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Abstract

CoHfdrmed steel (CFS) has become an essent|
its | ightwdieght veanests, and versatility. T
webrippapagity of channgeltsffwenddewelmgholkeds
to traditiowmaliféiened!| awe be chgpd e s, these el
| arger el ectrical condluniee sDiarec t wasSttere ngu ip

(DSM) was developed to accurately predict

I n addition, this research exploredipkey ac
box sections and trusses equipped with ad
Thesepdeérnfghhr mance connectors have demonstr a
grteear connection st rcrnigltlhi ntghasncrteavasdian d nkad
bolted connections. I n this studywp HBDR&s w
sections, of fering <critical dat aed¢ri nsgupp

projects.

Furthermore, axi al tests on telescopic st
address installation chal-wenbdsscemmonbyg. ¢
experi ment al studi es, numeri cal simul ati o

enmlnces the wunderstanding of these system

efficient applications in structural engir
their i mplications and provide recommend:
ithernati onal design standards.

By bridging critical knowl edge gaps, t his
advanced CFS systems I n construction, f o
efficiency in structur al desi gn.
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Chaptlert rloducti on

l.Backgraonudndpr obl em st atement

Cold-formed steel (CFS3hannes$ are increasingly popular in the construction industry
used adeams, floor joists, studs, purlins and other comporshrgsto their numerous
advantages, including a high strengpbweight ratio, durabilitysustainability andeasy

installation on siteFigure 11 shows thenanufacturing process of CEERannels.

In residential and industrial construction, CFS channels often require web(betes
Figure 12) to allow services for piping, electrigiring, and plumbingYu, 2012) The
presence of web holes in CEBannet will cause changes in the strelsstribution and
consequently, there will be changes in the buckling characteristics and ultneatgth.
However,suchweb holeswill becomemore susceptible to web cripplinfailure (see
Figure 13), particularly in the vicinity of a concentrated foi¢ézzaman et al., 2020b)

which need to be carefully evaluated when such CFS merateetsed in floor joists

In recentyeass, a new generation of CFS channels with estggened web holesas
beendevelopedy the Howick Ltd. (2013) in New Zealand. As can be seen fiomre

1-4, theweb holes are strengthened through a continuous lip aroundethaole. It
should be noted that traditional holes are normally flat punehigdut the edge Such

CFS channels with edggiffened web holestill provide services to be integrated within

the floors, but significantly enhancing their web crippling bearing capadayably,

those channels are typically designed with nominal diameters of 90 mm and 140 mm.
The holes are positioned at the rhieight of the web of the channel, and the length of

edgestiffener is 13 mn{Howick Ltd. 2013.

With the advancement of cefdrmed member rolling technologit is now possible to

manufacture channels with elongated edtjgened web holegseeFigurel-5) for larger

1



services to be accommodated. However, no research is available in the literature for such

CFS channels with elongated holes investigating their web crippling strengths

% Roller-forming, cutting, and pre-punching

Figurel-1 Manufacturing process of CFS channels

Figure1-2 CFS channels with web holes used in industry buil@@ten et al., 2024
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(a) Web buckling (b) Web yielding
Figure1-3 Web crippling failure of CFS channels

-

(b) Edgestiffened web hole
Figurel-4 CFS channels with circular web holes reported by (Chen et al., 20:



Elongated un-stiffened holes

Fire fighting pipelines Elongated edge-stiffened holes
Figurel-5 Elongated web holes for building services
Trusses constructed from CFS members are widely used in lightweight construction for
their ability to span large distances while maintaining structural integrity. The integration
of advanced connection systems, such as Howick Rivet Connectors (HRCsiytlnas f

enhanced the performance of CFS trusses. Key aspects include:

(1) Moment Capacity:Experimental studies on CFS trusses with HRCs have
demonstrated increased moment capacity and ductility compared to conventional

connections.

(2) Failure Modes:Common failure mechanisms include local buckling at chord

members and shear failure at connections.

(3) Parametric Effects:Spanto-height ratios, lateral supports, and boundary

conditions influence trudsehaviour

Built-up box sections, often formed by connectingsédtions and Sections with
fasteners such as screwsrivets, are increasingly used in highpacity loaebearing

applications. Their ability to sustain significant axial loads and resist buckling makes



them ideal for use in columns, roof trusses, and shear walls. However, the performance

of these sections is heavily influenced by key parameters, including:

(1) Screw Spacing: The spacing between connectors significantly impacts the

composite action and stiffness of the section.

(2) Thickness Variations: Differences in material thickness affect local, distortional,

and global bucklindgpehaviour

(3) Slenderness Ratios: Longer columns with higher slenderness ratios are more

prone to flexural buckling.

Experimental studies have shown that improper design or insufficient spacing of
connectors can lead to premature failure, such as distortional or interactive buckling.
Numerical studies, including finite element analysis (FEA), are essential for capturing
these effects and proposing design improvements. For instance, recent findings highlight
the need for modifications to existing design standards, such as the EWM and DSM, to

accurately predict the performance of buitt box sections.

The telescopic stud system is a novel innovation in CFS construction, offering adjustable
lengths to suit specific structural requirements. These systems are particularly useful in
modular construction, where prefabrication anestt@ assembly are critica elescopic

studs typically consist of:

(1) Plain ChannelgseeFigure 1-6(a)): Outer members with pspunched holes to

accommodate screws.

(2) Sigma Channelg¢seeFigure 1-6(b)): Inner members that slide within the plain

channels for length adjustment.
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(b) Sigma channel
Figurel-6 Crosssectional configurations @@FSchannels

Experimental investigations reveal that the number and arrangement of screws in the
telescopic system significantly affect its axial capacity and failure modes. For example:
(1) SingleScrew ConnectiongseeFigure 1-7(a)): Vulnerable to tilting and shear
failure.
(2) Multi-Screw ConfigurationgseeFigurel-7(b)): Enhance strength by distributing

loads more effectively.
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(a) Singlescrew connection (b) Multi-screw configuration
Figurel1-7 Screw connection configurations of builp CFSchannels

Swaged sections represent a unique approach to improving the performance of CFS
columns by narrowing the web width at specific locatj@ssshown in Figure-&. This
modification allows easy nesting and alignment of components, making them particularly

useful in frames and bracings. Experimental findings indicate:

(1) Axial Capacity:Swaged sections exhibit comparable or slightly reduced axial

capacity compared to plain sections.

(2) Failure ModesGlobal buckling dominates in long columns, while short columns

are more susceptible to local buckling.

Numerical analyses have highlighted the need for tailored design equations to account

for the unique geometry and stress distribution in swaged sections.

Figure1-8 CFSchannel having a swaged section



1.Ri.mnd socfoptehe study
This thesis aims to provide a comprehensive understanding of the strbetuaiourof
CFS members and to develop reliable design methodologies for advanced systems. The

study focuses on:

(1) CFS Channelsvith Web Holesinvestigaing the web crippling strength of CFS
channels with elongated edgtffened web holesiumericaly and proposing
modifications to DSM for accurateeb cripplingstrength predictions of these

channet.

(2) CFS Trusses: Analysing the moment capacity and failure modes of trusses with

advanced connecto(BlRC9 andexploring thetrussstrength design formula.

(3) CFSBuilt-Up Box Sections: Investigating the axial capacity, buckbelgaviouy
and connector performanasing HRCs and screws anposing modifications

to DSM and EWM for accuraixial strength predictions of the€#S colums.

(4) CFSTelescopic Stud Systems: Evaluating the impact of screw configurations on

connection strength.

(5) CFS Swaged Sections: Examining the axial and bucklye@paviourof CFS

columns withlocally swaged geometries.

The research involves a combination of experimental tests, numerical simulations, and

parametric studies to achieve these objectives.

1. Bhesis outline

This thesis comprisesightchapters, as outlined below:



Chapter 1: Introducesthe research topic, including the problem statement, objectives,

and the method of investigation used in the study.

Chapter 2: Presents a detailed review of existing studies on CFS systems, highlighting

research gaps and opportunities.

Chapter 3: Describes the numerical work conducted in this study to assesgethe
crippling performance of CFS channels watlongatededgestiffened web holesinder

thefour differentloading condition.

Chapter 4: Analyses the performance of CFS trusses with HRCs, focusing on moment

capacity and practical design considerations.

Chapter 5: Explores the experimental and numerical findings on the behaviour of built
up box sectionzonnected by HRCs or Screwsmphasizing the role of connection

configurations.

Chapter 6: Details the structural performance and failure mechanisms of telescopic studs

under axial compression.

Chapter 7: Investigates the axial and buckling behaviour of swaged sections, proposing

design improvements.

Chapter 8: Summarizes the research outcomes, provides conclusions, and offers

recommendations for further research.

1. 3ummary
This chapter introduced the background and motivation for investigating advanced CFS

structural systems. The application of CFS channels with web holes was discussed,



highlighting the increased susceptibility to web crippling failure and the limitations of

existing design approaches when edg#ened and elongated web holes are used.

The chapter also outlined recent developments in CFS trussesybiitix sections,
telescopic stud systems, and swaged sections, emphasizing the significant influence of
connection configurations, geometric characteristics, and slenderness on structural
performance. The inadequacy of current design methods, including the Effective Width
Method and the Direct Strength Method, in accurately predicting the behaviour of these

systems was identified.

Finally, the aims, scope, and structure of the thesis were presented, providing a
framework for the experimental, numerical, and parametric investigations described in

the subsequent chapters.
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Chaptleirttezrraevi ew

CFS structural systems are widely used in-land midrise residential buildings due to

their high strengtiio-weight ratio, ease of prefabrication, and rapid construction
capability. In typical CFS residential buildings, structural members such asfktods,

joists, and roof trusses are formed from thalled sections and assembled through
various types of connections. During service, these structural components are subjected
to a wide range of loading conditions, including concentrated loads, distfitlnads,

and interaction effects between structural members and connections. In particular,
concentrated loads transferred through floor systems or bearing reactions can induce web
crippling in thinwalled sections, while the presence of serviesb openingsmay

significantly influence the loadarrying capacity of these members.

