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ABSTRACT 

 Thin-walled structural channel members as floor joists and bearers are commonly manufactured 

with cut-outs to allow access for building services such as plumbing, electrical, and heating 

systems in the walls and ceilings. The presence of web holes in the members will cause changes 

in the stress distribution and consequently, there will be changes in the buckling characteristics 

and ultimate strength. Traditional web holes are normally punched or bored and are un-stiffened, 

which can restrict the size and spacing of web holes. To overcome these restrictions, a new 

generation of cold-formed steel (CFS) channel beams with edge-stiffened web holes developed 

by the CFS industry has been widely used. Such CFS channel beams, when used as floor joists 

and bearers, are often subjected to concentrated loads; hence experiencing shear failure, bending 

failure, and web crippling failure. However, in the literature, limited work is available on the 

behaviour of such CFS channel beams in bending, shear, and web crippling. Furthermore, the 

current design guidelines, such as the American Iron and Steel Institute (AISI, 2016) and the 

Australian and New Zealand Standards (AS/NZS, 2018), do not provide any design guidelines for 

determining the capacity of such CFS channel beams with edge-stiffened web holes.  

The aim of this research is to investigate the effects of edge-stiffened web holes on the capacity 

of such CFS channel beams in bending, shear, and web crippling. In total, 82 laboratory tests were 

performed, covering web crippling tests, bending tests, and shear tests.  For comparison, 

specimens with un-stiffened web holes and plain webs were also tested. The material properties 

of test specimens were determined from tensile coupon tests. The results obtained from laboratory 

tests show that the CFS channel beams with edge-stiffened web holes performed better than those 

with un-stiffened web holes in terms of ultimate capacity for all three loading cases. 

 Nonlinear finite-element (FE) models were also established and validated against the 

experimental results, which showed good agreement both in terms of ultimate capacity and 
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deformed shapes. The validated FE models were then used to perform a parametric study 

involving 1335 FE models to investigate the effects of different parameters on the capacity of 

such channel beams.  

To evaluate the performance and accuracy of current design guidelines of CFS channel beams 

with un-stiffened web holes, the test and FE results were compared against the design capacities 

predicted by the current design guidelines such as AISI (2016) and AS/NZS (2018).  The 

comparison results show that design capacities predicted by AISI (2016) and AS/NZS (2018) are 

conservative and unsafe for calculating the capacity of CFS channel beams with edge-stiffened 

web holes for all three loading cases.  

Based on the experimental and numerical results, suitable design equations in the form of capacity 

reduction factors were developed using bivariate linear regression analysis for calculating the 

shear capacity of CFS channel beams with edge-stiffened web holes.  A reliability analysis was 

carried out to evaluate the accuracy and reliability of the proposed design equations, indicating 

that the proposed design equations can closely predict the shear capacity reduction factors of CFS 

channel beams with edge-stiffened web holes. 

Keywords: CFS channel beams, edge-stiffened web holes, laboratory tests, finite-element models, 

parametric study, proposed design equations 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

1.11 General  

Since the 1940s, the use of cold-formed steel (CFS) in structural or non-structural members has 

increased and examples include beams, floor joists, studs, purlins and other components. CFS 

members are popular in low-to mid-rise buildings due to their high strength-to-weight ratio, non-

combustible properties, sustainability, and other advantages related to easy installation on site 

when compared with hot-rolled steel (HRS) members. Such CFS members are often subjected to 

concentrated loads and reaction forces, resulting in different kinds of failures depending on the 

loading cases. In a basic sense, these failure modes can be identified as shear failure, bending 

failure, and web crippling failure, which need to be carefully evaluated when such CFS members 

are used in floor joists. Figure 1-1 shows the application of CFS members used in the building 

constructions by Howick Ltd. (2013) 

 

Figure 1-1: Application of CFS members used in the building constructions (Howick Ltd. 2013) 
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Thin-walled CFS channel sections as floor joists and bearers are commonly manufactured with 

cut-outs to allow access for building services such as plumbing, electrical, and heating systems in 

the walls and ceilings. The presence of web holes in CFS members will cause changes in the stress 

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

strength. Traditional web holes are normally punched or bored and are un-stiffened, which can 

restrict the size and spacing of web holes.  

