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Abstract 

Cold-formed steel (CFS) has become an essential material in modern construction due to 

its lightweight, cost-effectiveness, and versatility. This study primarily investigated the 

web crippling capacity of channels with elongated edge-stiffened web holes. Compared 

to traditional circular edge-stiffened web holes, these elongated holes accommodate 

larger electrical conduits and water supply systems. The new Direct Strength Method 

(DSM) was developed to accurately predict their web crippling strength. 

In addition, this research explored key advancements in CFS systems, including built-up 

box sections and trusses equipped with advanced Howick Rivet Connectors (HRCs). 

These high-performance connectors have demonstrated superior performance, providing 

greater connection strength than traditional self-drilling screws and better ductility than 

bolted connections. In this study, HRCs were utilized in truss systems and built-up box 

sections, offering critical data to support their practical application in engineering 

projects. 

Furthermore, axial tests on telescopic studs and swaged sections were conducted to 

address installation challenges commonly encountered in real-world scenarios. Through 

experimental studies, numerical simulations, and parametric analyses, this research 

enhances the understanding of these systems, paving the way for more reliable and 

efficient applications in structural engineering. The findings are synthesized to highlight 

their implications and provide recommendations for integrating these insights into 

international design standards. 

By bridging critical knowledge gaps, this thesis contributes to the broader adoption of 

advanced CFS systems in construction, fostering innovation, sustainability, and 

efficiency in structural design. 
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Chapter 1 Introduction  

1.1. Background and problem statement 

Cold-formed steel (CFS) channels are increasingly popular in the construction industry 

used as beams, floor joists, studs, purlins and other components due to their numerous 

advantages, including a high strength-to-weight ratio, durability, sustainability, and easy 

installation on site. Figure 1-1 shows the manufacturing process of CFS channels.  

In residential and industrial construction, CFS channels often require web holes (see 

Figure 1-2) to allow services for piping, electric-wiring, and plumbing(Yu, 2012). The 

presence of web holes in CFS channels will cause changes in the stress distribution and 

consequently, there will be changes in the buckling characteristics and ultimate strength. 

However, such web holes will become more susceptible to web crippling failure (see 

Figure 1-3), particularly in the vicinity of a concentrated force (Uzzaman et al., 2020b), 

which need to be carefully evaluated when such CFS members are used in floor joists. 

 In recent years, a new generation of CFS channels with edge-stiffened web holes has 

been developed by the Howick Ltd. (2013) in New Zealand. As can be seen from Figure 

1-4, the web holes are strengthened through a continuous lip around the web hole. It 

should be noted that traditional holes are normally flat punched without the edge. Such 

CFS channels with edge-stiffened web holes still provide services to be integrated within 

the floors, but significantly enhancing their web crippling bearing capacity. Notably, 

those channels are typically designed with nominal diameters of 90 mm and 140 mm. 

The holes are positioned at the mid-height of the web of the channel, and the length of 

edge-stiffener is 13 mm (Howick Ltd. 2013).  

With the advancement of cold-formed member rolling technology, it is now possible to 

manufacture channels with elongated edge-stiffened web holes (see Figure 1-5) for larger 
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services to be accommodated. However, no research is available in the literature for such 

CFS channels with elongated holes investigating their web crippling strengths. 

 
Figure 1-1 Manufacturing process of CFS channels 

 

Figure 1-2 CFS channels with web holes used in industry building (Chen et al., 2024) 
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   (a) Web buckling (b) Web yielding 

Figure 1-3 Web crippling failure of CFS channels 

 
(a) Un-stiffened web hole 

 
(b) Edge-stiffened web hole 

Figure 1-4 CFS channels with circular web holes reported by (Chen et al., 2021) 
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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 (HRCs), has further 

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: Span-to-height ratios, lateral supports, and boundary 

conditions influence truss behaviour. 

Built-up box sections, often formed by connecting U-sections and C-sections with 

fasteners such as screws or rivets, are increasingly used in high-capacity load-bearing 

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

 

Figure 1-5 Elongated web holes for building services 
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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 buckling behaviour. 

(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 built-up 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 and on-site assembly are critical. Telescopic 

studs typically consist of: 

(1) Plain Channels (see Figure 1-6(a)): Outer members with pre-punched holes to 

accommodate screws. 

(2) Sigma Channels (see Figure 1-6(b)): Inner members that slide within the plain 

channels for length adjustment. 
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(a) Plain channel 

 
(b) Sigma channel 

Figure 1-6 Cross-sectional configurations of CFS channels 

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) Single-Screw Connections (see Figure 1-7(a)): Vulnerable to tilting and shear 

failure. 

(2) Multi -Screw Configurations (see Figure 1-7(b)): Enhance strength by distributing 

loads more effectively. 
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(a) Single-screw connection (b) Multi -screw configuration 

Figure 1-7 Screw connection configurations of built-up CFS channels 

Swaged sections represent a unique approach to improving the performance of CFS 

columns by narrowing the web width at specific locations, as shown in Figure 1-8. 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 Modes: Global 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. 

 
Figure 1-8 CFS channel having a swaged section 
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1.2. Aim and scope of the study 

This thesis aims to provide a comprehensive understanding of the structural behaviour of 

CFS members and to develop reliable design methodologies for advanced systems. The 

study focuses on: 

(1) CFS Channels with Web Holes: investigating the web crippling strength of CFS 

channels with elongated edge-stiffened web holes numerically and proposing 

modifications to DSM for accurate web crippling strength predictions of these 

channels. 

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

advanced connectors (HRCs) and exploring the truss strength design formula. 

(3) CFS Built-Up Box Sections: Investigating the axial capacity, buckling behaviour, 

and connector performance using HRCs and screws and proposing modifications 

to DSM and EWM for accurate axial strength predictions of these CFS columns. 

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

connection strength. 

(5) CFS Swaged Sections: Examining the axial and buckling behaviour of CFS 

columns with locally swaged geometries. 

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

parametric studies to achieve these objectives. 

1.3. Thesis outline 

This thesis comprises eight chapters, as outlined below: 
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Chapter 1: Introduces the 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 assess the web 

crippling performance of CFS channels with elongated edge-stiffened web holes under 

the four different loading 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 sections connected by HRCs or Screws, emphasizing 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. 

1.4. Summary 

This chapter introduced the background and motivation for investigating advanced CFS 

structural systems. The application of CFS channels with web holes was discussed, 
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highlighting the increased susceptibility to web crippling failure and the limitations of 

existing design approaches when edge-stiffened and elongated web holes are used. 

The chapter also outlined recent developments in CFS trusses, built-up box 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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Chapter 2 Literature review 

CFS structural systems are widely used in low- and mid-rise residential buildings due to 

their high strength-to-weight ratio, ease of prefabrication, and rapid construction 

capability. In typical CFS residential buildings, structural members such as studs, floor 

joists, and roof trusses are formed from thin-walled 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, distributed loads, 

and interaction effects between structural members and connections. In particular, 

concentrated loads transferred through floor systems or bearing reactions can induce web 

crippling in thin-walled sections, while the presence of service web openings may 

significantly influence the load-carrying 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 structures. The 

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 high-performance connection systems used in assembled structural 

components. To 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 on high-

performance connections in cold-formed steel structures are discussed to establish the 

background for the connection systems investigated in this thesis. The review also 
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summarizes current design approaches and identifies existing research gaps related to 

web reinforcement and connection performance in CFS structural members. 

2.1. Web crippling capacity of CFS channels with web holes 

2.1.1. CFS plain channels 

Since 1940, numerous studies have focused on investigating the web crippling behaviour 

of various CFS plain channels, including C-shaped sections, Z-shaped sections, and hat 

sections, under four loading conditions: interior one-flange (IOF), end one-flange (EOF), 

interior two-flange (ITF), and end two-flange (ETF), as shown in Figure 2-1. 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 

CFS channels 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 IOF, 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 

behaviour and design of high-strength CFS hat sections and I-beams subjected to web 

crippling. Their laboratory test results revealed that existing design codes were 

inadequate for high-strength materials with elevated yield strengths. Consequently, new 
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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 lipped channels under IOF and ITF loading conditions. The study 

evaluated the accuracy of design guidelines for CFS channels by comparing web 

crippling strengths obtained from numerical analysis, finite strip analysis, and the AISI 

(1996) design guidelines. Their findings highlighted the significant impact of bearing 

length and web height on the web crippling capacity of these channels. 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 plain channels 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 conservative for determining the web crippling 

capacity of unlipped channels. In their study, they developed simple plastic mechanism 

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

Young and Hancock (2001) conducted a series of experimental tests 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. The findings 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 based on a simple plastic mechanism model to improve the 

accuracy of web crippling strength predictions for these beams. 
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Holesapple and LaBoube (2003) conducted a study reporting 29 experimental results on 

C-shaped and Z-shaped channels (see Figure 2-2) to examine the effect of overhang 

length on the web crippling strength of CFS channels. The findings indicated that the 

EOF web crippling capacities predicted by the AISI (1996) guidelines were conservative 

for CFS channels with overhang lengths ranging from 0.5h to 1.5h, where h represents 

the web height. 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 channels. 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 observed during tests. Furthermore, 

the study identified that bearing length, corner radius, and clear web height significantly 

influenced the web crippling capacity of channels, particularly under IOF and EOF 

loading conditions.  

Keerthan et al. (2014) conducted 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 
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(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 these channels. 