Within this broader structural context, understanding the behaviour of CFS members with
web openings and the performance of associated reinforcement and connection systems
is essential for ensuring the safety and efficiency of CFS residential structhees. T
research presented in this thesis investigates several structural aspects relevant to such
building systems, including the behaviour of CFS members under localized loading
conditions, the effectiveness of reinforcement methods for web openings, and the
performance of higiperformance connection systems used in assembled structural
componentsTo support these research objectives, this chapter reviews the existing
literature on the web crippling behaviour of CFS channels with web openings and the
corresponding reinforcement techniques. In addition, previous studies or high
performance connectisnin coldformed steel structures are discussed to establish the

background for the connection systems investigated in this thesis. The review also

11



summarizes current design approaches and identifies existing research gaps related to

web reinforcement and connection performance in CFS structural members.

2.Web crippling cchamaceiltsy waft hCRASe b hol es

2. 1CFS. pl ain channel s

Since 1940, numerous studies have focused on investigating the web crippling behaviour
of various CFS plain channels, includingsBaped sections-ghaped sections, and hat
sectionsunder foutoading conditions: interior oriange (IOF), end onlange (EOF),

interior twoflange (ITF), and end twllange (ETF) as shown irFigure 21. The first
experimental study on web crippling failure in CFS beams was conducted by Winter and
Pian (1946), who performed laboratory tests to evaluate the web crippling capacity of
CFSchannet under IOF, EOF, ITF, and ETF. Building upon their work, Hetrakul and
Yu (1978) developed more comprehensive design formulations for calculating the web

crippling capacity of CFS channels.

Wing (1981) and Schuster (1986) proposed new design equations to calculate the web
crippling capacity of CFS plain sections with multiple webs under I0F, ITF, and ETF
loading conditions. Additionally, the interaction between bending and web crippling was
investigated. Their research highlighted that the ratios of inside bend radius to web
thickness and bearing length to web thickness had a significant impact on the ultimate

web crippling capacity.

Santaputra et al. (1989) conducted both analytical and experimental studies on the
behaviourand design of higistrength CFS hat sections antddams subjected to web
crippling. Their laboratory test results revealed that existing design codes were

inadequate for higistrength materials with elevated yield strengths. Consequently, new

12



design equations were developed for various loading cases, utilizing experimental data

with material yield strengths ranging from 207 MPa to 1,138 MPa.

Rhodes and Nash (1998) conducted a theoretical study to investigate the web crippling
capacity of CFS plain lippechannes under IOF and ITF loading conditions. The study
evaluated the accuracy of design guidelines for €R8nnes by comparing web
crippling strengths obtained fronumericalanalysis, finite strip analysis, and the AlISI
(1996) design guidelines. Their findings highlighted the significant impact of bearing
length and web height on the web crippling capacity of theaanet. Additionally,the

study proposed a design approach incorporating the European column curves.

Young and Hancock (1998, 2000) conducted experimental studies on the web crippling
performance and design of CFS unlipped ptdnannet under IOF, EOF, ITF, and ETF
loading conditions. Laboratory test results were compared with the AISI Specification
(1996) for CFS members. Their findings demonstrated that the design strengths predicted
by the AISI (1996) guidelines were overly consemeafor determining the web crippling
capacity of unlipped channels. In their study, they developed simple plastic msathan

equations to more accurately calculate the web crippling capacity of unlipped channels.

Young and Hancock (200Epnducted a series ekperimentatests to investigate the

web crippling capacity of CFS unlipped channels with relatively stocky webs under ITF
and ETF loading conditions. The experimental results were compared with the design
strengths predicted by the AISI (1996) specifications. Thdirigs revealed that the
design strengths provided by the AISI (1996) guidelines were unconservative for
predicting the web crippling capacity of unlipped channels. Consequently, new design
equations were developed baseda simple plastic mechanism model to improve the
accuracy of web crippling strength predictions for these beams.

13



Holesapple and LaBoube (20G3)nducted a study reporting 29 experimental results on
C-shapedand Zshaped channelseeFigure 22) to examine the effect of overhang
length on the web cripplingtrengthof CFSchannes. The findings indicated that the
EOF web crippling capacities predicted by the AlISI (1996) guidelines were conservative
for CFSchannet with overhang lengths ranging frdivbh to 1.5h, whereh represents

the webheight To address this, new design equations incorporating a modification factor

for the EOF loading condition were proposed.

In 2004, Young and Hancock conducted web crippling experiments on CFS unlipped
channels with flanges either restrained or unrestrained at the supports, under ETF and
ITF loading conditions. To simulate restrained flanges, the flanges of the channels were
bolted to bearing plates during testing. The experimental results were compared with the
design strengths predicted by the AISI (1996) guidelines. It was found that the
unrestrained design rules in the AISI (1996) guidelines generally provided conservative

predictions, while the restrained design rules yielded unconservative estimates.

Macdonald et al(2011)conducted 36 laboratory tests to investigate the web crippling
capacity of CFS lipped chaals. A comparison of experimental results, finite element
(FE) simulations, and the plastic mechanism approach revealed that the FE models
closely replicated the web crippling failure behaviour obsetiveihgtests. Furthermore,

the study identified that bearing length, corner radius, and clear web height significantly
influenced the web crippling capacity ohannes$, particularly under IOFral EOF

loading conditions.

Keerthan et al. (20149onducted 28 laboratory tests to investigate the web crippling
capacity and design of CFS hollow flange channels under ETF and ITF loading

conditions. Based on the results from these tests, they developed Direct Strength Method

14



(DSM)-based equations to calculate the web crippling capacities of hollow flange
channels. The study demonstrated that the proposed equations closely predicted the web

crippling capacity of thesehannes.

Steau et al2015)extended their previous research to riredtrained rectangular hollow
flange channels. Laboratory tests revealed that tes@net failed due to web crippling,
flange crushing, or a combination of both. A comparison of the ultimate web crippling
capacities with the design strengths predicted by AISI (2012) showed that the existing
design equations were unconservative for calculdatiegveb cripplingstrengthof such
channels As a result, new equations were developed to calculatevédb crippling
capacities of rivetestrained rectangular hollow flange channel beams, and these new

equations were found to closely predict the web crippling capacity of these sections.

Janarthanan et af2015) conducted 28 web crippling experiments on CFS unlipped
channels with flanges restrained to bearing plates under EOF and IOF loading conditions.
For comparison, specimens with unrestrained flanges were also tested. Based on the
results from this study, aew equation was proposed, utilizing the DSM, to determine

the web cripplingstrengthof CFS unlipped channels with flanges restrained to supports.

Gunalan and Mahendran (201&)nducted an experimental investigation into the web
crippling capacity and design of CFS unlipped channels with stocky webs under ITF and
ETF loading conditions. In &study, DuraGal sections with a nominal yield stress of 450
MPa were tested to examine the effects of different web slenderness ratios and bearing
lengths on the capacity of theskannes. The laboratory test results revealed that the
AISI (2012) design guidelines were unconservative for these stocky channels under ETF

and ITF loading contons. Consequently, new design equations were proposed, based

15



on the DSM design rules, to more accurately predict the web crippling capacities of CFS

channes.

Sundararajah et al. (201@ynducted experimental and numerical investigations to study
the web crippling capacity and design of CFS plain channels unddtamge loading
conditions. Based on the results from both the numerical and experimental studies, they
proposed improved uined web crippling design equations. Additionally, they developed
web crippling design rules based on the DSM, which closely predict the web crippling

capacity of such CFS plain channels.

Janarthanan et al. (201@)\vestigated based on the recently developed AISI S909 web
crippling test guidelineexperimentallyand numerically Using theresults ofboth
experiments andFEA, new equations were proposed to determine the web crippling
capacities oplainlipped and unlipped channels and SupaCee sedseesigure 23).

Additionally, suitable DSMbased web crippling design equations were developed.

Lan et al. (2024)eportedthe web crippling and structural design of higghength steel
unlipped channels under ETF loading, based on both experimentahuenerical
investigations. The experimental program consisted of six S690 grade specimens and four
S960 grade specimens, with detailed reporting on the test setup, procedures, and results.
It was found that the design methods in the curstatdardgprovide inaccurate and
scattered resistance predictions for kefiength steel unlipped channels. Consequently,

a modified AISI (2016) design method and a slendernbased design method were

proposed, both of which outperform the existing codified design methods.
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Figure2-1 Four loading conditions of web crippling tests (Janarthanan et al. 2(
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Figure2-2 Z-shaped channels under EOF loading condition (Holesapple & LaB«
2003)

Figure2-3 SupaCee section under ITF loading condi(i@narthanan et al., 2019’

2. 1ICFXx hannel sstwiftfhelmuende sve b

Numerous studies have investigated the web crippling capacity and design of CFS
channels with wstiffened web holes. In an early study by Yu and Davis (1973), both
circular and square unstiffened web holes were examined, positioned centrally beneath
the bearing plate with the flange unrestrained against it. Laboratory tests were conducted
with a beaing length of 89 mm. Based on the experimental results, design equations
incorporating a capacity reduction factor were proposed; however, their applicability was

restricted to the specified bearing length.

Uzzaman et al. (2012a, b, 2013) explored the effects -atifianed web holes on the

reduced web crippling capacity of CFS lipped channels under ETF and ITF loading
18



conditions through a combination of experimental and numerical studies. To examine the
influence of flange restraint on web crippling capacity, tests were conducted on
specimens with botfastenedand unfastenedflanges. For specimens with holes, the
holes were either positioned centrally above the bearing plates or offset horizontally at a
clear distance from the bearing plates. The experimental setup employed in Uzzaman et
al.'s (2012a, b, ¢, 2013) tests iggirated in Figure-2(a) and (bh)Based otheir findings,

they proposed new equations for calculating the capacity reduction factor of CFS

channels with wstiffened web holes.