1.12 CFS channel beams with edge-stiffened web holes 

In recent times, a new generation of CFS channel beams with edge-stiffened web holes developed 

by the Howick Ltd. (2013) is widely used in New Zealand. As can be seen from Figure 1-2(a), the 

web holes are strengthened through a continuous lip around the perimeter of the hole (i.e., with 

edge-stiffened web hole). It should be noted that traditional holes are normally flat punched 

without edge lips (i.e., with un-stiffened web hole) as shown in Figure 1-1(b).  Such CFS channel 

beams with edge-stiffened web holes can provide easy access for installation of services, such as 

plumbing and electrical, and strength can be affected due to the presence of an edge-stiffener 

when compared with plain channel beams. It should be noted that the steel used in such sections 

is grade 250, which has a minimum yield stress of 250MPa and a minimum tensile stress of 

280MPa. All web holes have nominal diameters (a) of 140 mm or 90 mm and the holes are placed 

at the mid-height of the sections. The nominal length of the edge-stiffener (q) is fixed at 13 mm 

(Howick Ltd. 2013). 
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Figure 1-2: Typical CFS floor joists 

1.13 Manufacturing process 

CFS members are normally fabricated from steel plates, sheet metal, or strip material at room 

temperature, which is quite different from HRS members. First, the production of raw steel is 

made by combining iron ore or steel scrap with Basic Oxygen Furnace (BOF). After that, the slit 

coils of CFS are shaped into different profiles, such as C-sections and Z-sections. Web holes for 

installation of services are also punched at pre-determined locations, which also can reduce 

installation times. To provide protection against corrosion, zinc coating or galvanising is used. As 

shown in Figure 1-3, the manufacturing process involves forming the material by either press-

braking or cold-roll forming to obtain the required shape (Amouzegar et al. 2016).  

 

Figure 1-3: Manufacturing process of CFS members (Amouzegar et al. 2016). 
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1.14 Application in building constructions 

Recently, the use of CFS channel beams with edge-stiffened web holes is becoming 

popular in building construction, such as the CFS concrete flooring system (Figure 1-4) 

and steel joist system (Figure 1-5) (Howick Ltd. 2013). The composite flooring system 

consists of a cast-in-place concrete floor and CFS channel beams with edge-stiffened web 

holes (Figure 1-6). The CFS concrete flooring systems are considered a smart solution for 

buildings as they can reduce material consumption and improve the ultimate capacity and 

flexural stiffness. In addition, the overall inter-storey depth can be reduced due to the 

presence of edge-stiffened web holes used in the CFS concrete flooring system. For these 

reasons, CFS concrete flooring systems have superior advantages, when compared with 

heavy floor systems which were built with reinforced concrete or HRS joists (Rehman, 

2014). 

The use of CFS joist systems with edge-stiffened web holes is also becoming popular due 

to the fact that they have superior advantages when compared with traditional wood 

framing joists (Figure 1-7). CFS has the highest strength-to-weight ratio of any building 

material used for construction, which can significantly reduce the cost of labour and 

materials. These steel joists can offer a much longer life span compared to wood and are 

100% recyclable (Rehman, 2014). 
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Figure 1-4: Photo of CFS channel beams with edge-stiffened web holes in CFS concrete 

flooring system (Howick Ltd. 2013) 

 

Figure 1-5: Photo of CFS channel beams with edge-stiffened web holes in steel joist system 

(Howick Ltd. 2013) 
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Figure 1-6: Three-dimensional drawing of CFS channel beams with edge-stiffened web holes in 

CFS concrete flooring system (Howick Ltd. 2013) 

 

Figure 1-7:  Three-dimensional drawing of CFS channel beams with edge-stiffened web holes 

in steel joist system (Howick Ltd. 2013) 
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1.2 Problem statement  

Despite the popularity of CFS channel beams with edge-stiffened web holes, limited research is 

reported in the literature investigating the capacity of CFS channel beams with edge-stiffened web 

holes subjected to web crippling, bending, and shear.  Such sections used as floor joists are often 

subjected to concentrated loads, and these concentrated forces result in different modes of failures, 

such as shear failure, bending failure and web crippling failure, which need to be carefully 

evaluated when such CFS channel beams with web holes are used in practical buidlings.  

In terms of web crippling behaviour, only Uzzaman et al. (2017, 2020a, b) experimentally and 

numerically studied the web crippling capacity of CFS channel beams with edge-stiffened web 

holes and they concluded that CFS channel beam with edge-stiffened web holes has an enhanced 

web crippling capacity when compared with that of a plain channel beam. However, their research 

is focused on only unrestrained flange cases. This case may not fully represent real practice as the 

flanges are typically restrained to the supports in practical construction. For bending behaviour, a 

numerical study was performed by Yu et al. (2012), and he found that edge-stiffened web holes 

can enhance the moment capacity of CFS channel beams by an average of 14% when compared 

with that of a plain channel beam. However, the numerical models established by Yu et al. (2012) 

for CFS channel beams with edge-stiffened web holes were validated against the results obtained 

from laboratory tests of CFS channel beams with un-stiffened web holes. Regarding shear 

behaviour, no research has been reported on the shear capacity of CFS channel beams with edge-

stiffened web holes. 