Steau et al. (2015) extended their previous research to rivet-restrained rectangular hollow 

flange channels. Laboratory tests revealed that these channels 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 calculating the web crippling strength of such 

channels. As a result, new equations were developed to calculate the web crippling 

capacities of rivet-restrained rectangular hollow flange channel beams, and these new 

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

Janarthanan et al. (2015) 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, a new equation was proposed, utilizing the DSM, to determine 

the web crippling strength of CFS unlipped channels with flanges restrained to supports. 

Gunalan and Mahendran (2015) conducted an experimental investigation into the web 

crippling capacity and design of CFS unlipped channels with stocky webs under ITF and 

ETF loading conditions. In the 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 these channels. The laboratory test results revealed that the 

AISI (2012) design guidelines were unconservative for these stocky channels under ETF 

and ITF loading conditions. Consequently, new design equations were proposed, based 
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on the DSM design rules, to more accurately predict the web crippling capacities of CFS 

channels.  

Sundararajah et al. (2017) conducted experimental and numerical investigations to study 

the web crippling capacity and design of CFS plain channels under two-flange loading 

conditions. Based on the results from both the numerical and experimental studies, they 

proposed improved unified 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. (2019) investigated based on the recently developed AISI S909 web 

crippling test guidelines experimentally and numerically. Using the results of both 

experiments and FEA, new equations were proposed to determine the web crippling 

capacities of plain lipped and unlipped channels and SupaCee sections (see Figure 2-3). 

Additionally, suitable DSM-based web crippling design equations were developed.  

Lan et al. (2024) reported the web crippling and structural design of high-strength steel 

unlipped channels under ETF loading, based on both experimental and numerical 

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 current standards provide inaccurate and 

scattered resistance predictions for high-strength steel unlipped channels. Consequently, 

a modified AISI (2016) design method and a slenderness-based design method were 

proposed, both of which outperform the existing codified design methods. 
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(a) EOF 

 
(b) IOF 

 
(c) ETF 

 
(d) ITF 

Figure 2-1 Four loading conditions of web crippling tests (Janarthanan et al. 2019) 
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Figure 2-2 Z-shaped channels under EOF loading condition (Holesapple & LaBoube, 

2003) 

 

Figure 2-3 SupaCee section under ITF loading condition (Janarthanan et al., 2019) 

2.1.2. CFS channels with un-stiffened web holes 

Numerous studies have investigated the web crippling capacity and design of CFS 

channels with un-stiffened 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 bearing 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 of un-stiffened web holes on the 

reduced web crippling capacity of CFS lipped channels under ETF and ITF loading 
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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 both fastened and un-fastened flanges. 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, c, 2013) tests is illustrated in Figure 2-4(a) and (b). Based on their findings, 

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

channels with un-stiffened 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. Both fastened and un-

fastened flange conditions were 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 distance. Additionally, new design 

equations incorporating capacity reduction factors were proposed. The experimental 

setup employed by Lian et al. (2016, 2017) for testing CFS channels with un-stiffened 

web holes under EOF and IOF loading conditions is shown in Figure 2-4(c) and (d). 

A comprehensive dataset was compiled from prior literature studies focusing on the web 

crippling behaviour of CFS lipped channels with circular web openings under four 

different loading conditions, as outlined in Table 2-1. This table encompasses variations 

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

parameters are presented in Figure 2-4. 
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(a) ITF 

 
(b) ETF 

 
(c) IOF 
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(d) EOF 

Figure 2-4 Different load cases and variables 

Table 2-1 Statistical web crippling tests of CFS channels with circular web holes 

Authors Load cases Opening 

location 

Flange 

Fastened 

Web height  

h 

mm 

Bearing length  

N 

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 

2.1.3. CFS channels with edge-stiffened web holes 

Uzzaman et al., (2017a, 2020a, b) conducted experimental and numerical investigations 

on the web crippling capacity of CFS channels with edge-stiffened web holes (see Figure 

2-5) under ITF, ETF, IOF, and EOF loading conditions. The results from laboratory tests 

and numerical analyses demonstrated that edge-stiffened web holes significantly improve 

the web crippling capacity of such channels. Based 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 experimental and numerical results.  
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Chen et al. (2021) reported 36 new web crippling tests conducted on CFS channels with 

edge-stiffened web holes under fastened support conditions and subjected to two-flange 

loading (see Figure 2-5). 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 with un-fastened 

flanges. Specifically, the web crippling capacity increased by 71% under ETF loading 

and by 33% under ITF loading for fastened flanges.  

 
(a) Uzzaman et al. (2017b) 

  
(b) Chen et al. (2021) 

Figure 2-5 CFS channels with edge-stiffened web holes 

2.1.4. Current design equations for CFS channels in web crippling 

For CFS plain channels, unified web crippling design equations with specific coefficients 

are provided in the current AS/NZS (2018) and AISI (2016) standards. These coefficients 

C, Cr, Cl, and Cw vary depending on the loading cases, support conditions, and flange 
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types. The effect of fastened support is incorporated into the design rules outlined in both 

AS/NZS (2018) and AISI (2016) for CFS channels. The nominal web crippling capacity 

can be calculated using Equation 2.1. It should be noted that the design equations are not 

applicable to sections with larger r i/tw ratios, as such configurations may deviate from the 

assumptions used in deriving the equations, leading to inaccurate predictions of web 

crippling capacity. 
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Eurocode 3 provides design equations (Equations 2.2 and 2.3) for calculating the web 

crippling capacity of CFS plain channels under one-flange loading cases. In the equations, 

dw is the web height; gM1 represents the partial safety factor (=1). However, these 

equations are more complex compared to the unified web crippling design equations 

specified in AS/NZS (2018) and AISI (2016). Notably, Eurocode 3 uses the same design 

equations for both flange-fastened and flange-unfastened support conditions, 

disregarding any potential increase in web crippling capacity due to flanges being 

fastened to the supports. Additionally, the applicability of these equations is restricted to: 

r i/t Ò 6 and dw/t Ò 200.  
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For CFS lipped channels with unstiffened web holes, AISI (2016) provides strength 

reduction factor equations (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, 2013) proposed Rp equations for CFS channels with 

circular web openings across two-flange loading scenarios. These equations are 

summarized as follows in Equations 2.4 and 2.5, with 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 due to the Rp 

equations' omission of critical parameters such as material yield strength (fy), flange width 

(bf), fillet radius (r i), etc. Thus, there are notable limitations to the Rp equations' 

applicability scope: the dimensional limits are h/t Ò 156, N/t Ò 84, N/h Ò 0.63, a/h Ò 0.8. 

For cantered beneath web holes: 
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For offset web holes: 

Table 2-2 Coefficients for Rp equations (Uzzaman et al., 2012b, 2012a, 2013) 

Load cases Opening location Flange Fastened n1 n2 n3 

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 edge-stiffened web holes, Uzzaman et al., (2017a, 2020a, b) 

developed design equations to calculate the capacity reduction factor (Rp) using bivariate 

linear regression analysis. These equations are specifically applicable to CFS channels 

1 2 3( ) 1P

a x
R n n n

h h

å õ
= - + ¢æ ö

ç ÷
 (Equation 2.5) 
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with un-fastened flanges subjected to two-flange loading conditions. The Rp for such 

channels can be determined using Equations 2.6 and 2.7. 
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2.2. A novel connector-Howick Rivet Connectors (HRCs) 

CFS channels are commonly used as both chord and web members in trusses, typically 

joined with conventional self-drilling screws (Dizdar et al. (2019); Rajanayagam et al. 

(2021)). According to the North American Standard for Cold-Formed Steel Framing - 

Truss Design (AISI 2012), a minimum of four screws is recommended at each junction 

between web members and chords when screws are employed as fasteners. However, 

fabricators often prefer using a single fastener per connection for ease of alignment and 

precise positioning. Although bolts can satisfy the load requirements for truss connections, 

their shear strength frequently exceeds the bearing capacity of cold-formed thin steel, 

compromising the ductility of the connections.  

To address this limitation, Howick Ltd., based in New Zealand, has developed an 

innovative connector called the Howick Rivet Connector (HRC). This connector is 

specifically designed to provide higher connection strength while accommodating the 

material properties of CFS trusses (Mathieson et al. 2014, 2016, 2019). The HRC consists 

of a hollow steel tube with two inner swaged collars strategically positioned between the 

connected CFS sections. The design of the HRC is illustrated in Figure 2-6, with 

additional depictions of the installation process and practical applications provided in 

Figures 2-7 and 2-8, highlighting its effectiveness in structural engineering.  
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Recent studies highlight that CFS T-stub connections employing HRCs demonstrate 

comparable performance to traditional bolted connections, with notable enhancements in 

load capacity and ductility. Specifically, HRC connections exhibit an average strength 

increase of 14.35% compared to bolted connections (Ahmadi et al. (2016)). 

Mathieson et al. (2019) investigated the performance of HRCs versus conventional 

screws in CFS trusses spanning 1800 mm. Their results showed that trusses with HRCs 

significantly outperformed those with screws in terms of bearing capacity, initial stiffness, 

and ductility, as illustrated in Figures 2-9(a) and 2-9(b). Similarly, Roy et al. (2023) 

conducted 15 experimental tests on CFS T-stub connections using a combination of HRCs 

and screws to examine failure mechanisms and structural behaviour under tension. 