Lian et al. (2016, 2017) expanded upon the work of Uzzaman et al. (2012a, b, 2013),
investigating the reduced web crippling capacity of CFS lipped channels with un
stiffened web holes under IOF and EOF loading conditions. Badtenedand un
fastenedlange conditionsvere examined, and plain channels were tested for comparison.
For specimens with web holes, the holes were either positioned centrally above the
bearing plates or offset horizontally at a clear distaaiditionally, new design
equations inarporating capacity reduction factors were proposed. The experimental
setup employed by Lian et al. (2016, 2017) for testing CFS channels witiffened

web holes under EOF and IOF loading conditions is shown ind-@dfc) and (d)

A comprehensive dataset was compiled from prior literature studies focusing on the web
crippling behaviourof CFS lipped channels withircular web openings undefour
differentloading conditions, as outlined irable 21. Thistableencompasses variations

in flange fastening conditions and the placement of circular web openings. Detailed

parameters are presented inuFeR-4.
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Figure2-4 Different load cases and variables

Table2-1 Statistical web crippling tests of CFS channels with circular web holes

Authors Load cases Opening Flange Web height Bearing length

location Fastened h N

mm mm

(Uzzaman et al., 2012a) ITF & ETF Central Yes & No  142-262 90- 150
(Uzzaman et al., 2013) ETF Offset Yes & No  142-302 30- 65
(Uzzaman et al., 2020a) ETF Offset & Central No 240- 290 50- 100
(Uzzaman et al., 2012b) ITF Offset Yes 142- 302 30-90
(Uzzaman et al., 2020b) ITF Offset & Central No 240- 290 50- 100
(Chen et al., 2021) ITF& ETF Offset & Central Yes&No 190 50- 100
(Lian et al., 2016) EOF Offset & Central Yes & No  142- 302 100- 150
(Lian et al., 2017) IOF Offset & Central Yes & No  142- 302 100- 150

2. 1CR3S channelsst iwiftehn edddegsee b

Uzzaman et al., (201720204, b) conducted experimental and numerical investigations
on the web crippling capacity of CFS channels with estiened web holegseerFigure

2-5) under ITF, ETF, I0OF, and EOF loading conditions. The results from laboratory tests
and numerical analyses demonstrated that-stiffiened web holes significantly improve

the web crippling capacity asuch channelsBased on these findings, new design
equations in the form of capacity reduction factors were proposed, which were shown to

be conservative when compared to both experimentahamericalresults.
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Chen et al. (202Teported36 new web crippling tests conducted on CFS channels with
edgestiffened web holes under fastened support conditions and subjectedftartge®
loading(see Figure 5). For comparison, specimens without holes and with unstiffened
web holes were also tested. The test results revealed that specimens with fastened flanges
exhibited significantly higher ultimate capacity compared to those witfastaned
flanges. Specifically, the web crippling capacity increased by 71% under ETF loading

and by 33%under ITF loading for fastened flanges.

xla

i s o

\_ o .
Bearing Plate /
- Half Round

s Half Round 5%

(b) Chen et al. (2021)
Figure2-5 CFS channels with edgsiffened web holes

2. 1Cusr.rent design equations for CFS channe

For CFSplainchannels, unified web crippling design equations with specific coefficients
are provided in the current AS/NZ3018)and AlSI(2016)standards. Treecoefficients

C, C, G, andCw vary depending on the loadirmgse, supporiconditions and flange
22



types. The effect of fastened support is incorporated into the design rules outlined in both
AS/NZS (2018)and AlSI(2016)for CFS channels. The nominal web crippling capacity
can becalculated usingquation 2.1It should be noted that the design equations are not
applicable to sections with largeftw ratios, as such configurations may deviate from the
assumptions used in deriving the equations, leading to inaccurate predictions of web

crippling capacity.

. a h & r 0a [N
R, =Ct fys'nQ% QN\E g Q\/:I Blﬁ\/t: (Equation 2.1)
¢ ¢ =G

Eurocode 3 provides design equatigisgjuations 2.2 and 2.3pr calculating the web
crippling capacity of CFlainchannels undeneflange loading caseln the equations,

dw is the web heightgw1 representghe partial safety factor (=1However, these
equations are more complex compared to the unified web crippling design equations
specified INAS/NZS(2018)and AISI(2016) Notably, Eurocode 3 uses the same design
equations for both flanglstened and flangenfastened support conditions,
disregarding any potential increase in web crippling capacity due to flanges being
fastened to the supports. Additionally, the applitigtof these equations is restricted to

rilt 06 anddw/t 0200

R = (klkzks86 .66 d&/lt i e® OL fg)bm (Equation 22)

/

2 e
9. 001# t [ .
H & g)gm (Equation 2.3)

For CFS lipped channels with unstiffened web holes, AISI (2016) provitesgth

reduction factor equatior{Rp) specifically for cases where the web hole has a horizontal
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clear distance to the bearing plates. However, these equations apply only when the flanges

are restrained against the bearing plates, addressing both IOF and EOF loading scenarios.

Uzzaman et al. (2012b, 2012a, 2018pposedR, equations for CFS channels with
circular web openings acrodsvo-flange loading scenarios. These equations are
summarized as follows in Eqgtions 2.4 and 2,%vith their coefficients detailed in Table

2-2. However, for channels with varying dimensions and steel grades, the application of
these equations may lead to suboptimal outcomes. This discrepancy arises di to the
equations' omission of critical parameters such as material yield strghdtar(ge width

(br), fillet radius ¢i), etc. Thus, there are notable limitations to Reequations'
applicability scopethe dimensional limits are/'t 0156, N/t 084, N/h 00.63 a/h O0.8.

For cantereceneath welholes:

- naa 0 N Equation 2.4
R.=n ”ngh oA 1 (Eq )
For offset wekholes:

(Equation 2.5)

aa o

=n - 0 (X
R.=n rbgeﬁ gﬂ(h) 1

Table2-2 Coefficients forR, equations (Uzzamaet al., 2012b, 2012a, 2013)

Load cases Opening location Flange Fastened m n; ns

ITF Central No 1.05 0.54 0.01
ITF Central Yes 1.01 0.51 0.06
ITF Offset No 1.04 0.68 0.02
ITF Offset Yes 1.00 0.45 0.09
ETF Central No 0.90 0.60 0.12
ETF Central Yes 0.95 0.50 0.08
ETF Offset No 0.95 0.49 0.17
ETF Offset Yes 0.96 0.36 0.14

For specimens with edgsiffened web holeszzaman et al.,, (2017&82020a, b)
developed design equations to calculate the capacity reduction fgtosifig bivariate

linear regression analysis. These equations are specifically applicable to CFS channels
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with un-fastenedflanges subjected ttwo-flange loading conditions. Th&, for such

channed can be determined using Equatiorésahd 27.

=1.02 -0.382 9 902N A Equation 26
R, =1.02 0.3%; 50.02( ) 804 ) &4%() (Eq )
_ o188 O N L Equation 27
R, =0.98 0.1%; g 0.01 ) @.08¢ ) &4%() (Eq )
2. Rnovel coloweckoRi vet Connectors (HRCs)

CFS channels are commonly wused as both <c¢h
joined with donVéntdazalae sveelRfajad n ag(t® @alla.) ;
(2021Arcording to the Norflbr Aimdr iS¢ &r | StFa m
Truss Design (Al SI 2012) , a minimum of f o
bet ween web members and chords when screw
fabri catreoerfserofutsemgp a single fastener per
prepbsetioning. Although bolts can satisfy

their shear strength frequenftdrymekcteleidis ¢

compromising the ductility of the connect.i
To address t his l T mitati on, Howi ck Ltd. ,
i nnovative connector called the Howick Ri

specifically dddgibepmacstoopgiolvi dkbi |l e accom

materi al prope(rNMatelsi o 0 ICA St 2 @lutes 62T 99gon s i s

of a hollow steel tube with two inner swacg
connected CFS sections. The Fdegsebgf wiof h t h
addi tional depictions of the installation

Fivg eBdanzd8, highlighting its effectiveness i
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Recent studies Sitaghl icopmnechaon€F8mpl oyi ng
compar abl e performance to traditional bolt
| oad capacity and ductility. Specifically

iaarease of 14.35% com@ga@Ahendhdi oebbolat ed (2O Be

Mat hi esdqr2O0Od®dyvebti gated the performance of
screws in CFS trusses spanning 1800 mm. TI
significantly outperformed those with scre
and ductliulsittryatugaks9(i ag 2-a(nbd) . Simil ar20/23)Roy
conducted 15 expestmbntahneestenenu€FB8gTa

and screws to examine failure memhani sms &

Previ ouMasthueis@®0 3) alAhmadioye € 2alala)()e2 01 6)
identified two primary failure modes for
failure. I n contrast, traditional screw c
such as -suwtr eawr ptuillltAinggeO( &)s. shlhevere i ahi f f er en
mechani sms |l i kely contribute to the high

compared to coHoweveobpnallespreasthese advart

a | imited understanding of the moment cap:
connectionscechordi pgbntast, Il ndicating the n
area.
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HRC Shank

Outer Swaged
Collar

Inner Swaged
Collar

(a)Connection detaileported by Roy et al. (2023)

HRC

(b)Schematic view
Figure2-6 Howick Rivet Connector (HRC)

bl i

$4) /2 g o e
% Prefabricated HRC % Place the prefabricated HRC \
inside the connected component.

+¢ Use a handheld punching device to press both
ends of the HRC to complete the installation.