Furthermore, current design guidelines from the American Iron and Steel Institute Standard (AISI) 

(2016), Australian and New Zealand Standard (AS/NZS) (2018), and European Standard (EC3) 

(2006) do not provide any design equations for calculating the capacity of such CFS channel 
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beams with edge-stiffened web holes subjected to web crippling, bending, and shear. Thus, 

appropriate, and safe design equations for such sections need to be proposed. 

1.3 Aim and scope of this research 

The objective of this thesis is to investigate the capacity of CFS channel beams with edge-stiffened 

web holes subjected to web crippling, bending, and shear forces. The investigation will be 

performed based on both laboratory tests and finite element analysis. Specific objectives of this 

work are listed below: 

(1) To conduct laboratory tests to study the influence of edge-stiffened web holes on CFS channel 

beams subjected to web crippling, bending, and shear. Three different series of laboratory tests 

are to be performed.  For comparison, specimens with un-stiffened web holes and plain webs 

are also to be tested.  

(2) To establish nonlinear finite-element (FE) models to simulate the structural behaviour of CFS 

channel beams subjected to web crippling, bending, and shear. The measured cross-section 

dimensions, material properties obtained from the tensile coupon tests, and geometric 

imperfections are to be measured using a laser scanner. All these advanced modelling features 

will then be included in the FE models. The FE models will then be validated against the 

results obtained from laboratory tests in terms of deformed shapes and ultimate capacities.   

(3) The validated FE models will be used to perform a parametric study involving 1335 FE models 

to investigate the influence of different parameters on the capacity of such CFS channel beams 

with edge-stiffened web holes under web crippling, bending, and shear loading.  

(4) To evaluate the performance of current design guidelines while predicting the capacity of CFS 

channel beams with edge-stiffened web holes, both the experimental and numerical results 

will be compared against the design strengths predicted by the current design guidelines, such 

as AISI (2016) and AS/NZS (2018). 
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(5) Based on the results obtained from the laboratory tests and parametric study, suitable design 

equations will be proposed for calculating the capacity of CFS channel beams with edge-

stiffened web holes.  A reliability analysis will also be carried out in order to evaluate the 

accuracy and reliability of the proposed design equations. 

1.4 Outline of the thesis 

This thesis is focused on the capacity of CFS channel beams with edge-stiffened web holes 

subjected to web crippling, bending, and shear. The thesis is structured into the following six 

chapters: 

Chapter 1 briefly introduces the background, problem statement, and outline of the thesis.  

Chapter 2 summarises the literature review on the behaviour and design of CFS channel beams 

including the case of CFS channel beams with edge-stiffened web holes, un-stiffened web holes, 

and plain webs subjected to web crippling, bending, and shear.  

Chapter 3 describes the experimental and numerical work conducted in this study to assess the 

web crippling performance of CFS channel beams with edge-stiffened web holes, un-stiffened 

web holes, and plain webs. The cases of both flanges restrained, and flanges unrestrained to 

loading plates were considered.  

Chapter 4 describes the experimental and numerical work conducted in this study to assess the 

bending capacity of CFS channel beams with edge-stiffened web holes, un-stiffened web holes, 

and plain webs.  

Chapter 5 describes the experimental and numerical work conducted in this study to assess the 

shear performance of CFS channel beams with edge-stiffened web holes, un-stiffened web holes, 

and plain webs subjected to shear. New design equations are proposed for calculating the shear 
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capacity of CFS channel beams with edge-stiffened web holes and all these equations are reported 

in this chapter. 

Chapter 6 provides conclusions including a summary of proposed design rules and 

recommendations for future researchers and practising engineers.  
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introductory remarks 

This chapter provides a detailed literature review on the behaviour of CFS channel beams, 

including the case of with edge-stiffened web holes, un-stiffened web holes, and plain webs 

subjected to bending, shear, and web crippling. The literature review includes five major parts. It 

should be noted that there is limited research found in the literature on the performance of CFS 

channel beams with edge-stiffened web holes subjected to bending, shear, and web crippling. 