Previous studies (Mathieson et al. (2019); Ahmadi et al. (2016); Roy et al. (2023)) have 

identified two primary failure modes for HRC connections: shear failure and bearing 

failure. In contrast, traditional screw connections are prone to additional failure modes, 

such as screw pull-out or tilting, as shown in Figure 2-9(a). These differences in failure 

mechanisms likely contribute to the higher connection strength observed in HRCs 

compared to conventional screws. However, despite these advancements, there remains 

a limited understanding of the moment capacity of CFS trusses featuring eccentric HRC 

connections at diagonal-to-chord joints, indicating the need for further research in this 

area. 
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(a)Connection details reported by Roy et al. (2023) 

 
(b)Schematic view 

Figure 2-6 Howick Rivet Connector (HRC) 

 
Figure 2-7 HRC installation process 
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Figure 2-8 HRCs used in roof trusses 

 
(a) Screw connections 

 
(b) HRC connections 

Figure 2-9 Comparison of failure modes of screw and HRC connection in trusses 

reported by Mathieson et al. (2019) 

Screw Fracture  

Screw Pull-out  Screw Tilting  
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2.3. CFS built-up box section 

In cold-formed steel (CFS) structures, built-up box sections are extensively employed in 

critical structural components, such as roof trusses, floor joists, window frames, 

doorways, and shear wall studs, where they are required to withstand large concentrated 

loads. These sections are favoured in CFS construction for their exceptional load-bearing 

capacity, enhanced stability, and superior moment of inertia compared to back-to-back 

built-up sections (Roy et al. 2019). Additionally, the versatility of CFS channels enables 

the formation of built-up members with substantially increased capacities by combining 

multiple individual channels (Zhou et al. 2021). This flexibility not only enhances 

structural performance but also drives the continuous innovation in the application of 

standard CFS products (Craveiro et al. 2022). 

Numerous experimental and numerical studies have examined the structural behaviour 

and axial capacity of built-up box section columns with various cross-sectional 

configurations. Commonly, these columns are composed of two C-sections (Roy et al. 

2019; Guzman et al. 2021; Li et al. 2014; Mahar et al. 2023; Vy et al. 2021a, 2021b; 

Reyes et al. 2011), two U-sections (Mahar et al. 2022; Selvaraj et al. 2022), or a 

combination of one C-section and one U-section (Nie et al. 2020; Li et al. 2021, 2024), 

connected using either welding (Zhou et al. 2021; Guzman et al. 2021, Reyes et al. 2011) 

or self-drilling screws (Dai et al. 2024; Ananthi et al. 2023). 

Nie et al. (2020) experimentally investigated the influence of cross-sectional shapes, 

lengths, and thicknesses under both concentric and eccentric axial compression. Their 

findings revealed that specimens subjected to eccentric compression about the strong axis 

experienced flexural-torsional buckling, whereas those compressed about the weak axis 

exhibited flexural buckling.  
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Li et al. (2021) conducted experimental and numerical analyses on nested built-up 

sections comprising C- and U-sections. They observed that C-sections primarily failed 

due to distortional buckling, while U-sections were prone to local buckling. Similarly, 

Zhou et al. (2021) studied built-up box sections experimentally, reporting failures 

dominated by local buckling and local-global interaction modes. 

Recent studies have examined the structural behavior and ultimate strength of back-to-

back built-up sections (Roy et al. 2019; Li et al. 2024; Chen et al. 2020; Li et al. 2022; 

Fratamico et al. 2018), as well as those comprising triple limbs or multiple channels (Roy 

et al. 2019; Deepak et al. 2021; Phan et al. 2021; Abbasi et al. 2023; Nie et al. 2020; Yang 

et al. 2022, 2024; Ma et al. 2024), through experimental testing and numerical analysis. 

Craveiro et al. (2022) conducted an experimental investigation into the behavior of 

innovative closed built-up cold-formed steel (CFS) short columns, evaluating four 

distinct built-up cross-sections formed from three individual shapes: C, U, and Ɇ. The 

study revealed that for built-up columns governed by local buckling, the fastener spacing 

must be equal to or smaller than the local buckling half-wavelength to achieve high 

composite action, thereby maximizing the load-bearing capacity of the built-up member. 

The "plate group effect," introduced by Zhou et al. (2002) through theoretical analysis, 

describes the behaviour of built-up members under compression. This effect initially 

causes the weaker plate to buckle, while the stronger plate acts as a constraint, delaying 

the buckling of the weaker plate. However, once the weaker plate buckles, it exerts a 

destabilizing influence on the stronger plate, leading to a reduction in the critical buckling 

stress of the stronger plate while simultaneously increasing the critical buckling stress of 

the weaker plate. 
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Dar et al. (2021, 2022) investigated CFS battened closed-section columns composed of 

plain channels using experimental and numerical methods. The results of their study 

indicated that the arrangement of the channels in the built-up section influence the axial 

strengths as well as the buckling stability in CFS battened columns. The toe-to-toe 

configuration gives better performance over the back-to-back ones. Rahnavard et al. 

(2021, 2023) proposed an optimal layout for CFS built-up battened columns to enhance 

composite action between two individual lipped channels. They also developed design 

equations based on an extensive numerical parametric study. 

Built-up members are recognized for their excellent strength-to-weight ratios and 

adaptability for various applications. However, as highlighted by Rasmussen et al. (2020), 

the design of these members is hindered by the lack of codified methodologies. AISI 

(2016) and AS/NZS (2018) provide two primary approaches for determining the ultimate 

axial capacity of CFS structural members: the EWM and DSM. The DSM equations 

included in these standards are semi-empirical and have been validated for a limited range 

of cross-sections. To address this limitation, researchers such as Li et al. (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-up columns. Additionally, Roy et al. 

(2019) observed that the design strengths calculated using the EWM tended to be 

conservatively overestimated by approximately 17% for CFS built-up box columns. The 

variability in the effectiveness of the design methods specified in AISI (2016) and 

AS/NZS (2018) across different built-up sections underscores the need for re-evaluation 

when new built-up configurations are introduced. 
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2.4. CFS swaged section 

In CFS channels, the swaging process is employed to reduce the width of the cross-

sections, facilitating the nesting of these channels. Swaged channels (see Figure 2-10) are 

commonly utilized in various applications, including T-stud, brace-to-stud, and nogging-

to-stud connections in CFS frames (see Figure 2-11). The axial capacities and deformed 

shapes of swaged CFS channels are expected to differ from those of plain channels; 

however, no experimental studies have been conducted to investigate these differences to 

date. 

In recent years, extensive research on CFS channels reinforced with various web 

stiffeners has been reported, addressing not only compressive capacity (Wang et al. 2016; 

Manikandan et al. 2018; Ye et al. 2018a,2018b; Nguyen et al. 2009; Ananthi et al. 2021) 

but also flexural capacity (Wang et al. 2017; Roy et al. 2020) and shear capacity (Pham 

et al. 2015). Design recommendations for each of these capacities have also been 

proposed. However, these studies exclusively considered web stiffeners that span the full 

length of the test specimens. Additionally, the web height remained consistent between 

the CFS channels with web stiffeners and the plain channels used for comparison. 

To ensure proper web support, cold-formed steel (CFS) channels with various web 

stiffeners and the same web height must possess sufficient rigidity; otherwise, the 

members may buckle prematurely, leading to a reduction in member strength (Wang et 

al. 2016). Manikandan et al. (2018) experimentally and numerically investigated the 

distortional buckling behaviour of CFS channels with various web stiffeners and the same 

web height (see Figure 2-12) under axial compression. Their findings revealed that 

intermediate web stiffeners significantly influence the strength and failure modes of the 

sections. Wang et al. (2016) conducted a series of compression tests and numerical 
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investigations on channels with two different types of web stiffeners and the same web 

height, as shown in Figure 2-13. Their results demonstrated that, compared to plain 

channels, the ultimate load-carrying capacity of Ɇ- and V-type sections was increased by 

65% and 50%, respectively. Liang et al. (2022) reviewed and summarized a substantial 

body of literature to explore the optimization of CFS members with various 

configurations of web and edge stiffeners. Chen et al. (2019, 2020) investigated the effect 

of edge-stiffened web holes under axial compression. 

  
(a) Swaged section at the end of 

channel section 
(b) Swaged section in the middle of 

channel section 
Figure 2-10 CFS channels with swaged sections 

  
(a) T-stud 
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(b) Brace-to-stud (c) Nogging-to-stud 

Figure 2-11 Application of CFS channels having a swaged section 

    
(a) Plain channel (b) V-type channel (c) U-type channel (d) Ɇ-type channel 

Figure 2-12 Section geometries used by Manikandan et al. (2018) 

   
(a) Edge stiffeners (b) Edge stiffeners & Ɇ-type (c) Edge stiffeners & V -type 

Figure 2-13 Cross sections used by Wang et al. (2016) 

2.5. Summary 

This chapter reviewed previous studies on the web crippling behaviour and design of CFS 

channels, with emphasis on members containing web holes. The development of web 

crippling research for plain channels under IOF, EOF, ITF, and ETF loading conditions 

was summarised, followed by a synthesis of experimental and numerical findings for 
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channels with un-stiffened and edge-stiffened web holes. Current design provisions were 

outlined, highlighting the scope and limitations of existing web crippling equations and 

reduction-factor models. 