Figure2-7 HRC installationprocess
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Figure2-8 HRCs used in roof trusses

(b) HRC connections
Figure2-9 Comparison of failure modes of screw and HRC connection inesus:
reported byMathiesoret al. (2019)
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2.QGFS buupi Ibtox secti on

I n €dolrdned steel ( @FPS )b osxt rsueccttuiroenss, abruei letxt e
critical structur al component s, such as
doorways, and shear wall studs, wheed t hey
| oads. These sections are favour ebdeairni nQgF S
capacity, enhanced stability, and bawcker i ol

budiulpt se(cRoy nest. aAddi2t0il®nal ly, &aheelveresaahbl

the formaupomembebsi With substantially 1 nc
mul tiple indi(Zhouwaletch@d hnea02ilexi bi l ity nc
structur al performance but al so drives th
standard QFKS apireda dwc test al . 2022)

Numer ous experiment al and numer behdlavsbudi
and axi al cauppachoy o®éctbiuinl tcol wnencst i wnah
configurations. Commonl vy, t meexd(i®Paysuenn s ala.
20109; Guzman et al . 2021; Li et al . 201 4;
Reyes. e20 lafl wsoe cUW (i Mantsa r et al . 2022; oiSelav al
combinatisecoi oonsaend idonee aJt al . 2020; Li €

connected usi(dgoei ehéakmahbhdPRiReagles 202 =l

or -del flifddascrerewsl . 202.4; Anant hi et al

Nie dR208RBRperi mentally invest-sgatiedndlhesha
|l engt hs, and thicknesses under both conce
findings revealed that specimens subjected
experdi gdnaeoursalonal buckling, whereas those

exhibited flexural buckl ing.
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ayv
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i st

ud

st

mp

i ons ecamdsrdicstiinogn sC Theyeotbhisemy epr it harti
to distorti esrealti Dnsk lwierge, pwhinlee tbw | oc
et atudi(é&dp2 bbhax tsecti ons experi ment &

nated by | ocaqlloallc kil ntnegr eacntdi d mcmmadd e s .

nt studies have examined the stouctur
-ulpu islef®Royores ; alli 20QHeeln. e2t0 2adl;. 2020; L

ami co, eds awel 120d8)t hose compri@SRmyg tri

|l . 2019; Deepak et al. 2021; Phan et a
. 2022, 20 2t4h;r oMiag he te xaple.r i 2ne2ndt)al t est i
ei r(o2 0td halluct ed an expermnment ak behnas:
vati veupg | deobdneduisltte el (CFS) short co
i Aucpt clreoicsksi ons f ormed from t hi#elehei ndi v
y reveatlugpd ctoH aatmnfso rg obvweirinted by | ocal Db
be equal to or smadwlaerl ehghht he hkhohbj
osite action, theaebywgmasaipecmeé mgeot h e hlk

pl ate group effec200Bliocndglhduukkcedr odtyi e
ri bes the-ulpe heevrnbeeurs afndeui Ictompr essi or
es the weaker plate to buckle, whil e
buckling of the Jheea kwerakpelratpd.athko veuvcekrl
abilizing influence on the stronger pl
ss of the stronger pl atiet iwhall eb sa knluil n g

weaker pl ate.
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Dar ¢€é202ad0L,i nZv0e2s2t)i gat ed Cdecthiadn enneldumd 0 sea
pl ain channels wusing experirmsmtfdlst haeand muUnN
i ndidchat the arrangementupofs etchtei ocnh ainnnfell use ni
strengths as well as the bucklingteéeabil
configuration gives betithearc kp eornfecsr. maRachen aos\e
(2021 ,pr200p23s)ed an opti map bayobemnedocolCkFEND
composite action between two individual I

equations based on an extensive numeri cal

Built-up members are recognized for their excellent stretugiteight ratios and
adaptability for various applications. However, as highlighted by Rasmusse{2628l),

the design of these members is hindered by the lack of codified methodologies. AISI
(2016 and AS/NZS2018) provide two primary approaches for determining the ultimate
axial capacity of CFS structural members: the EWM and D8V DSM equations
included in these standards are sempirical and have been validated for a limited range

of crosssections. To address this limitation, researchers such as Li(2021) Dai et

al. (2024) and Li et al(2022)have proposed modifications to the DSM for more accurate
predictions of the ultimate strength of CFS built columns. AdditionallyRoy et al.
(2019) observed that the design strengths calculated using the EWM tended to be
conservatively overestimated by approximately 17% for CFS-bpiliox columns. The
variability in the effectiveness of the design methods specified in (816§ and
AS/NZS (2018 across different buitip sections underscores the need feevaluation

when new builup configurations are introduced.
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2.@FS swaged section

I n CFS channel s, the swaging process | S €
sections, facilitating the nes&tugnigh2odr ¢ hes
commonly wutilized in vativudytsdamglei anadi naogg

tstud connectionBiug rel JGF ST hfer aanxeisa |( sceaepaci t i

shapes of swaged CFS channels are expecte

however, no experimental studies have been
dat e.
Il n recent year s, extensive research on C

stiffeners has been reported, Wadndr essiahg 0Q
Mani kandan et al . 20ND& )yeeviealet 2009 ;20ABan t2i€

but al so f I(eNMwnrgaletc afd ac i2t0gln7d;, sRhoeya(rdPttcaaapl a.c i 2t

et al .. R&Odi5gn recommendati ons for each o
proposed. However, these studies exal lusive
l ength of the test specimens. Additional |l

the CFS channels with web stiffeners and t

To ensure propedd owmbdssppelt (CEB)dchannel
stiffeners and the same web height mu st

members may buckl e prematurel vy, (IWaandgi negt t
al . .20M&ni kandank &8pteralment ally and numeri c
di st ort i obneahla \hifuocdkH S ncghannel s with various

web hei ght el()eender axi al compression. Th
i nteatmedweb stiffeners significantly infl@

sections. (@t®nductaéd a series of compr e
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i nvestigations on channels with two diff el
height, arsiugsdigwnr hiemr results demonstrat ec
channels, t-haruolyt ng#FHtaenpdhgvpdysetti ons was i
65% and 50 %, res pgedteiewa leyw.e dL iaanndg seutmmealr.i z e
body of l i terature t o expl ore t he optin
configurations of web (amd 9eidmAele2stt)i §d dte@a @ r tsh

of esdgdfened web holes under axial compre

] =150 mov
I 300 mm
"
|IIII:'II‘I- -- IIII
-
/ 50 mm
|I|I
(a) Swaged section at the end of (b) Swaged section in the middle of
channel section channel section

Figure2-10 CFS channelwith swaged sectian
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7 A
(b) Braceto-stud (c) Nogging-to-stud
Figure2-11 Application of CFS channels haviregswaged section

(a) Plain channel (b) V-typechannel (c) U-type channel (d) E-type channel
Figure2-12 Section geometries used by Manikandan gRal18)

] BERR

) ]

(@) - Edge stiffenes  (b) Edgestiffenes& -#pe (c) Edge stiffenes & V-type
Figure2-13 Cross sectiogused bywang et al(2016)

2. Summary

This chapter reviewed previous studies on

channel s, with emphasis on members cont ai
crippling research for plain channels und:
wd summari sed, foll owed by a synthesis of
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channel-stwiflknexdt iafnfde raddgeweb hol es. Curren
outl ined, highlighting the scope and | i mi

redu€fticoor model s.

I n addition, the chapter introduced the Hc
its reported advantages over conventional
research needs for truss joints witth eccer

up box sections and swaged sections was al

i's strongl y -saefcfteicane dc donyf icgruorsast i on, connect
and t hat existing approaches may requir
coindurations. These identified gaps provid
the following chapters.
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ChaptWeb 3cri ppli €& Sc & haao iet Yy $odedtgtetd

sti ffened web hol es

3.htroductory remarKks

CFS channel secti onsgaairgee vgitceeelly cuwsnesd rium t
openings are often introduced to accommo:
condui t s, pl umbing pipes, and ventilation

adopten practice because they provide gr e
however, their presence alters the stress
reduce the web crippling capacity when co
are commonly used around web openings to e

yet the behaviour of CFsSt icfhfaenmesd sweni tho led s

crippling |l oads remains insufficiently un
current design standar ds. Therefore, this
Il nvestigation using nonlinear FE analyses
channel s with el ongated web hol es. The F
e X pneernit a l resul ts f or -ssteicftfieonnesd wnietbh hcoilrecsuy, |
agreement iiditseprlmsseonfenitoackdsponses and def
vali dated model s, an extensive parametric

(EA) cases was conducted for c¢haxtnieflfsenva d |
web holes, and design equations were subse

reducti R faamadb®dsSeMd( equati ons.
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3.8umeri cal study

3. 2Geln.er al
No experiment al studies were identified i

behavior of CF S ¢ h asntniefl fse nvetdtt ha nddle oeedgbaetweedb L

Consequently, the web crippling test resu
undfeorur dlidadeirregst(clommi,i tE To, ,| @QF arreGhoHEM@FEd by
al . @d@24aman 2011 7gér e utili zed to validate

in this study. The modGhlelni negt #arlldzrzn@ 20@uzelsk te n

all 20wW&)e al so adopted.

3. 2Ge2n.er al description of FE model
The materi al properties were deCheredetf ralm
(202ndYlzzamanh 201 78b 1 | owi ng the guidelines i

engi neersitnrgaisnt rceusrsv e was cOnwvairn edurn ne o a

S4R shell el ements with six degrees of fr
channels, while R3D4 rigid elements were
mesh sensitivity analysis results, a mesh
tdn bearing plates, while a mesh size of 5
the channel s. Mesh refinement was wused arc

corners between the web and fl angFeisg e The

3-1.
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Coarse mesh 10x10 mm

Fine mesh around corner
(Five elements were used around the
inside corner radius)

Fine mesh around edge-stiffened web holes

(@) ITF

10x10 mm

Fine mesh around corner

Coarse mesh

5%5 mm Fine mesh around edge-stiffened web holes

(b) ETF
Loading bearing plate

(U1=U3=UR1=UR2=UR3=0 and U2= -10 mm) Fine mesh around corner

“Cartesian” connector

Support bearing plate
(U1=U2=U3=0)

"

y, 10x10 mm

(c) IOF
Loading block

(U1=U3=UR1=UR2=UR3=0 and U2= -10 mm)

Surface-to-surface contact

5x5 mm

10x10 mm

Support bearing plate
(U1=02=U3=0)

(d) EOF
Figure3-1 CFS channels with edggiffened web holes
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The interface between the CFS channel s an

"Surtf@ocef ace” contact featur e i n ABAQUS.
designated as the master surface, while 1t
sl asvuer f ace. To prevent t he penettauwrtfiaome"of
di scretization method was employed. Al d
with the | oading direction, wer eoadnegr i
Axl al oading was applied through displ aceme
the top bearilmadphgodl cakes involving fa
connections were modeled wusing the " Cart e
defined by three nodes, I's designed for
transl ational and roasatwelnlaladegxieals otfi ff

connected nodes.

