
C15008 CO2F Flat 205302 459.0 621.5
co3C Corner 218921 530.7 592.4
co4c ' |
DO1F Flat 200226 453.9 611.8
DO2F Flat 193743 448.5 603.2
D1500A
D03C
Corner 205742 525.6 600.0
D04C

7.4 Imperfection measurements

The stability of thiawalled CFS members may in some cases be significantly affected by the
presence of imperfections, especially when coupled instabilities are involved. The magnitude
and the shape of the imperfections of each specimen were therefotedeloefore testing.

The setup shown irFigure7.4 was used to measure the imperfections. A laser was mounted on

an aluminium cross beam, which was moved in the longitudinal direction of the frame at
constant speed by an electrical motor. A second &akttnotor allowed the laser to move in a
perpendicular direction along the aluminium beam, thus enabling the laser to cover a rectangular
surface area. The laser was able to measure the distance to the surface of the specimen with an
accuracy of 0.0078hm The laser moved along high precision bars with minimal tolerances and

its ability to maintain a level measuring plane was verified against measurements of the
nominally flat table underneath in the absence of a test specimen. This flat table was epiarante

to be grade 3, providing a surface with a deviation from flatness of less tham(&andard

2008. During the measuring process, the translational speed of the laser was semiat 5

while the sampling rate was 5 Hz, resulting in one reading everynillimeter.

The imperfections were measured along five lines for individuasssection, as shown in
Figure7.5. The readings recorded along the lines of and indicated the imperfections
relating to the overall flexural buckling and the lobaktkling of the web. The readings along

lines and  whereas provide data on the imperfections affecting the distortional buckling
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mode. The maximum imperfections encountered in the webs of the channels were of the order

of 0.95 mm while the flange tipsf the plain channels displayed imperfections of up 60 thm

Figure 7.5. Location of the imperfection measurement
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Table 7.7. Maximum amplitudes of local, distortional and overallimperfections in tested columns

Specimen Local Distortional Overall
A1000a 0.33 0.22 0.17
A10006b 0.25 0.14 0.24
A1000c 0.41 0.32 0.18
A1500a 0.54 0.38 0.18
A1500b 0.41 0.26 0.24
A1500c 0.26 0.41 0.27
A2000a 0.95 0.90 0.96
A20006b 0.45 1.30 0.23
A2000c 0.79 1.02 0.54
B1000Ga 0.30 0.38 0.29
B100Gb 0.32 0.26 0.26
B1000c 0.31 0.28 0.27
B1500a 0.42 0.69 0.31
B1506b 0.27 0.46 0.29
B1500c 0.41 0.72 0.29
B2000a 0.41 1.03 0.26
B2006b 0.33 1.02 0.27
B2000c 0.51 1.03 0.22
C1000a 0.34 0.52 0.28
C10006b 0.24 0.63 0.19
C1000c 0.15 0.49 0.12
C1500a 0.31 0.74 0.22
C1500b 0.40 0.86 0.16
C1500c 0.42 0.78 0.27
C2000a 0.26 1.60 0.24
C20006b 0.17 1.57 0.19
C20006c 0.64 1.29 0.17
D1006a 0.22 0.31 0.21
D1006b 0.35 0.29 0.17
D1006c 0.23 0.34 0.22
D15006a 0.37 0.50 0.20
D15006b 0.40 0.62 0.22
D15006c 0.23 0.56 0.19
D20006a 0.27 1.43 0.31
D2006b 0.68 0.83 0.27
D2006c 0.29 1.04 0.18

7.5 Column tests

All 36 columns were loaded concentrically and tested betweemgedeboundary conditions.

Figure 7.6 illustrates the hinge assemblies used to achieve this. The location of the minor
centroidal axis was scribed onto the flanges of each specimen and the same axis was also
indicated on the top plates of the hinge assesmpliacilitating exact alignment. Four steel
dowels were bolted into the top plates as an additional measure in order to hold the corners of

the channel in place angrevent possible slippag€igure 7.6 illustrates the holes to
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accommodate the dowels foit four crosssection types. The distance between the horizontal

axis of the hinge and the top surface of the plate was measured torive FHus, the effective
length L, of each column can be calculated by adding 88 mm to the measured specimen length

L.

Figure 7.6. Specimen boundary conditions

The ultimate capacity and the behaviour of these columns are sensitive to the value of the initial
load eccentricity(Becque and Rasmussen 2009&hile the specimens had been accurately
positioned in the gaip with the assistance of scribed lines and the dowels on the end plate, a
selected number of specimens were also instrumented with strain gaugeshatghidn order

to allow an accurate verification of thetial loading eccentricityFigure 7.7 and Figure 7.8
illustrate the locations of those strain gaugasd also the LVDTs at the mitkight to
determinate the load eccentricily is assumed that the material of the columns behaves in a
linear way before local buckling and the plane secti@mains plane after bending. The

eccentricity of the mideight sectiorg, can therefore be calculated based on the following

equationgBecque 2008

Iy a- ¢ D By
Ay.ety g 2

&= (7.2)
where g is the average reading from strain gauges SG1 and &G8,the average reading

from strain gauges SG3 and SG4, y1 and y2 are the distances from the centroid of the section to

the extreme fibers in compression and tension, respectivglgnd A are the second moment
of inertia aroundx axis and crossectionalarea, andD; and D, are the displacement readings
from LVDTs M; and M, , as shown inFigure 7.7. It is noted thate, >0 indicates an

eccentricity towards the web.
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L]
strain gauge:

Figure 7.7. Test setup
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Figure 7.8. Positions of strain gauges and LVDTSs at mi¢height of columns

An Amsler universal testing machine with a 2088 capacity was used to apply the
compressive load, in combination with a load cell with a range okb0he specimens were

tested in a loadantrol regime at a consistent rate déNFmin.

The experiment was terminated when the load reached less than 20% of the peak load in the
descending path. The descending branch was thereby obtained through a controlled release of
the hydraulic pressure.

7.6 Testresults

All specimens were observed to exhibit local buckling first, followed by eventual failure by
interaction of local and overall flexural buckling about the minor axis. No distortional buckling

of any of the crassections was observeBigure 7.9 andFigure 7.10 display the failed shapes

of some of the specimens. In the final stage of the tests, a local plastic mechanism was seen to

form with yield lines in both the web and the flanges.
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Figure 7.9. Failure modes of 1000 mm long columns witkection type B

Figure 7.10. Failure modes of 1000 mm long columns with section type C

Local buckling causes the effective centroid of a mgyimmmetric section to shift in pin ended
columns. In the tested lipped channel sections the web constitutemiosteslender plate
element in the crossection and, therefore, triggered local buckling, with the effective centroid
consequently shifting away from the web. This was confirmed by the experimental observation
that all the lipped channels bent out towatttksir flanges after buckling locallyRigure7.9). In

the plain channels on the other hand, the flanges were the more slender elements, leading to a
shift of the effective centroid towards the web. Consequently, the plain channels consistently
buckled towads the we in flexure, as shown iRigure 7.10. In this latter case, the yield line

mechanism formed mainly in the flanges.

The ultimate capacities obtained for all specimens are listed in Ta®e&11 and the
measuredoaddisplacement curves of seted columns are presentedRigure7.11. A good
agreement was obtained within each set of repeat tests, with the ultimate capacities typically
varying by less than 7% from the averagbe dashed line shown KFigure7.11 illustrates the

buckling load levels and these values are used to calculate the tested buckling stress, which has
been shown in Table 7.5.
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