In addition, the chapter introduced the Howick Rivet Connector (HRC) and summarised 

its reported advantages over conventional screw connections, while noting outstanding 

research needs for truss joints with eccentric HRC connections. Literature on CFS built-

up box sections and swaged sections was also reviewed, showing that member behaviour 

is strongly affected by cross-section configuration, connector detailing, and slenderness, 

and that existing approaches may require modification for new or advanced 

configurations. These identified gaps provide the basis for the investigations presented in 

the following chapters. 
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Chapter 3 Web crippling capacity of CFS channels with elongated edge-

stiffened web holes  

3.1. Introductory remarks 

CFS channel sections are widely used in light-gauge steel construction, where web 

openings are often introduced to accommodate building services such as electrical 

conduits, plumbing pipes, and ventilation ducts. Elongated web holes are increasingly 

adopted in practice because they provide greater flexibility for service installation; 

however, their presence alters the stress distribution in the web and may significantly 

reduce the web crippling capacity when concentrated loads are applied. Edge stiffeners 

are commonly used around web openings to enhance the stiffness and strength of the web, 

yet the behaviour of CFS channels with elongated edge-stiffened web holes under web 

crippling loads remains insufficiently understood and is not explicitly addressed in 

current design standards. Therefore, this chapter presents a comprehensive numerical 

investigation using nonlinear FE analyses to study the web crippling behaviour of CFS 

channels with elongated web holes. The FE models were first validated against 

experimental results for sections with circular edge-stiffened web holes, showing good 

agreement in terms of loadïdisplacement responses and deformed shapes. Based on the 

validated models, an extensive parametric study comprising 4,745 finite element analysis 

(FEA) cases was conducted for channels with elongated unstiffened and edge-stiffened 

web holes, and design equations were subsequently proposed in the form of web crippling 

reduction factors (Rp) and DSM-based equations. 
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3.2. Numerical study 

3.2.1. General 

No experimental studies were identified in the literature addressing the web crippling 

behavior of CFS channels with elongated un-stiffened and edge-stiffened web holes. 

Consequently, the web crippling test results for CFS channels with circular web holes 

under four different loading conditions (ITF, ETF, IOF and EOF), as reported by Chen et 

al. (2021) and Uzzaman et al. (2017), were utilized to validate the FE models developed 

in this study. The modelling techniques employed by Chen et al. (2021) and Uzzaman et 

al. (2017) were also adopted.  

3.2.2. General description of FE model 

The material properties were derived from tensile coupon tests reported by Chen et al. 

(2021) and Uzzaman et al. (2017). Following the guidelines in the ABAQUS manual, the 

engineering stress-strain curve was converted into a true stress-strain curve. 

S4R shell elements with six degrees of freedom per node were used to model the CFS 

channels, while R3D4 rigid elements were chosen to model the bearing plates. Based on 

mesh sensitivity analysis results, a mesh size of 10 mm Ĭ 10 mm was used to simulate 

the bearing plates, while a mesh size of 5 mm Ĭ 5 mm was found to be appropriate for 

the channels. Mesh refinement was used around the elongated web holes and the section 

corners between the web and flanges. The FE meshing details were presented in Figure 

3-1.  
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(a) ITF 

 

(b) ETF 

 

(c) IOF 

 

(d) EOF 

Figure 3-1 CFS channels with edge-stiffened web holes 
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The interface between the CFS channels and the bearing plates was modeled using the 

"Surface-to-Surface" contact feature in ABAQUS. The stiffer bearing plate was 

designated as the master surface, while the flanges of the channels were assigned as the 

slave surface. To prevent the penetration of contact surfaces, the "node-to-surface" 

discretization method was employed. All degrees of freedom, except those associated 

with the loading direction, were constrained at the top bearing plate or loading block. 

Axial loading was applied through displacement control via a reference point located on 

the top bearing plate or loading block. For cases involving fastened flanges, bolt 

connections were modeled using the "Cartesian" connector. This connector element, 

defined by three nodes, is designed for rigid linkages and allows users to define 

translational and rotational degrees of freedom as well as axial stiffness between the 

connected nodes. 

3.2.3. Validation of FE model 

A comparison between the experimental results (PEXP) reported by Chen et al. (2021) and  

Uzzaman et al. (2017) and the FEA results (PFEA) from this study is summarized in Table 

3-1. The specimens from Chen et al. (2021) and Uzzaman et al. (2017) were labeled as 

illustrated in Figure 3-3.ШThe sharp peak observed in the FE loadïdisplacement curves is 

mainly caused by an abrupt contact-status transition between the bearing plate and the 

channel flange, combined with the idealised contact assumptions in the numerical model 

(hard contact and simplified material law). In the tests, surface roughness, local 

indentation, gradual seating of the specimenïrig system and progressive yielding smear 

this transition, leading to a smoother response. As shown in Table 3-1, the mean ratios of 

PEXP/PFEA for ITF, ETF, IOF, and EOF are 1.00, 0.97, 0.99 and 0.99, with COVs of 0.03, 

0.02, 0.02 and 0.02, respectively. Figures 3-4 and 3-5 compare the load-displacement 



40 

 

curves and deformed shapes obtained from the FEA and experimental results. These 

figures demonstrate that the deformed shapes and load-displacement responses from the 

FEA closely align with those from the experimental tests. Overall, the FE model 

developed in this study exhibited strong correlation with the experimental results. 

 
Figure 3-2 Specimen labelling for tests reported by Chen et al. (2021) 

  

(a)Two-flange loads (b)One-flange loads 

Figure 3-3 Comparison of load-displacement curve 

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

(a) ITF 

 
 

(i) ETF190-N50-EH-Test (ii)  ETF190-N50-EH-FEA 

(b) ETF 

 

 
(i) Test (ii) FEA 

(c) IOF 

 

 
(i) Test (ii) FEA 

(a) EOF 

Figure 3-4 Comparison of deformed shape 
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Table 3-1 Specimen dimensions and experimental ultimate loads from literature 

Specimens Web 

 

d 

(mm) 

Flange 

 

bf 

(mm) 

Lip 

 

bt 

(mm) 

Length 

 

L 

(mm) 

Bearing 

length 

N  

(mm) 

Stiffener 

length 

q 

(mm) 

Exp. 

load 

PEXP 

 (kN) 

FEA. 

load 

PFEA 

(kN) 

PEXP 

/PFEA 

(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 15.50 670.00 100 - 6.89 6.96 0.99 

ITF190-N50-EH 190.5 45.5 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 

ETF190-N50-NH 190.0 45.1 15.2 334.7 50 - 2.56 2.53 1.01 

ETF190-N75-NH 189.8 45.5 14.8 360.5 75 - 2.77 2.88 0.96 

ETF190-N100-NH 190.5 44.9 15.0 385.0 100 - 3.08 3.21 0.96 

ETF190-N50-UH 189.5 44.9 15.2 334.8 50 - 1.98 2.02 0.98 

ETF190-N75-UH 190.3 45.5 15.0 360.5 75 - 2.20 2.30 0.96 

ETF190-N100-UH 189.7 44.8 14.8 384.5 100 - 2.45 2.53 0.97 

ETF190-N50-EH 189.8 44.8 14.9 334.5 50 13 2.72 2.78 0.98 

ETF190-N75-EH 190.2 45.2 15.2 360.5 75 13 3.08 3.16 0.97 

ETF190-N100-EH 190.5 45.5 15.0 385.0 100 13 3.41 3.52 0.97 

Mean         0.97 

COV         0.02 

(c) IOF 

IOF240-N50-NH 236.3 45.1 18.6 970.0 50 - 16.07 15.84 1.01 

IOF240-N75-NH 238.2 44.8 17.6 994.7 75 - 17.30 17.17 1.01 

IOF240-N100-NH 237.6 44.8 17.6 1020.0 100 - 18.50 18.79 0.98 

IOF240-N50-UH 235.1 44.8 17.5 969.0 50 - 15.72 15.74 1.00 

IOF240-N75-UH 236.5 45.2 17.8 994.3 75 - 16.64 17.01 0.98 

IOF240-N100-UH 235.5 45.0 17.6 1020.2 100 - 17.60 18.02 0.98 

IOF240-N50-EH 236.3 44.8 17.4 969.3 50 13 16.26 15.86 1.03 

IOF240-N75-EH 236.7 44.8 17.8 994.3 75 13 17.54 18.19 0.96 

IOF240-N100-EH 237.7 45.0 17.7 1020.9 100 13 18.83 19.50 0.97 

Mean         0.99 

COV         0.02 

(d) EOF 

EOF240-N50-NH 237.33 44.35 17.72 920.0 50 - 5.82 5.81 1.00 

EOF240-N75-NH 237.21 44.97 17.78 970.1 75 - 6.41 6.23 1.03 

EOF240-N100-NH 237.58 45.10 17.81 1019.5 100 - 6.90 6.63 1.04 

EOF240-N50-UH 236.73 44.84 17.48 920.1 50 - 4.22 4.26 0.99 

EOF240-N75-UH 235.28 44.84 17.81 970.7 75 - 4.60 4.65 0.99 

EOF240-N100-UH 236.32 45.10 17.78 1019.2 100 - 4.95 4.93 1.00 

EOF240-N50-EH 238.00 44.93 17.74 919.3 50 13 5.74 5.57 1.03 

EOF240-N75-EH 236.83 44.57 17.55 969.5 75 13 6.30 6.30 1.00 

EOF240-N100-EH 237.50 44.80 17.47 1020.9 100 13 6.80 6.69 1.01 

Mean         1.01 

COV         0.02 
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3.3. Parametric study 

A comprehensive parametric study was conducted on CFS channel sections with 

elongated unstiffened and edge-stiffened web holes (see Figure 2-4 and Figure 3ï5) under 

four different loading conditions. These parameters included the ratio of hole width to the 

flat web depth (dw/d1), the ratio of hole length to hole width (bw/dw), the ratio of edge-

stiffener length to flat web depth (q/d1), the ratio of bearing length to section thickness 

(N/t), and the ratio of the inside fillet radius between the web and edge stiffener to flat 

web depth (rq/d1).  