3. 2Va3.idation of FE model

A comparison bet weenPetphea epxdrlreeendmedtryaalld. r (e
Uzzama.ta 208 qtdhFeEA r Psep| f $ om t hi s st uadlyl ¢ s s
3. The spe€hmanst faanldn z@2@2(12Otv&gle | abel ed
i Il ustrriegted@h e npleakhps er ved iidi spkeaEEmeoadcu

mai nly caused Dbyt athu sa btrrugnsictoinotnacltet ween t

channel flange, combined with the ideali se
(hard contact and dSiampl.i flirdt mat eest s, S
i ndentation, graduiali gs sgtsitregn afn dt lpg ogp ecis!
this transition, | eAdisnlgowm3lign 4 TeeEolsadam mad

PextPred or | TF, ETFRyrlel @6,97and . BOR & rsCfOV0 90 3

0.02, 0.02 andFi0g e2amdesmpat ievdillsyg | lac & dne nt
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curves and deformed shapes obtained from
figures demonstrate that sphaceeamfeat meed sploaj
FEA closely align with those from the ex

develiompadhi s study exhibited strong correl

Web height Bearing length

\ /
ITF190-N75-UH
I

{NII: Plain web

Web crippling loading case:

ITE, ETE. IOF. EOF UH: Un-stiffened web hole

EH: Edge-stiffened web hole

Figure3-2 Specimen labelling for tests reported by Chen et al. (2021)

—=— [TF190-N50-EH-Test
o [ITF190-N50-EH-FEA

10 -4 ETF190-N50-EH-Test
4 ETF190-N50-EH-FEA
5
= 6
-}
<
o

—8— |OF240-N100-NH-Test —s— [0OF240-N100-NH-FEA
—e— [OF240-N100-UH-Test —e— [0F240-N100-UH-FEA
—— |0F 240-N100-EH-Test —e— [0F240-N 100-EH-FEA
—=— EOF240-N50-NH-Test —=— EOF240-N50-NH-FEA
—e— EOF240-N50-UH-Test —e— EOF240-N50-UH-FEA
—+— EOF240-N50-EH-Test —— EOF240-N50-EH-FEA

L adihaa g L DO

Web crippling strength per web (kN)

T T T T T -5 T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10

Displacement (mm)

Displacement (mm)

(a)Two-flange loads (b)Oneflange loads
Figure3-3 Comparison of loadlisplacement curve

s

(i) ITFL90-N50-EH-FU-Test(Chen et al., 2021)
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(ii) ITF190-N50-EH-FU-FEA

(i) ETF19GN50-EH-Test (i) ETF19GN50-EH-FEA
(b) ETF
x | i
o -

’—,;_a ‘.

Bearing plate
Half Round

(i) FEA
(c) IOF

(i) Test (i) FEA
(a) EOF
Figure3-4 Comparison of deformed shape
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Table3-1 Specimen dimensions and experimental ultimate |&ads literature

Specimens Web Flange Lip Length Bearing Stiffener Exp. FEA. Pexp
length length load load Prea
d by by L N q Pexp Prea
(mm) (mm) (mm) (mm) (mm) (mm) (kN) (kN)
(a) ITF
ITF190-N50-UH 190.5 45.2 14.80 620.50 50 - 8.27 8.16 1.01
ITF190-N75-UH 190.3 45.0 15.00 645.00 75 - 8.78 8.28 1.06
ITF190-N100-UH 190.5 44.8 15.10 670.50 100 - 9.21 9.12 1.01
ITF190-N50-UH 190.0 45.0 14.90 621.00 50 - 6.45 6.39 1.01
ITF190-N75-UH 190.2 45.1 15.50 645.50 75 - 6.64 6.66 1.00
ITF190-N100-UH 190.5 45.5 1550 670.00 100 - 6.89 6.96 0.99
ITF190-N50-EH 190.5 455 15.00 620.50 50 13 7.88 8.12 0.97
ITF190-N75-EH 190.1 45.0 14.80 645.00 75 13 8.29 8.53 0.97
ITF190-N100-EH 190.5 45.3 15.30 670.20 100 13 8.61 8.68 0.99
Mean 1.00
cov 0.03
(b) ETF
ETF19GN50-NH 190.0 45.1 15.2 334.7 50 - 2.56 253 1.01
ETF196N75-NH 189.8 455 14.8 360.5 75 - 2.77 2.88 0.96
ETF190N100-NH 190.5 44.9 15.0 385.0 100 - 3.08 321 0.96
ETF19GN50-UH 189.5 44.9 15.2 334.8 50 - 1.98 2.02 0.98
ETF196GN75-UH 190.3 45.5 15.0 360.5 75 - 2.20 2.30 0.96
ETF190N100-UH 189.7 44.8 14.8 384.5 100 - 2.45 2.53 0.97
ETF19GN50-EH 189.8 44.8 14.9 3345 50 13 2.72 2.78 0.98
ETF196N75EH 190.2 45.2 15.2 360.5 75 13 3.08 3.16 0.97
ETF19GN100-EH 190.5 455 15.0 385.0 100 13 3.41 3.52 0.97
Mean 0.97
cov 0.02
(c) IOF
IOF240N50-NH 236.3 451 186 970.0 50 - 16.07 15.84 1.01
IOF240N75-NH 2382 448 17.6 994.7 75 - 17.30 17.17 1.01
IOF240N100-NH 2376 448 176 1020.0 100 - 18.50 18.79 0.98
IOF240N50-UH 235.1 448 175 969.0 50 - 15.72 15.74 1.00
IOF240N75-UH 236.5 452 178 994.3 75 - 16.64 17.01 0.98
IOF240N100-UH 235.5 45.0 17.6 1020.2 100 - 17.60 18.02 0.98
IOF240N50-EH 236.3 448 17.4 969.3 50 13 16.26 15.86 1.03
IOF240N75-EH 2367 448 178 994.3 75 13 17.54 18.19 0.96
IOF240N100-EH 2377 45.0 177 1020.9 100 13 18.83 19.50 0.97
Mean 0.99
cov 0.02
(d) EOF
EOF240N50-NH 237.33 4435 17.72  920.0 50 - 5.82 5.81 1.00
EOF240N75-NH 237.21 44.97 17.78 970.1 75 - 6.41 6.23 1.03
EOF240N100-NH 23758 45.10 17.81 10195 100 - 6.90 6.63 1.04
EOF240N50-UH 236.73 44.84 17.48 920.1 50 - 4.22 4.26 0.99
EOF240N75-UH 235.28 4484 1781 970.7 75 - 4.60 4.65 0.99
EOF240N100-UH 236.32 45.10 17.78 1019.2 100 - 4.95 4.93 1.00
EOF240N50-EH 238.00 4493 17.74 919.3 50 13 5.74 5.57 1.03
EOF240N75EH 236.83 44.57 1755 969.5 75 13 6.30 6.30 1.00
EOF246N100-EH 23750 44.80 17.47 1020.9 100 13 6.80 6.69 1.01
Mean 1.01
cov 0.02
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3.Barametric study

Acomprehemasiametric study was conducted ol
el ongated unsdtiiffffeenreadd amab?2ddagteels3ey) seader
fodirf fleadaditngs c olrhceistei grar amet ers i ncluded t
fl at wedldy)d e ptthhe (rati o of f(owdye (leagthtito of
stiffener | eng(yd) tthoe frlaati oweold doeepatrn ng | eng

(Nt) and the ratio of the inside fillet radi

web drgq)t h

The values of the parameters investigated

Tab3lzhppeddpresents the web crippling strer

webs, unstiffenedgt iwfefbe meod eweb amal esl,geas de
resul tsli nbhes ylsalenl f or the specimens in th
Fiug €. 3
- be 0 -
S S — - =1 v
l \ ’ :- {.\ ‘
ot ‘

Figure3-5 Elongated edgstiffened web holes details

190mm depth of web dw/ch=10.30 g/di=0.02

/ / /
C190-N50-D0.3-B2-Q0.02-Rq4

/ / /

50mm length of the bearing plate cw/bw=2.00 79 =4mm

Figure3-6 Specimen labelling in the parametric study
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Table3-2 Different variables used in the parametric study

Load cases Sectiors Elongated wbholes N Q rq t
(mm) dw/d1 bw/dw (mm) g/dy (mm) (mm)
ITF 190%x45x15, 2,3, 15

0,0.3,0.5,0.7 2,253 50,75,100 0.02,0.06).10

240x45x15 e
ETF 190<45¢15 0,0.3,0.5,0.7 2% 22723 50,75,100 %‘_%‘;-’%-2% i’% 115
IOF 2404515 (1,0 aa 5075100 OOH D00 ZS Lo
EOF 2404515, 0006 T3y 5075100 OO0 B0 2S5 Lo

3.

3E f1f. e a/dsa ndolfdw

The efd/khoh Rher the | TFsl| obadtiuswra(ad®)dA i n

d

ecreRswasi mbserved for t-N8-8 2 h a slwdérhaetsieoc t |

ncreased fHFiogne’Q&d gthd i@.hT.s t he sdi/gon fi can

Re, particularly for -stpiefcfieneenrs Iw@® @ 0 Ba mrad tl iec

S

mal | esrt igfdgener RQO)RHoert trhaed i HITeR¢ eledgas@®@3 % af t h

web crippling strenNAaB2-T3HO.va ¢ b eedsypwghdeieme n |

Y

(7]

(7]

~+

u

o

t

al uelgdiionfcr ¢ aoend O..Bont ot e 7CFS chann-el s wi
tiffened webbhiopplki egdtibldrad ncr easeeddgeby u:¢
ti fiwvemeddWhetnhde/dii s equalhet ovel. ¥, rriempglt idn go f

pecEMNB2-QD .-RGFT1iHcredBecobmparheequitwval ent
hannel -swiithf amed mawe sFhiopveie BAn decr ease of 31
0% in the web crippling streMg@BHsT®walds o0 Db«
nder | OF and EOFsEBeadidng cabmidd iBteisopnesct i v el
hde/dival ues increased from 0.2 to O0.6. I n

mtiffened web holes, their web crippling
f esdgdfene&dsweltimdllgsfor | arge web openi
oad transfer path withiend.t hAes wehbe iog exii g
he bearing region, the effective web de
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pronounced strength degradation and a tr a
coupled failure-ecigéeyievVdinwgngfhahge r ot a
buckling, as obsNI>QGMdITR hn shiegUaeme.n3AbHh s equ e
the web crippling strength exhibits mar ke
|l ocawhen the dvdafteashed 0.6, the web <cripj]
speci mMehOBEE®D .-RGF2. 0 under the |1 OF and EOF
respectively, increased by 39% and 46% whe

ursti ffened web hol es.