The values of the parameters investigated in the parametric study are summarized in 

Table 3-2. Appendix A-F presents the web crippling strengths of CFS channels with plain 

webs, unstiffened web holes, and edge-stiffened web holes, as determined from the FEA 

results. The labelling system for the specimens in the parametric study is illustrated in 

Figure 3-6. 

 
Figure 3-5 Elongated edge-stiffened web holes details 

 

Figure 3-6 Specimen labelling in the parametric study 
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Table 3-2 Different variables used in the parametric study 

3.3.1. Effects of dw/d1and bw/dw  

The effect of dw/d1 on the RP for the ITF loading case is illustrated in Figure 3-7(a). A 

decrease in RP was observed for the channel section C190-N50-B2 as the dw/d1 ratio 

increased from 0.3 to 0.7. Figure 3-7(a) highlights the significant influence of dw/d1 on 

RP, particularly for specimens with smaller edge-stiffener length ratios (i.e., Q0.02) and 

smaller edge-stiffener fillet radii (e.g., Rq2). For the ETF loads, a decrease of 37% of the 

web crippling strength for the specimen UH-N75-B2.5-T1.5 was observed when the 

values of dw/d1 increased from 0.3 to 0.7. For the CFS channels with elongated un-

stiffened web holes, their web crippling strength could be increased by using edge-

stiffened web holes. When the dw/d1 is equal to 0.7, the web crippling strength of the 

specimen EH-N75-B2.5-Q0.08-Rq4-T1.5 increases by 73% compared to the equivalent 

channel with an un-stiffened web hole, as shown in Figure 3-7(b). A decrease of 33% and 

20% in the web crippling strengths was observed for the specimen UH-N100-B1.8-T2.0 

under IOF and EOF loading conditions (see Figures 3-7(c) and 3-7(d)), respectively, as 

the dw/d1 values increased from 0.2 to 0.6. In the case of CFS channels with elongated 

un-stiffened web holes, their web crippling strengths were enhanced due to the presence 

of edge-stiffened web holes. Especially for large web openings, the primary compressive 

load transfer path within the web is significantly disrupted. As the opening approaches 

the bearing region, the effective web depth is substantially reduced, resulting in 

Load cases Sections  

(mm) 

Elongated web holes N Q  

q/d1 

rq  

(mm) 

t 

(mm) dw/d1 bw/dw (mm) 

ITF 190×45×15, 

240×45×15 
0,0.3,0.5,0.7 2, 2.5, 3 50,75,100 0.02,0.06,0.10 

2, 3, 

4, 6 

1.5 

ETF 190×45×15 0,0.3,0.5,0.7 
2, 2.25, 

2.5, 2.75, 3 
50,75,100 

0.04, 0.06, 

0.08, 0.10 

2, 3, 

4, 6 

1,1.5 

IOF 240×45×15 
0, 

0.2,0.4,0.6 

1.4, 1.8, 

2.2 
50,75,100 

0.04, 0.06, 

0.08 

2, 3, 

4 

1.5, 

2, 2.5 

EOF 240×45×15 
0, 

0.2,0.4,0.6 

1.4, 1.8, 

2.2 
50,75,100 

0.04, 0.06, 

0.08 

2, 3, 

4 

1.5, 

2, 2.5 
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pronounced strength degradation and a transition from conventional web crippling to a 

coupled failure mode involving hole-edge yielding, flange rotation, and localized web 

buckling, as observed in specimen UH-N100-B1.8-T2.0 in Figure 3-7(c). Consequently, 

the web crippling strength exhibits markedly higher sensitivity to both opening size and 

location. When the values of dw/d1 reached 0.6, the web crippling strengths of the 

specimen EH-N100-B1.8-Q0.06-Rq3-T2.0 under the IOF and EOF loading conditions, 

respectively, increased by 39% and 46% when compared to the equivalent channels with 

un-stiffened web holes.  

In Figure 3-8(a), for the channels C190-N50-Rq2, when the dw/bw increased from 2.00 to 

3.00, the RP showed a downward trend with different q/d1 and dw/d1. Compared to CFS 

sections with a plain web, for the case of an elongated un-stiffened web hole, the average 

reduction for sections with an aspect ratio of 2 and 3 was 39% and 49%, respectively. 

However, for an elongated edge-stiffened hole, the reduction in the web crippling 

strength was reduced to only 2% and 16%, respectively. It can be seen from Figure 3-8(b) 

that web crippling strengths showed a downward trend, especially for those specimens 

with un-stiffened web holes, when the dw/bw increased from 2 to 3. When the ratio of 

dw/bw is equal to 3, the web crippling strengths of the specimens UH-N75-D0.7-T1.5 and 

EH-N75-D0.7-Q0.08-Rq4-T1.5 decreased by 57% and 8%, respectively, compared to the 

specimen NH-N75-T1.5. Compared to sections having a plain web, for the case of an 

elongated un-stiffened web hole having an aspect ratio of two and three, the average 

reduction in web crippling strength was 21.23% and 35.67%, respectively. However, for 

an edge-stiffened hole, the reduction in the web crippling strength was only 4.56% and 

7.54%, respectively. In Figure 3-8(c), when the bw/dw ratio was 2.2, the web crippling 

strengths of specimens UH-N75-D0.6-T2.0 and EH-N75-D0.6-Q0.06-Rq3-T2.0 under 

the IOF loading condition decreased by 43% and 9%, respectively, in comparison to the 
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specimen NH-N75-T2.0. It is noteworthy that for specimen UH-N75-D0.6-T2.0, a 

pronounced reduction in web crippling strength was observed as the  bw/dw ratio 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 web crippling behaviour is highly 

sensitive to the location of web openings relative to the load application. In contrast, the 

use of edge-stiffened web holes effectively mitigates this adverse effect, significantly 

reducing the strength degradation associated with web openings. Similarly, for CFS 

channels with un-stiffened and edge-stiffened web holes under the EOF loading condition, 

the web crippling strengths were 44% and 15% lower than those of plain channels, 

respectively, as shown in Figure 3-8(d). 

  
(a) ITF (b) ETF 
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(c) IOF (d) EOF 

Figure 3-7 Variation in reduction factor/web crippling strength with dw/d1  

  
(a)ITF (b)ETF 

  
(c) IOF (d)EOF 

Figure 3-8 Variation in reduction factor/web crippling strength with bw/dw 
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3.3.2. Effects of rq/t, N/d1 and q/d1  

The effects of the rq/t, N/d1, and q/d1 on the RP/web crippling strength were shown in 

Figures 3-9, 3-10 and 3-11, respectively. It can be seen from Figure 3-9(a) that the values 

of the RP for the channels C190-N50-D0.3 under ITF loading have a slight increase when 

the rq/t increased from 1.33 to 4.00. The effect of rq/t on the web crippling strength under 

ETF loading is shown in Figure 3-9(b). The rq/t has a small effect on the web crippling 

strengths of the specimens with elongated edge-stiffened web holes. It is important to 

note that the web crippling strength of the specimen with an edge-stiffened web hole (EH-

N75-D0.5-B2.5-Q0.08-T1.0) exceeded the web crippling strength of the equivalent 

section with a plain web (NH-N75-T1.0). In the case of web crippling, the use of 

elongated edge-stiffened holes almost results in the same strength as an equivalent 

channel-section with a plain web. The ratio rq/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 in Figures 3-9(c) and 3-9(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 an edge-stiffened web 

hole (EH-N75-D0.4-B1.8-Q0.06-T2.5) even exceeded that of the equivalent channel with 

a plain web (NH-N75-T2.5).  

It can be seen from Figure 3-10(a) that the variation of N/d1 has a slight effect on the RP 

of the channels C190-Q0.02-Rq2. It can be seen from Figure 3-10(b) that web crippling 

strengths under ETF loadings all showed an increasing trend with increasing bearing 

lengths for CFS channels with edge-stiffened web holes, un-stiffened web holes, and 

plain webs. Similarly, the effect of N/d1 ratio on the web crippling strengths is depicted 

in Figures 3-10(c) and 3-10(d). It is evident that as the bearing lengths increase, the web 
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crippling strengths of CFS channels with edge-stiffened web holes, un-stiffened web 

holes, and plain webs under IOF and EOF loading conditions exhibit an increasing trend. 

The effect of the q/d1 on the RP was shown in Figure 3-11(a). It is important to note that 

for the channels C190-N50-Rq2, q/d1 had a significant effect on the RP, especially for 

those specimens with a large aspect ratio (i.e., B3.0) and a large ratio of the width of the 

hole to the depth of the web (i.e., D0.7). For instance, the RP of channels C190-N50-

D0.7-B3.0-Rq2 increased from 0.37 to 0.65 when the ratio q/d1 increased from 0.02 to 

0.10. The effect of q/d1 on the web crippling strength under ETF loads is shown in Figure 

3-11(b). The web crippling strength of the specimen EH-N75-D0.5-B2.5-Rq4-T1.5 

increased by 4% when q/d1 increased from 0.04 to 0.10. The effect of q/d1 ratio on the 

web crippling strengths is shown in Figure 3-11(c) and 3-11(d). For the specimen EH-

N75-D0.4-B1.8-Rq3-T2.0, subjected to IOF and EOF loading conditions, there was a 

respective 0.4% and 1.4% increase in web crippling strengths as the q/d1 ratio increased 

from 0.04 to 0.08. From the FEA results, it is evident that among the five variables studied 

(dw/d1, bw/dw, rq/t, N/d1, and q/d1), dw/d1, bw/dw, and N/d1 ratios had the most significant 

effects on the web crippling strengths of these channels. 

 
 

(a)ITF (b)ETF 
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(c) IOF (d)EOF 

Figure 3-9 Variation in reduction factor/web crippling strength with rq/t 

  
(a)ITF (b)ETF 

  
(c) IOF (d)EOF 
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Figure 3-10 Variation in reduction factor/web crippling strength with N/d1 

  
(a)ITF (b)ETF 

 
 

(c) IOF (d)EOF 

Figure 3-11 Variation in reduction factor/web crippling strength with q/d1 

3.4. Proposed web crippling design equations 

3.4.1. Proposed Rp equations 

The evaluation of numerical simulation results revealed that the parameters dw/d1, bw/dw, 

rq/t, N/d1, and q/d1 significantly influenced the reduction factor (Rp) for CFS channels 

with elongated edge-stiffened web holes. Using regression analysis performed in Origin, 

equations were developed to predict Rp. These proposed equations are presented as 

follows: 

For the CFS channels under ITF loadings, 
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For the CFS channels under ETF loadings, 
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For the CFS channels under IOF loadings, 
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For the CFS channels under EOF loadings, 
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 Equation 3.4 

It was found that the values of the web crippling strength reduction factor for ITF loadings 

were much larger than or much less than 1 when Q is 0.02, which means Equation 3.1 

were no longer applicable. To accurately determine the range of application of these 

equations, the effects of q and rq on RFEA/RP1 were investigated in Appendix A(e), and it 

was found that the proposed equations were unreliable to predict the web crippling 

strength reduction factor when q/d1 was less than 0.025. Overall, the limitations for the 

proposed equations are: 0.025 Ò q/d1 Ò 0.10, 0.30 Ò dw/d1 Ò 0.70, 0.27 Ò N/d1 Ò 0.54, 2 

mm Ò rq Ò 6 mm, and 2.00 Ò bw/dw Ò 3.00. For Equation 3.2, the limitations are: 0.04 Ò 

q/d1 Ò 0.10, 0.30 Ò dw/d1 Ò 0.70, 2.00 Ò bw/dw Ò 3.00, 0.27 Ò N/d1 Ò 0.54, and 2 mm Ò rq Ò 

6 mm. For Equations 3.3 and 3.4, the limitations are: 0.04 Ò q/d1 Ò 0.08, 0.20 Ò dw/d1 Ò 

0.60, 1.40 Ò bw/dw Ò 2.20, 0.21 Ò N/d1 Ò 0.43, and 2 mm Ò rq Ò 4 mm. The comparison of 

web crippling capacities of CFS specimens from the parametric study with the proposed 

RP equation in this chapter was shown in Figure 3-12.  
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(a)Comparison of reduction factors for 

ITF loading condition 
(b)Comparison of reduction factors for 

ETF loading condition 

  

(c) Comparison of web crippling strength 

for IOF loading condition 

(d) Comparison of web crippling strength 

for EOF loading condition 

Figure 3-12 Comparison of FEA results and Rp equations 

3.4.2. Proposed DSM-based equations 

The application of web crippling strength reduction factor equations was limited to some 

specific CFS channel sections and did not consider the effects of ri, bf and fy. The DSM 

offers an alternative approach for predicting the web crippling strength of CFS channels, 

providing a more general framework as it encompasses all buckling modes within a single 

methodology. Previous studies on DSM have primarily focused on the web crippling 

behavior of CFS plain channels. However, the methodology can be adapted to the present 

study to investigate the effects of elongated edge-stiffened web holes on the web crippling 

behavior of CFS channels. Several researchers (Keerthan et al., 2014; Nat§rio et al., 2016, 
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2017) have proposed DSM-based web crippling design equations using a format of 

Equation 3.5 for CFS plain channels under different loading conditions. 

2 2
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 Equation 3.5 

The critical buckling load (Pb,cr) and the yield load (Pb,y) were two key parameters in 

Equation 3.3. Sundararajah 2017 proposed DSM-based equations to predict the web 

crippling capacities of CFS plain channels, and they determined the Pb,cr using elastic 

buckling FEA and the Pb,y using idealized failure mechanisms based on the deformed 

shapes observed in tests and FEA. 

The critical buckling loads of CFS channels were derived from linear buckling analyses 

(Sundararajah 2017) using ABAQUS. The nodal forces were used to simulate the load at 

the junction between the web and the flange. The boundary conditions were shown in 

Figure 3-13. FE models were developed to obtain the elastic critical buckling loads (Pb,cr) 

of CFS channel sections having elongated un-stiffened and edge-stiffened web holes, and 

the details of such specimens were shown in the Appendix A. Pb,cr were used to calculate 

the buckling coefficient (kFEA) using Equation 3.6. 
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d
=
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p
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where k represents the critical buckling coefficient and d1 represents the clear height of 

web. 
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(a)ITF 

 
(b)ETF 

 
(c)IOF 

  
(d)EOF 

Figure 3-13 Elastic buckling analysis  
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An equation considering the effects of elongated un-stiffened and edge-stiffened web 

holes on the web crippling strength of CFS channels was proposed with nine different 

coefficients linking the eight key parameters in the form of Equation 3.7 to calculate kprop. 

The values of such coefficients were obtained based on the nonlinear regression analysis 

using Origin, as shown in Table 3-5.  
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Equation 

3.7 

where C represents the general coefficient, C1, C2, C3, C4, C5, C6, C7 and C8 were the 

coefficients of inside fillet radius of section to thickness ratio, web slenderness ratio, 

bearing length to thickness ratio, flange width to thickness ratio, width of the elongated 

web holes to thickness ratio, length of the elongated web holes to thickness ratio, inside 

fillet radius between web and hole edge-stiffener to thickness ratio and length of edge-

stiffener to thickness ratio, respectively. 

Table 3-3 Proposed buckling coefficients 

Elongated web holes C C1 C2 C3 C4 C5 C6 C7 C8 

Un-stiffened (ITF) -3.47 0.25 -0.15 0.06 0.07 -0.05 -0.04 0 0 

Edge-stiffened (ITF) 0.24 -0.30 -0.16 0.08 -3.25 0.07 -0.04 -0.01 0.03 

Un-stiffened (ETF) 0.02 -0.16 0.61 0.05 1.21 0.01 -0.04 0 0 

Edge-stiffened (ETF) 0.09 -0.14 0.16 0.05 0.33 0.03 -0.02 -0.01 0.03 

Un-stiffened (IOF) 1.47 0.04 0.05 0.04 0.11 0.03 -0.05 0 0 

Edge-stiffened (IOF) 2.49 -0.03 -0.02 0.04 0.06 0.01 0.00 0.01 0.03 

Un-stiffened (EOF) 0.54 0.03 0.05 0.34 -0.08 0.03 -0.04 0 0 

Edge-stiffened (EOF) 0.81 0.01 -0.02 0.29 -0.04 0.02 -0.02 0 0.02 

Yield load (Pb,y) determination is difficult due to the complicated web crippling failure. 

Using the Principle of Virtual Work, some researchers (Nat§rio et al., 2016, 2017) 

proposed a predictive equation in the form of Equation 3.8 for the calculation of Pb,y using 

idealized plastic mechanisms for the case of unfastened flanges. Equations 3.9 - 3.16 were 

proposed to calculate Nm for CFS channels with elongated un-stiffened and edge-stiffened 
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web holes under four different loading cases, and the simplified yield mechanisms for the 

typical ultimate failure modes were shown in Figure 3-14. 

( )2 2
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For CFS channels with un-stiffened web hole under ITF loadings, 

1m wN L b= -  Equation 3.9 

For CFS channels with edge-stiffened web hole under ITF loadings, 

2m wN d=p  Equation 3.10 

For CFS channels with un-stiffened web hole under ETF loadings, 
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-
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For CFS channels with edge-stiffened web hole under ETF loadings, 
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For CFS channels with un-stiffened web hole under IOF loadings, 

5 1.5= + + -m w wN d N d b  Equation 3.13 

For CFS channels with edge-stiffened web hole under IOF loadings, 
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p
 Equation 3.14 

For CFS channels with un-stiffened web hole under EOF loadings, 

7 10.45= +mN N d  Equation 3.15 

For CFS channels with edge-stiffened web hole under EOF loadings, 

8
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d b d
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where rm represents the inside fillet radius from the mid-thickness line (rm = ri + t/2). 
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(i)Un-stiffened (C190-N100-D0.3-B2, t=1.5mm & fy = 288 MPa) 

 

(ii)Edge-stiffened (C190-N50-D0.7-B2-Q0.06-Rq5, t=1.5mm & fy = 288 MPa) 

(a) ITF 

 

(i)Un-stiffened (UH-N50-D0.5-B2-T1.5, fy = 288 MPa) 
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(ii)Edge-stiffened (EH-N50-D0.5-B2-Q0.06-Rq3-T1.5, fy = 288 MPa) 

(b) ETF 

 

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

 

(d) EOF (N75-D0.4-B1.8 (-Q0.06-Rq3)-T2.0, fy = 256.67 MPa) 

Figure 3-14 Yield mechanism length 
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The unified DSM-based equations were proposed for CFS channels with elongated un-

stiffened and edge-stiffened web holes to predict the web crippling strength. The suitable 

coefficients n1 and n2 need to be determined for the Equations 3.17 and 3.18, and these 

coefficients are summarized in Table 3-4. Using Origin, a regression analysis was 

performed to obtain such coefficients based on the results of the parametric study, and 

the DSM-based equations were then proposed. The comparison of web crippling 

capacities of CFS specimens from the parametric study with the proposed DSM-based 

equation in this work was shown in Figure 3-15. Table 3-5 showed the results of 

comparing the web crippling strength determined from proposed equations and the 

parametric study. The findings from Table 3-5 showed that the ratio PFEA/PRP1 is 1.05 

with a COV of 0.10, and the ratio PFEA/Pb is 1.00 with a COV of 0.06. The DSM-based 

equation shows less variability compared to another equation. 