In Figure 38(a), for the channels C198950-Rg2,whenthe dw/bw increased from 2.00 to

3.00, theRer showeda downward trenavith differentg/d: anddw/di. Compared to CFS
sections with a plain web, for the case of an elongatedifiened web hole, the average
reduction for sections with an aspect ratio of 2 and 3 was 39% and 49%, respectively.
However, for anelongatededgestiffened hole, the reduction in the web crippling
strength was reduced to ord#6 and16%, respectivelyit can be seen fromigure 38(b)

that web crippling strengths showed a downward trend, especially for those specimens
with un-stiffened web holes, when tlog/bw increased from 2 to 3. When the ratio of
dw/bw is equal to 3, the web crippling strengths of the specimen8l8D0.7-T1.5 and
EH-N75-D0.7-Q0.08Rq4T1.5 decreased by 57% and 8%, respectively, compared to the
specimen NFN75T1.5. Compared to sections having a plain web, for the case of an
elongated o-stiffened web hole having an aspect ratio of two and three, the average
reducton in web crippling strength was 21.23% and 35.67%, respectively. However, for
an edgestiffened hole, the reduction in the web crippling strength was only 4.56% and
7.54%, respectivelyin Figure 38(c), when thebw/dw ratio was 2.2, the web crippling
strengths of specimens UN75-D0.6-T2.0 and EHN75-D0.6-Q0.06Rq3-T2.0 under

the IOF loading condition decreased by 43% and 9%, respectively, in comparison to the
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specimen NEN75T2.0. It is noteworthy that for specimen UN75-D0.6T2.0, a
pronounced reduction in web crippling strength was observed &s/theratio increased

from 1.8 to 2.2. This reduction is primarily attributed to the elongated web hole moving
closer to the region of localized loading, whereby the unstiffened web opening becomes
a critical weak point. This observation indicates that welptng behaviour is highly
sensitive to the location of web openings relative to the load applicatioantrast, the

use of edgsstiffened web holes effectively mitigates this adverse effect, significantly
reducing the strength degradation associated with web oper8imgsarly, for CFS
channels with wstiffened and edgstiffened web holes under the EOF loading condition,
the web crippling strengths were 44% and 15% lower than those of plain channels,

respectivelyas shown irrigure 38(d).
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Web crippling strength (kN)
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3. 3Ef2fse dytt, N/dia n glds

The effects of thed/t, N/d1, and g/d1 on theRe/web crippling strengthvere shown in
Figures 39, 3-10 and 311, respectivelylt can be seefrom Figure 39(a)thatthe values

of theRe for the channel€190N50-D0.3under ITF loadindnave a slight increase when
therg/tincreased from 1.33 to 4.00he effect of ¢/t on theweb crippling strength under

ETF loading is shown iffigure 39(b). Thergd/t has a small effect on the web crippling
strengths of the specimemsth elongated edgstiffened web holes. It is important to
note thathe wekcrippling strength othespecimen with medgestiffened web hol¢EH-
N75-D0.5B2.5Q0.08T1.0) exceeded the webrippling strengthof the equivalent
sectionwith a plain web (NH-N75-T1.0). In the case of web crippling, the usé
elongatededgestiffened holes almost results in the same strength as an equivalent
channelsection with a plain wellhe ratior¢/t has a minor effect on the web crippling
strengths of channels with elongated web holes for both IOF and EOF loading conditions
as shown irFigures 3-9(c) and 39(d). It's worth noting that using an elongated edge
stiffened hole almost results in the same strength as an equivalent channel with a plain
web. For example, the web crippling strength of the channel with arstitfigaed web

hole (EHN75-D0.4B1.8-Q0.06T2.5) even exceeded that of the equivalent channel with

a plain web (NHN75T2.5).

It can be seefrom Figure 310(a) thatthe variation ofN/d1 has a slight effect on the»

of the channel€C190Q0.02Rg2.1t can be seen fromigure 310(b) that web crippling
strengthsunder ETF loadingsll showed an increasing trend with increasing bearing
lengths for CFS channels with edggffened web holes, ustiffened web holes, and
plain websSimilarly, the effect ofN/d1 ratio on the web crippling strengths is depicted

in Figures 3-10(c) and 310(d). It is evident that as the bearing lengths increase, the web
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Web crippling strength (kN)

Web crippling strength (kN)
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Figure3-10 Variation in reduction factéweb crippling strengtivith N/d1
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Table3-3 Proposed buckling coefficients

Elongated web holes C C G Cs Cs Cs Cs Cr Cs
Un-stiffened (ITF) -347 025 -0.15 0.06 0.07 -0.05 -0.04 O 0
Edgestiffened (ITF) 024 -030 -0.16 0.08 -3.25 0.07 -0.04 -0.01 0.03
Un-stiffened (ETF) 0.02 -0.16 061 005 121 001 -004 O 0
Edgestiffened (ETF) 0.09 -0.14 0.16 005 033 0.03 -0.02 -0.010 0.03
Un-stiffened (IOF) 147 004 005 0.04 011 003 -005 O 0
Edgestiffened (IOF) 249 -0.03 -0.02 0.04 0.06 0.01 000 0.01 0.03
Un-stiffened (EOF) 054 003 005 034 -008 003 -004 O 0
Edgestiffened (EOF) 081 001 -002 029 -0.04 0.02 -002 O 0.02

Yi el dPhl)yoa@etEer mination is difficult due to
Using the Principle of ((VNat®@milo Wetr k al s o me
proposed a predictiEveaecdfwaciatheui B tutishen giod r
I deapli a®tdi ¢ mddchtea ciasms off o nEmyfaat sBt9edndeide rfel an g e

proposed NmbocalCEBWwWakaomnglsste o fuenn esdt iafnfde reeddy
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web holfesdiufnfderreeddtsegnad t he simplified yieloc

typical ul ti mate f &iilguwidee Modes were shown

R,= nym(1/4rﬁ #° 2rm) Equation 38
For CFS wihuamtniefl fse n eun dverb IhTgH el oadi ngs
N,=L -b, Equation 3
For CFS wiheadngndeil fsf e n eudn dveerb |hTgR el oadi ngs
N., =pd, Equation 310
For CFS wihuamtniefl fse n eun dverb EBToH el oadi ngs
N _L-h Equation 3.11
For CFS wiheadngngeil fsf e n ewdn dveerb EhTof el oadi ngs

N_, = L-b, wd, Equation 3.12
2

For CFS wihuagmtniefl fsen euwn dverb I1h@H el oadi ngs
N,s=15d N d, kK Equation 3.13

For CFS wiheddngneil fsf e n eudn dveerb Ih@H el oadi ngs

m6é

N ,=1.5d +N H-g—w b; Equation 3.14

For CFS wihuagmtniefl fse n eudn dveerb EH@HF el oadi ngs
N.; =N ©.45d, Equation 3.15

For CFS wiheddngndeil fsf e n eudn dveerb Eh@H el oadi ngs

1.5d - .
N, =N % ﬂ% Equation 3.16

whemrepresents the insitdei ¢dknhéneg+tIr2ade u@c fr
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|
<

| ~ Plastic hinge
|
|

(if) Edgestiffened (C196N50-D0.7-B2-Q0.06Rg5,t=1.5mm &fy = 288 MPa)
(@) ITF

||||||||||||||||
mmmmmmmmm

Nui= (L - bw)/2
(DUn-stiffened (UHN50-D0.5-B2-T1.5,fy = 288 MPa)
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S EENNENE NN
CEE] O
maEn. -

Nm2= (L = bw)/2 + ndi2
(i)Edge-stiffened (EHN50-D0.5-B2-Q0.06Rq3-T1.5,fy = 288 MPa)
(b) ETF

N =1.5d+N+d, —b,

Plastic hinge

Nmz=l_5d+N+%d“‘—b“

(c) IOF (N75-D0.4-B1.8 (Q0.06Rq3) T2.0,fy = 256.67 MPa)
| N, =N+0.45d,

Plastic hinge

/

1w

N,, = N+%+”_d“.
2 _4

(d) EOF(N75-D0.4-B1.8 ((Q0.06Rq3)T2.0,fy = 256.67 MPa)
Figure3-14Yield mechanism length
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Theni f i ebda sDeSdM sweupet o posed fomwi EBhd ngladremde lum
sti ffenedt iafnfde eeddyeweb hol es to predict the
coeffmanmmeesd t o be deé&twert mibmeendd Bf.donrd tthhee s e
coefficients adamré@ldsUsnimag i Dedgi m, a regres:s
performed to obtain such coefficients bas
the -D&Med equations were then proposed.

capacities of CFS specy mehtphfotplDes bliddhee b ar a
equati owoiwa st hsihse-wm u-iSaTa®3-5%s howed the resu
comparing the web <crippling strength det ¢
par amet rTihe dJdti nmdyianb@ss i edmat tPhePraiasd i D. 05

with a COV of Re@ds dnd®O0t wethéhei ®OOM od 0.

equadhaowess vari abialniottejgecaotmpoanr ed t o

ForaOU R =R, Equation 3.17
. B :gl _d% gg ?F?Jécr ¢ Equation 3.18
H},y 8 C by = H Gy

P Equation 3.19
| = |2

R

Table3-4 Proposed DShbased equation coefficients

Elongated web holes (loading cases) V] a 2
Un-stiffened (TF) 0.938 0.11 1.07
Edgestiffened (IT'F) 0.938 0.11 1.07
Un-stiffened ETF) 0.828 0.20 0.86
Edgestiffened ETF) 0.673 0.25 0.89
Un-stiffened (IOF) 0.38 0.24 0.28
Edgestiffened (IOF) 0.44 0.25 0.41
Un-stiffened (EOF) 1.04 0.55 1.01
Edgestiffened (EOF) 1.06 0.55 0.75
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1.

1

2 —
<— Region-A (Yielding failure)
0 —
—— DSM-based
6.5 77, +  Edge-stiffened
' +  Unstiffened
0.6
0.4
| A =0938 L>0938
024 ad
0 F—F— 77— 1T T 7T 717 T 17 T 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
A’:‘IPb,y/Pb,cr
(@) ITF
.0
0.5 —— DSM-based
@ Un-stiffened
7
= 0.6
=
=
-
0.4
0.2+
A<0.828/1>0.828
0.0 T — T T T T T T T 1
0.5 1.0 1.5 2.0 2.5
A=VPp VPhier

(i) Unstiffened
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Prg o (KN)

1.0

0.8 7

0.2 7

A<0.67310>0.673

—— DSM-based
Edge-stiffened

0.0 T T T T T 1
0.5 1.0 1.5 2.0 2.5 3.0
A’=‘JPb2,_Vﬂ)h2,cr
(i) Edgestiffened
(b) ETF
’ ® Un-stiffened (IOF) : ® Edge-stiffened (10F)
Pppa/Py,: Mean=1.00 Prpa/Pyy Mean=0.97
s T Cet;z’—o.(!? ‘e’ 30 cov=006 2. %0%%
.o .; L] . . l
25 - oo gol 25 1 g‘:""
20 oot ° Z 20 -
R £ 45°
154 sdejPoe I,\_: 15 l,-
& @
10 o° 10
e &
e
5 5
0 T T T T T T 0 T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
P,, (kN) Py, (KN)
(i) Unstiffened (i) Edgestiffened
(c) IOF
10 14
e Un-stiffened (EOF) e Edge-stiffened (EOF)
1 Pepa/Pys: Mean=1.04 Pppo /Py, Mean=1.03
COV=0.16 124 COV=0.13
E N
° ; : 10 iﬁs.‘.
‘s .’ [l
61 s . a
r £ ‘'
£ i B i)
44 b Y . o 6 ?
., .i
& ! '
g8 r
24
0 T T T T 0 T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10 12 14
Py (kN) Py, (kN)
(i) Unstiffened (i) Edgestiffened
(d) EOF

Figure3-15 Comparison of web crippling strength of specimens from a parame
study with proposed DSNased equations
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3.Beliability analysis

Ar el i amiallwasgrasr r itea eowdl uat e thde opdbBdilnl it
equatnonseRbndmab®dHSHMd equadhaoasindlior h C&lSon g a
we b hTohlee sr el i af)ii $riedl yatiinvdee xi ndi cat,ordma¥l t he
(2066t omaenrdel i ability sthdemewth@de5deéesr g
equations are condi degeredatiependabl eri équak

structur albcnoeunhbde rbse, dtetEegw anilnZed dsSi ng

f =1.52(|\/|mFum)e'bV i GV N Equation 20
Co =Zé -'% % Equation 21

wheMma ni=mean \dla®d COVYI)the mat eFfmamad pr oy
VE=mean v(all.u@e0s)i QCOV 606) t he f abrTihceatsd toant ifsad
par amaeaWWsepresent the | oad ratio'Ve= mean \
COV O0.@2f1)t he | caoodhse&aatest an)oe fOac8tSorwa(s usec
reliabi l.Thyg @awnrad ¢(G) isonuufed etv byt g e d 120ln a3n.d

nanmdare the number of spe¢@m=melns, arneds pdeecgtrievee

TabB®2summast hreees ul t sl iodbial. As yagmltbdvasi gher
than the des,i rdelce val a®o scdoduledd ubaptri eneinestdt t o
cripptr eghget hCFS wd eehromeglastsetd favddne ianldelre
fodirf fleoeedidomg sThieomel laddpitcpeSdhsed squatic
was demonstrat et atbiystmeans amfal yses, S howi
i ncorporation innotefrontati @naFiGg s gt ucitess e s
worth noting that, under EOF -b aosad nde <cioq

equations generally satisfy reliability r
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pr

to

co

| o

Fu

fu

pa

ro

edicted strengths is still observed, wit
1.6 for soteicfiinebnesadpweintihrngusnn. Thi s can be
mpl ex response associated with this fai
cal buckling, material yielding, and str
rther morlei,hetnlgeg hyiceaallcul ati on met hod propg

rther refinement when accounzteisnng Afdadri td ic
rametric and experiment al l nvestigati on.
bustness of the proposed approach.

Table3-5 Statistical analysis for proposed design equations

Statistical Load Web holes Mean, cov, Reliability
parameters cases Pm Vo index,
b

Peea/Prp ITF Edgestiffened 1.01 0.07 2.53
Prea/Prp ETF Edgestiffened 1.00 0.06 2.73
Prea/Prp IOF Edgestiffened 1.00 0.02 2.83
Prea/Prp EOF Edgestiffened 0.98 0.04 2.72
Peea/Py ITF Un-stiffened 1.01 0.06 2.64
Prea/Po ITF Edgestiffened 1.03 0.09 2.52
Prea/Po ETF Un-stiffened 0.99 0.05 2.74
Prea/Po ETF Edgestiffened 1.00 0.05 2.79
Prea/Po IOF Un-stiffened 1.00 0.07 2.72
Prea/Po IOF Edgestiffened 0.97 0.06 2.63
Prea/Po EOF Un-stiffened 1.04 0.16 2.51
Prea/Py EOF Edgestiffened 1.03 0.13 2.60

3.8ummary

Th

of

st

ch amptreersent s the results of an investig
haviour of CFS ¢ hasntnieflfse nweidt hweebth bhholl eet se aut ne
ading conditions. Nonlinear FE model w
peri mental €Cheseolées aBppath@dlpyantd. (2017

the FEA and | aboratory tests matched we
udy was car ricedddwditbt/dy, N/@ih ea erditf alcd 8 oh t he
i ppling strengths of TEBE®I chhwinmeg | csomwelr @s i

awn:
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(1Hrom the results of the parametddde st ud)
bw/dw, aNdddhave significant effects on the
channels. The di mensions of elongated we
variables for the web crippling strength

(2Thelesi gn equBertoilCdrbs cthminmtelbs gatsead fddkged we
hol esprwepbeasddhl@mear r egrlelseseiloina bainlailtyys iasr
was conductedprn opBagdvaits arhe ltiheb! e.

(3Nheni f i ebda sDeSAM sweupet opoased fomwi @BhD nglad rerde |
urmti ffenedsdt iainfde eedyeweb hol es to deter mir

Finally, a reliability anaulnyisfiisela abeSdMc o n

equaitg omel i abl e.
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ChaptMaomedoapacity ooimedolbkdecel trusses

Ri vet Connector s

4 . Ihtroductory remarks

CFS trusses are widely wused in |ightweig

str etnogd ihg ht rati o and ease of prejfoaibrtiecdat i

connection system, known as the Howi ck RiV
for assembling CFS trusses. Previous stud
i ndi vidual HRC comnedt iommsnecitn olnu dti engt sT &
evaluations of CFS trusses with HRCs, pr c
perf eaemanrHowever, t he moment capacity and
assembl ed usi ng HRCs remai n insufficient

i nvestigates the moment capacity of CFS tr
and paramegur i A& tamtadlysof ten CFS trusses wi
their moment <capaesietcyt.i ofrwso, dn anieelrye nlti pcpreods s
hat sections, were used as truss chords. )\
suppores iweroduced to simulate different
parametric study was conduetthbeedi gthot irnavteisot iag
variability in | ateral support | ocations o
with | ipped channel section chords were de

(2018), yieldtdgsagnaseéeraggthestti o of 0. ¢
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4 . BRxperimental investigati on
4. 2T.els.t speci mens

I n the expertmwmenimal nprvagi abjt e -weosisconef
the chord and t he nTuhmebaerry i onfgsolfhautindaréael r asl u pspuo
were designed tdouvedaneygeatommddeatnfgeoruenntter e d

engineerinchepr agde aamit weog@ e cciofnifci gur ati ons o
S uUppomrttsrounses evsvd hl at er aancupdouwistt mner al st
A total of 10 tests were wdbefaectmawmsi CFS
i |1 us t-ruvartek dd Eiarc h deicacgdoamtlardircd c on n & ovoie HIRC s

spaced 67 mm apart to prevdmevevyeinlgahm off
eaclhpeci®Méém 0, mmui t abl @ hfeorsp@a@e triemggui r ement

buil dings or strufct @als®esd avhiid® eapaaciitnyg armd

Al'l speed meh sl ud5chaGreal ibinppaader s (vert.i
and diagonashdbdwmici e2g4d) Chas ds in the truss
usihnagt secti omnlsa nameedlt 1 oFpipge )s et a b Idy ,a gtome |
membet 8BGGFOS t hadwaeged sectoapoehd@demasct ed
I Aiug €3( @) During fabrication, flange hol es
rofldr npirnogc e 3 be ewds godmalhdres nweirmtteod t he chol
and the joint regions were reinforced usin

as shbwg € id)
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Top chord HRC

|
67 473 67 505 67 505 67
o M 7 S /
¢ 9 o o Q QO OIG * o o JO o o
1
| /( 350
5 o 5o oo | o | oo \\ oo 5
1 e et ot . ‘
254 67 505 67 505 67 sbs Bottom chord  Diagonal member
3500/2 |
i

Note: All dimensions are in mm.

Figure4-1 Details of test specimens

10 10

K:ﬁ:ﬁ.«s?.??_' 5 i

‘|
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e

!

R1.5

=
LA

5
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R1.5

L

e R

45 , . 45

(a) Lippedchannel section (b) Hat section
Figure4-2 Different adosssections used in the CFS trusses (all dimensions in nr

@
o

*

Note: All dimensions are in mm.