For ɚ Ò Ŭ, ,b b yP P=                                                               Equation 3.17 
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b cr
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P
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Table 3-4 Proposed DSM-based equation coefficients 

Elongated web holes (loading cases) Ŭ ŭ ɔ 

Un-stiffened (ITF) 0.938 0.11 1.07 

Edge-stiffened (ITF) 0.938 0.11 1.07 

Un-stiffened (ETF) 0.828 0.20 0.86 

Edge-stiffened (ETF) 0.673 0.25 0.89 

Un-stiffened (IOF) 0.38 0.24 0.28 

Edge-stiffened (IOF) 0.44 0.25 0.41 

Un-stiffened (EOF) 1.04 0.55 1.01 

Edge-stiffened (EOF) 1.06 0.55 0.75 
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(a) ITF 

 
(i) Unstiffened 
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(ii) Edge-stiffened 

(b) ETF 

  
(i) Unstiffened (ii) Edge-stiffened 

(c) IOF 

  
(i) Unstiffened (ii) Edge-stiffened 

(d) EOF 

Figure 3-15 Comparison of web crippling strength of specimens from a parametric 

study with proposed DSM-based equations 
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3.5. Reliability analysis 

A reliability analysis was carried out to evaluate the reliability of the proposed design 

equations in the form of Rp and a DSM-based equation for CFS channels with elongated 

web holes. The reliability index (ɓ) is a relative indicator of the design's safety, and AISI 

(2016) recommends a reliability index of 2.5 for CFS structural members. The design 

equations are considered dependable if the ɓ is greater than or equal to 2.50. For the CFS 

structural members, the ɓ could be determined using Equation 3.12. 

( )
2 2 2 2

1.52 M F P P QV V C V V

m m mM F P e
- + + +

=
b

f  Equation 3.20 

1
1

2
P

m
C

n m

å õå õ
= +æ öæ ö

-ç ÷ç ÷
 Equation 3.21 

where Mm and VM = mean values (1.10) and COV (0.1) of the material properties. Fm and 

VF = mean values (1.00) and COV (0.05) of the fabrication factor. The statistical 

parameters Pm and VP represent the load ratio's mean value and COV, respectively. VQ = 

COV (0.21) of the load effect. A constant resistance factor ()ʟ of 0.85 was used in the 

reliability analysis. The correction factor (CP) could be determined by Equation 3.21, and 

n and m are the number of specimens and degree of freedom (m = n - 1), respectively. 

Table 3-5 summarizes the results of a reliability analysis. As a result, the ɓ was higher 

than the desired value of 2.5, and the proposed equations could be used to predict web 

crippling strength the CFS channels with elongated edge-stiffened web holes under the 

four different loading conditions. The reliability of all the proposed DSM-based equations 

was demonstrated by means of statistical analyses, showing their suitability for 

incorporation into future revisions of international design codes for CFS structures.ШIt is 

worth noting that, under EOF loading conditions, although the DSM-based design 

equations generally satisfy reliability requirements, a relatively large scatter in the 
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predicted strengths is still observed, with the coefficient of variation (COV) reaching up 

to 1.6 for specimens with un-stiffened web openings. This can be attributed to the highly 

complex response associated with this failure mode, which involves the interaction of 

local buckling, material yielding, and stress concentration around the elongated openings. 

Furthermore, the yield-line length calculation method proposed in this study requires 

further refinement when accounting for different elongated opening sizes. Additional 

parametric and experimental investigations are therefore recommended to improve the 

robustness of the proposed approach. 

Table 3-5 Statistical analysis for proposed design equations 

Statistical 

parameters 

Load 

cases 

Web holes Mean, 

Pm 

COV, 

Vp 

Reliability 

index, 

ɓ 

PFEA/PRP ITF Edge-stiffened 1.01 0.07 2.53 

PFEA/PRP ETF Edge-stiffened 1.00 0.06 2.73 

PFEA/PRP IOF Edge-stiffened 1.00 0.02 2.83 

PFEA/PRP EOF Edge-stiffened 0.98 0.04 2.72 

PFEA/Pb ITF Un-stiffened 1.01 0.06 2.64 

PFEA/Pb ITF Edge-stiffened 1.03 0.09 2.52 

PFEA/Pb ETF Un-stiffened 0.99 0.05 2.74 

PFEA/Pb ETF Edge-stiffened 1.00 0.05 2.79 

PFEA/Pb IOF Un-stiffened 1.00 0.07 2.72 

PFEA/Pb IOF Edge-stiffened 0.97 0.06 2.63 

PFEA/Pb EOF Un-stiffened 1.04 0.16 2.51 

PFEA/Pb EOF Edge-stiffened 1.03 0.13 2.60 

3.6. Summary 

This chapter presents the results of an investigation conducted on the web crippling 

behaviour of CFS channels with elongated edge-stiffened web holes under four different 

loading conditions. Nonlinear FE model was developed and validated against the 

experimental results reported by Chen et al. (2021) and Uzzaman et al. (2017). The results 

of the FEA and laboratory tests matched well. Using the validated FE model, a parametric 

study was carried out. The effects of q/d1, dw/d1, bw/dw, N/d1, and the rq/t ratio on the web 

crippling strengths of CFS channels were investigated. The following conclusions can be 

drawn: 
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(1) From the results of the parametric study, it can be concluded that the ratios dw/d1, 

bw/dw, and N/d1 have significant effects on the web crippling strengths of CFS 

channels. The dimensions of elongated web holes and the load distribution are critical 

variables for the web crippling strengths of these channels. 

(2) The design equations for the RP of CFS channels with elongated edge-stiffened web 

holes were proposed based on the linear regression analysis. The reliability analysis 

was conducted to show that the proposed RP equation is reliable. 

(3) The unified DSM-based equations were proposed for CFS channels with elongated 

un-stiffened and edge-stiffened web holes to determine the web crippling strength. 

Finally, a reliability analysis was conducted to show that the unified DSM-based 

equation is reliable. 
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Chapter 4 Moment capacity of cold-formed steel trusses with Howick 

Rivet Connectors  

4.1. Introductory remarks 

CFS trusses are widely used in lightweight building construction due to their high 

strength-to-weight ratio and ease of prefabrication. Recently, a new type of pin-jointed 

connection system, known as the Howick Rivet Connectors (HRCs), has been developed 

for assembling CFS trusses. Previous studies mainly focused on the behaviour of 

individual HRC connections, including T-stub connection tests and shear strength 

evaluations of CFS trusses with HRCs, providing initial insights into their structural 

performance. However, the moment capacity and global behaviour of CFS trusses 

assembled using HRCs remain insufficiently understood. Therefore, this chapter 

investigates the moment capacity of CFS trusses with HRCs through experimental testing 

and parametric analysis. A total of ten CFS trusses with HRCs were tested to determine 

their moment capacity. Two different cross-sections, namely lipped channel sections and 

hat sections, were used as truss chords. Variations in the number and locations of lateral 

supports were introduced to simulate different boundary conditions. In addition, a 

parametric study was conducted to investigate the effects of span-to-height ratio and the 

variability in lateral support locations on truss strength and failure modes. Finally, trusses 

with lipped channel section chords were designed according to AISI (2016) and AS/NZS 

(2018), yielding an average test-to-design strength ratio of 0.86. 
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4.2. Experimental investigation 

4.2.1. Test specimens 

In the experimental program, two main variables were considered: the cross-section of 

the chord and the number of lateral supports. The varying numbers of lateral supports 

were designed to represent different boundary conditions commonly encountered in 

engineering practice, and the program examined two specific configurations of lateral 

supports on trusses: one with two lateral supports and another with four lateral supports. 

A total of 10 tests were conducted on CFS trusses with HRCs, with specimen dimensions 

illustrated in Figure 4-1. Each eccentric diagonal-to-chord connection utilized two HRCs, 

spaced 67 mm apart to prevent overlap of the diagonal member. The overall length of 

each specimen is 3500 mm, suitable for meeting the span requirements of specific 

buildings or structures while ensuring the trussôs load-bearing capacity and stability. 

All specimens used 65 Ĭ 45 Ĭ 0.95 lipped channel sections for diagonal members (vertical 

and diagonal bracings), as shown in Figure 4-2(a). Chords in the trusses were designed 

using hat sections and lipped channel sections (see Figure 4-2). Notably, the diagonal 

members of the CFS trusses had swaged sections, 70 mm long at both ends, as depicted 

in Figure 4-3(a). During fabrication, flange holes for the HRCs were punched during the 

roll-forming process. The ends of the diagonal members were inserted into the chords, 

and the joint regions were reinforced using 12.7 Ĭ 0.95 mm (diameter Ĭ thickness) HRCs, 

as shown in Figure 4-3(b). 
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Figure 4-1 Details of test specimens 

  
(a) Lipped channel section (b) Hat section 

Figure 4-2 Different cross-sections used in the CFS trusses (all dimensions in mm) 

 
(a) Schematic diagram 
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(b) Photograph of a field test 

Figure 4-3 Web member having swaged sections 

4.2.2. Material testing 

Three coupons were cut from the untested truss specimen, and tensile tests were 

performed using a 100 kN Instron machine (see Figure 4-4). These tests followed the 

guideline of EN ISO 6892-1:2019. The test results are presented in Table 1 and Figure 4-

5, with the stress-strain curves shown in Figure 4-6. According to Table 1, the average 

yield strength (ů0.2) was 682.95 MPa, and the ultimate strength (ůu) was 684.27 MPa. 