(a) Schematic diagram
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(b) hotogré'p'H bf é' test
Figure4-3 Webmember having swaged sections

4. 2Ma2t.eri al testing

Threeuponsufveom t he wuntested truss specirt
per fousmendg a 100 kN IFnusyted)osn T inass &fi onlel o(wseede t
gui deline olI: EN19% SOTI0WSIPt2e semnd ddbFerglk and

5wi the -strcassrmsRowhRiug e6Accor di ng hteov efradbd e 1
yield sot)wasg®®WPaay,ntdhe ul ti mél ewaA® M8PBagt h (
These avrael uiesportant ther maneerni aat apdiopgrti e:
and the structur al behavilber tehsihe prope!
corner regions were not directly measured
model |l ing, the constitutive conversion mo
adopted to transform thermgtensal npoopequt

properties, which were then assigned to tfF
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Figure4-4 Setupof tensile coupon test Figure4-5 Coupons

700
600 - /’
5]
=
%
=]
e
—T-1
—T-2
—T-3
I 2 3
Strain (%)
Figure4-6 Stressstrain curves
Table4-1 Material properties
Coupons Thickness Yield stress Ultimate stress
t o.2 Oy
(mm) (MPa) (MPa)
T-1 0.96 683.22 684.76
T-2 0.95 690.59 691.82
T-3 0.96 675.04 676.24
Mean 0.96 682.95 684.27

4 . 2T.e3s.triingg and | oading procedur e

A 200 kN MTS umsadcdp e n Eroowreost oni cal | y-p ociomtt r o |

bending tests on CFS trebewBiuwicBan/d8RCs .
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i nvodweldy vertioalt heotdusgngpeacdaemtsraclelmed
met tacad r at e ofTfh® Mmm/amMimg poi plaeadcwatr et Ise¢ rjad
bet ween the chords arnal Iwedb siatestebl eardse tamisv ob oht
support and dliostemishhumearcheabherddspP!| alce ment
rel ati onehmpr apda natbhedxiptey i ment al resul ts,
made of steabapl|l ptreesy etnoerrsdbatodiwahlmg can be

accentuated due Tthoelstkeopr ahospgipdiotaiicnvepde i ® u s
poialteng thewskbarci pansettaiglessThpheodi tedr el
configofatliaodmesaal mesdu ptpoo viarsvcarsutdiigcaagale char act
th€FS trusses Fwithme#d&fCsement pur poses, 1

di spl acement tr anendplcdeywesdindé & ¥ Dife) veet ecal (

mi-sspan and two additional jointl sa.ceAnedat a na
| oads at regular intervals t hwawu gdetadtg ek
evaltuhaet est ructural performance and b-ehavio
point | oading conditions.
R . R —— __
Load Distribution Beam [
| N |

Bearing Timber Pad

Truss specimen

MTS Pushrod

LVDTs
Lateral Support

Y

Bearing Timber Support

ngure4-7 Picture of the gperimental test setup
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145 mm
Lateral support —
\} = . 5
[+ I+ = o Q [+] [+] [ =
7NN Iy ' \‘\\ /.,o'. SN, v \\\\\\ ,’J e
Y A o, /! AN . W, v , e, , /
kY v ™ *, ."," \‘\ \\‘\ v \\\\\\ v R ./ \\\\ Al
e | : ! .
s LVDT 1 LVDT 2 LVDT 3 e
230 mm 70 mm

1 - [ N 4
L B o o = - o
N AN FNN, 7 N,
# s ",
N s W A7 \\ v / h ™ \\ /s
/ N A s ",
A s W,

) [o = o o o o 5 o o o s al o
L | | | o
L . )

I t +

230 mm 830 mm

(b)Four lateral supports

Figure4-8 Schematic diagram of different locatexand numbes of lateral supports

4 .

to

2T.eds.t results and discussions

ring the experiments, sever al di stinct
i lure mode observed was | ocal buckling
usses with hat sections as chordsendemon:
i lure modes compared to those using |ip
eci mens experienced connection failure,
the overall connection capability. HR
rengths-toodordi agomalcti ons in CFS trusse:
e trusses exhibited mi nor Il nel astic d e
ssipation. This characteristic underscor

conventional bolted connections, adding
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Tabd2provides a summary of all specimens, i
and speci fic det ai | s. The | ab &livigne@®. 4o f t !
Addi t iFoimgaé¢ll(pgr,esentsli spéakemdnt curves for
with HBCsspeci mens with two and four | ater

of trusses using hat sections as <chords

compared to those wusing | ipped channel s e
moda &tii ons made to the chord | ips of the |
i ntroduced | ocal I mperfect-cansyilreqadc agadic

noteworthy that trusses with hat spepcetdi ons
channel sections serving as chordsspanAt t

di spl acement for trusses wbtthmmat weectei 6pc¢

with | i pped channel38sentmH(osnese)4 i tt nwan mplao u
specimens with four | ateral supports showe
for |l i pped channel sections and hat sect

findings contribute to an understah8ing o
trusses with HRCs under different | ateral

Table4-2 Details of the specimens and test results

Test ID Test Details Failure Maximum Mean Failure Mean
modes loads values displacement of mic values
_ Prmax Prax  SPan 0 max
Chords Restraints (kN) (KN) oo (mm)
(mm)
C-L2-T1 . L 19.98 38.30
Lipped
C-L2T2 ¢ 2 L 18.73 19.46 3336 35.60
C-L2-T3 L 19.66 35.13
C-L4-T1 Lipped L 20.42 38.30
C-L4-T2 c 4 L 20.46 20.39 41.30 41.40
C-L4-T3 L 20.28 38.60
H-L2-T1 D 20.51 45.80
H-L2-T2 Hat 2 L 21.16 20.83 51.45 47.00
H-L2-T3 L+D 20.81 46.01
H-L4-T1 Hat 4 L+D 21.66 21.66 54.65 56.52
Note: L represents | ocal buckling in the top chord
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{C: Using lipped C—section as the chords
H: Using hat section as the chords

Two lateral supports Specimen 1

Figure4-9 Specimen labelling

25 25
204 ¥ 20
LA “
R i
g T L-Le- -:E & ‘i\
3 T | el f [
——C-12-T3 7 —+—C1L4T1
) ——H-L2-T1 7 ’;’ ——C-L4-T2
59 ——H-1.2-T2 A —<— C-L4-T3
——H-L2-T3 —+— H-L4-T1
! 0 llﬂ EIO 3‘0 4IO F;ﬂ E‘;IO ’ 0 1I0 2I0 SIO -1I0 SIO GIO
Displacement (mm) Displacement (mm)
(a)Two lateral supports (b)Four lateral supports
Figure4-10 Load-displacement curves for truss bending tests
The typical failure modes observed for CF
chords ar eFiud lelulsitirmmt egledFinmeds (8) ), the obs
failure mode is | ocal buckling in the tor
resul ted +todAplaansel idgihstploaucte ment in the | oadi
HRCs exhibited slight def ovremdat iTohni,s nion dsihcee
HRCs can provide sufficient shear strengtt
For spelcdFmemnel Co) ), | i kle2 s pelte awve nl cCatdos i n t
chord connections caused deformation of t
HRCs in the specimen with four | ateral S L
t hose with twohisguhpeprordise arduleoatdos on t he
However, f-h@anr ian gl opaedr specti ve, addi ng mo |
signil fginhamtce capacity. Both specimens, whe
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exhibited | ocal buckling with only minor

i Fiug el 14

., ==
l‘-(- -b l__7_‘._ * ______ /9/_.}<\ —————— 4 -\<-<
VA ViV i WA

(b) C-L4-T1
Figure4-11 Deformed shapes of CFS trusses with lipped channel sections as ¢

The common failure modes observed in trus:

are depgiwtedd i n spz2lc, meme Hpri mary mode of

buckling in the top chord. However, di st c
observed i R2LSprifdg mepras) )H2akmd8. HUnl i ke | i pped
sections, which have portitoemmsomnd ¢ ompmec tima
hat section retains its full geomet ay wi-t
| oads. As the deflection of the speci men i
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buckling |l oad of diagonal -dnénflyeet b ) Sj mi ha

observed failure modes wer e a combinati or
di stortional buckling in the diagonal me
hi ghlights the intricate response of the t

(b)H-L4-T1
Figure4-12 Deformed shapes of CFS trusses with hat sections as chords
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4. Bumerical study

4. 3Geln.er al description of FE model

I n this sleictheanp, ealda shteincFE mo dwel | A BwAaQsU Sd et voe | ©
si mul aetse Tthreu smse wwdrEe moalleil dat ed urseisnug ttsh ef reo
t hs sudlyeo Ani near mat efraral f Ipato p@&iSa sedet € omisn
t hrough t ensTol eacccoowpnotn ftoersttsh.e enhanced mat
regitoamrsd awal a e sl -haafr dsetnrianign e x p oGaerndt nse rp raonpdo sYe
(20wB8)e used to develop the matBased acruryv
ABAQUS mBheakngineeriwas maoewnweémalt eadc trwue ma

curvet bfsoilngegwiumag i ons.

Siue = 41 +)¢ Equation 4.1
S'true Equation 4.2
e(rue( pl) =In (1 +)—J t? q
The full ge oOmeotrrdys oafn dH Re@sto dneel mbeedr susw ng t he

el ememitchshavedegrees of freedom appl neode.
specifically at the secti,omscoweddr sasbattwée &
holes on the flanges of chords and web mn

conducted to find an opti malt inmees hansd zaec ctuhr

Notably, when the meshmnsixaneh Qi snetsho i Ina m g e,
occur , which can | EBaad dmaliynaicmesihd e & etshod |
mm 5mm wadsé adrot he camwdeds me.mbleetsai | ed resul t
i Riug €L 34 and further IinfFoagmdti on i s provide

Sur ftascuer f acewictohntactricti owagedf moidedt tdf

i nterface bet HeREOmsd,t Web crheomlder s .t Wiebp Cbadds
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wasoupl ed t or etfweor efMRR d Hosop Inad cse me n't contr ol
empl dyedpply ver ttihaasdd droeagdc @ hplooeungthd h e c h o r «
physical | oa @ iud ec)Att hlreec d sikahhemnt er al suppc

di spl acemeadp| ame tdhier ®utti on was constrained

Figure4-13 Result of a mesh sensitivity analysis

Figure4-14 FE meshing
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