These values are important for understanding the material properties of the specimens 

and the structural behaviour of the truss system with HRCs.ШThe tensile properties of the 

corner regions were not directly measured in the material tests. In the finite element 

modelling, the constitutive conversion model proposed by Gardner and Yun (2018) was 

adopted to transform the material properties of the flat regions into equivalent corner 

properties, which were then assigned to the corner zones. 
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Figure 4-4 Setup of tensile coupon tests Figure 4-5 Coupons  

 
Figure 4-6 Stress-strain curves  

Table 4-1 Material properties  

Coupons Thickness 

t 

(mm) 

Yield stress 

ů0.2 

(MPa) 

Ultimate stress 

ůu 

(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 

4.2.3. Testing-rig and loading procedure 

A 200 kN MTS machine was used to perform monotonically controlled four-point 

bending tests on CFS trusses with HRCs. The test setup, shown in Figures 4-7 and 4-8, 
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involved applying vertical loading to the truss specimens using a displacement-controlled 

method at a rate of 5 mm/min. The loading points were strategically placed at the joints 

between the chords and web members. Two hot-rolled steel beams acted as the bottom 

support and distribution beam. To ensure accurate measurement of the load-displacement 

relationship and to maintain repeatability of the experimental results, lateral supports 

made of steel plates were used to prevent lateral torsional buckling, which can be 

accentuated due to top chord loading. These lateral supports were positioned at various 

points along the shear spans, with specific details provided in Figure 4-8. The different 

configurations of lateral supports aimed to investigate various critical characteristics of 

the CFS trusses with HRCs. For measurement purposes, three linear variable 

displacement transducers (LVDTs) were employed to measure vertical displacement at 

mid-span and two additional joints. A data acquisition system recorded displacement and 

loads at regular intervals throughout the tests. This experimental setup was designed to 

evaluate the structural performance and behaviour of CFS trusses with HRCs under four-

point loading conditions.  

 
Figure 4-7 Picture of the experimental test setup  
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(a)Two lateral supports 

 
(b)Four lateral supports 

Figure 4-8 Schematic diagram of different locations and numbers of lateral supports 

4.2.4. Test results and discussions 

During the experiments, several distinct failure modes were observed. The primary 

failure mode observed was local buckling in the top chord of the trusses. Interestingly, 

trusses with hat sections as chords demonstrated higher strength and exhibited different 

failure modes compared to those using lipped channel sections. Notably, none of the 

specimens experienced connection failure, indicating the effective contribution of HRCs 

to the overall connection capability. HRCs were found to provide sufficient shear 

strengths for diagonal-to-chord connections in CFS trusses. Additionally, some HRCs in 

the trusses exhibited minor inelastic deformations, which contributed to energy 

dissipation. This characteristic underscores why HRCs exhibit better ductility compared 

to conventional bolted connections, adding to their effectiveness in structural applications. 
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Table 4-2 provides a summary of all specimens, including their failure modes, peak loads, 

and specific details. The labeling of the specimens is illustrated in Figure 4-9. 

Additionally, Figure 4-10 presents the load-displacement curves for all standard trusses 

with HRCs. For specimens with two and four lateral supports, the average peak strength 

of trusses using hat sections as chords increased by 7.0% and 6.0%, respectively, 

compared to those using lipped channel sections. This difference can be attributed to 

modifications made to the chord lips of the lipped channel sections at the joints, which 

introduced local imperfections leading to a reduction in load-carrying capacity. It's 

noteworthy that trusses with hat sections exhibited better ductility than those with lipped 

channel sections serving as chords. At the peak load, the corresponding mid-span 

displacement for trusses with hat sections was approximately 46-51 mm, while for those 

with lipped channel sections, it was about 33-38 mm (see Figure 4-10). In comparison, 

specimens with four lateral supports showed average strength increases of 4.8% and 4.0% 

for lipped channel sections and hat sections serving as chords, respectively. These 

findings contribute to an understanding of the moment capacity and behaviour of CFS 

trusses with HRCs under different lateral support configurations. 

Table 4-2 Details of the specimens and test results 

Test ID Test Details Failure 

modes 

Maximum 

loads 

Pmax 

(kN) 

Mean 

values 

P max 

(kN) 

Failure 

displacement of mid 

span 

dmax 

(mm) 

Mean 

values 

dmax 

(mm) 
Chords Restraints 

C-L2-T1 
Lipped 

C 
2 

L 19.98 

19.46 

38.30 

35.60 C-L2-T2 L 18.73 33.36 

C-L2-T3 L 19.66 35.13 

C-L4-T1 
Lipped 

C 
4 

L 20.42 

20.39 

38.30 

41.40 C-L4-T2 L 20.46 41.30 

C-L4-T3 L 20.28 38.60 

H-L2-T1 

Hat 2 

D 20.51 

20.83 

45.80 

47.00 H-L2-T2 L 21.16 51.45 

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 local buckling in the top chord; D represents distortional buckling of diagonal members. 
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Figure 4-9 Specimen labelling 

  
(a)Two lateral supports (b)Four lateral supports 

Figure 4-10 Load-displacement curves for truss bending tests 

The typical failure modes observed for CFS trusses using lipped channel sections as 

chords are illustrated in Figure 4-11. In specimen C-L2 (Figure 4-11(a)), the observed 

failure mode is local buckling in the top chord. The lack of sufficient lateral support 

resulted in a slight out-of-plane displacement in the loading point area. Although some 

HRCs exhibited slight deformation, no shear failure was observed. This indicates that 

HRCs can provide sufficient shear strength. 

For specimen C-L4 (Figure 4-11(b)), like specimen C-L2, shear loads in the diagonal-to-

chord connections caused deformation of the HRCs, but no shear failure occurred. The 

HRCs in the specimen with four lateral supports experienced more deformation than 

those with two supports, due to higher shear loads on the individual connections. 

However, from a load-bearing perspective, adding more lateral supports did not 

significantly enhance capacity. Both specimens, whether with two or four lateral supports, 
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exhibited local buckling with only minor differences in the buckling location, as shown 

in Figure 4-11.  

 
(a) C-L2-T1 

 
(b) C-L4-T1 

Figure 4-11 Deformed shapes of CFS trusses with lipped channel sections as chords 

The common failure modes observed in truss specimens utilizing hat sections as chords 

are depicted in Figure 4-12. In specimen H-2L, the primary mode of failure was local 

buckling in the top chord. However, distortional buckling of diagonal members was 

observed in specimens H-2L-T1 (Figure 4-12(a)) and H-2L-T3. Unlike lipped channel 

sections, which have portions of lips removed near the diagonal-to-chord connection, the 

hat section retains its full geometry with the truss, allowing it to withstand higher axial 

loads. As the deflection of the specimen increases, the load reaches the critical distortional 
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buckling load of diagonal members. Similarly, for specimen H-4L (Figure 4-12(b)), the 

observed failure modes were a combination of local buckling in the top chord and 

distortional buckling in the diagonal members. The combination of failure modes 

highlights the intricate response of the truss structure with hat sections as chords. 

 
(a)H-L2-T1 

 
(b)H-L4-T1 

Figure 4-12 Deformed shapes of CFS trusses with hat sections as chords 
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4.3. Numerical study 

4.3.1. General description of FE model 

In this section, a non-linear elastic-plastic FE model was developed with ABAQUS to 

simulate trusses. The new FE models were validated using the experimental results from 

this study. The non-linear material properties for flat CFS sections were determined 

through tensile coupon tests. To account for the enhanced material properties in the corner 

regions, standardized values of strain-hardening exponents proposed by Gardner and Yun, 

(2018) were used to develop the material curves based on flat coupon data. Based on 

ABAQUS manual, the engineering material curve was converted into a true material 

curve using the following equations.  

( )1true= +s s e Equation 4.1 

( )( ) ln 1 true
true pl

E
= + -

s
e e  

Equation 4.2 

The full geometry of HRCs, Chords and web members was modelled using the S4R shell 

element, which have six degrees of freedom per node. Mesh refinement was applied 

specifically at the section corners between the web and flange, as well as at the connection 

holes on the flanges of chords and web members. A mesh sensitivity analysis was 

conducted to find an optimal mesh size that balances computational time and accuracy. 

Notably, when the mesh size is too large, such as 10 mm x 10 mm, mesh intrusion may 

occur, which can lead to inaccurate results. The analysis showed that a mesh size of 5 

mm x 5 mm was ideal for both the chords and web members. Detailed results are shown 

in Figure 4-13, and further information is provided in Figure 4-14. 

Surface-to-surface contact with a friction coefficient of 0.2 was used to model the 

interface between the chords, HRCs, and web members. The load surface of the top chord 
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was coupled to two ñRPò (reference points). A displacement control method was 

employed to apply vertical load through these reference points to the top chords at the 

physical load locations (see Figure 4-15). At the locations of the lateral supports, 

displacement in the out-of-plane direction was constrained.  

 

Figure 4-13 Result of a mesh sensitivity analysis 

 
Figure 4-14 FE meshing 






























































































































































































































































