2.2 Research on the web crippling capacity of CFS channel 

beams  

2.21 CFS members without web holes 

Since 1940, a significant number of studies have been reported studying the web crippling 

behaviour of different CFS sections including C-sections, Z-sections, and hat sections without 

holes. Web crippling failure in CFS beams was first experimentally investigated by Winter and 

Pian (1946) at Cornell University. They firstly performed a total of 136 laboratory tests on the 

web crippling capacity of CFS members under interior-one-flange (IOF), end-one-flange (EOF), 

interior-two Chapter flange (ITF), and end-two-flange (ETF) loading cases. Hetrakul and Yu 

(1978) expanded the work of Winter and Pian (1946) and developed more comprehensive design 

formulations for calculating the web crippling capacity of CFS members. 

From 1981 to 1986, Wing (1981) and Schuster (1986) developed new design equations for 

calculating the web crippling capacity of CFS plain sections with multi-web under IOF, ITF, and 

ETF loading. Also, the interactive behaviour of bending and web crippling was studied at the 

University of Waterloo. They concluded the influence of the inside bend radius to web thickness 
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ratio and bearing length to web thickness ratio on the ultimate web crippling capacity was 

significant. 

In 1989, Santaputra et al. (1989) analytically and experimentally studied the behaviour and design 

of high-strength CFS hat sections and I-beams subjected to web crippling. The results obtained 

from laboratory tests were carefully evaluated and suggested that the current design codes were 

not suitable for high-strength materials with high yield strengths. Therefore, new design equations 

were proposed for different loading cases based on available experimental data with material yield 

strengths ranging from 207 MPa to 1,138 MPa. Figure 2-1 shows the hat sections and I-Beams 

investigated by Santaputra et al. (1989). 

 

Figure 2-1: Hat Sections and l-Beams investigated by Santaputra et al. (1989) 

In 1998, a theoretical study by Rhodes and Nash (1998) was performed, investigating the web 

crippling capacity of CFS steel plain- and lipped-sections subjected to IOF and ITF loading cases 

(Figure 2-2). To assess the accuracy of design guidelines for CFS members, a comparison of web 

crippling strengths determined from finite element analysis and finite strip analysis as well as 

design guidelines (AISI 1996) were performed in this study. They found that the influences of 

bearing length and web height on the web crippling capacity of such sections were significant. A 

design approach that incorporates the European column curves was set out in this study. 
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Figure 2-2: Web crushing at a support point by Rhodes and Nash (1998) 

From 1998 to 2000, Young and Hancock (1998, 2000) experimentally studied the web crippling 

performance and design of CFS unlipped plain members subjected to IOF, EOF, ITF, and ETF 

loading cases. The results obtained from laboratory tests were compared with the AISI 

Specification (1996) for CFS members. It was demonstrated that the design strength predicted by 

the design guidelines (AISI 1996) was over-conservative for calculating the web crippling 

capacity of the unlipped channel beams. In this paper, simple plastic mechanism equations for 

calculating the web crippling capacity of unlipped channel beams were developed. 

In 2001, Young and Hancock (2001) performed a series of laboratory tests to study the web 

crippling capacity of CFS unlipped channel beams with comparatively stocky webs, subjected to 

ITF and ETF loading cases (see Figure 2-3). The results obtained from laboratory tests were 

compared against the design strengths predicted by the design guidelines (AISI 1996). It was 

demonstrated that the design strengths predicted by the specifications (AISI 1996) were un-

conservative for calculating the web crippling capacity of unlipped channel beams. Hence, new 

design equations for calculating the web crippling unlipped channel beams derived based on a 

simple plastic mechanism model were developed.  
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                        (a) ITF loading case                                                (b)  ETF loading case                                                        

Figure 2-3: Experimental setup for web crippling test used by Young and Hancock (2001) 

In 2003, Holesaple and LaBoube (2003) reported a total of 29 experimental results on C-and Z-

sections to investigate the influence of overhang length on the web crippling capacity of CFS 

members. The results suggested that the end-one-flange web crippling capacity determined from 

AISI guidelines (1996) was found to be conservative for those CFS members having an overhang 

length ranging from 0.5h to 1.5h, where h is the web depth. Therefore, new design equations were 

proposed using a modification factor for the EOF loading case.  

In 2004, Young and Hancock (2004) carried out web crippling experiments on CFS unlipped 

channel beams with flanges restrained and unrestrained to supports subjected to ETF and ITF 

loading cases (Figure 2-4). To simulate the flanges restrained to supports, the flanges of the 

channel beams were bolted to bearing plates for the tests. The results obtained from laboratory 

tests were compared with the design strengths predicted by the AISI guidelines (1996). It was 

demonstrated that the design strengths predicted by the AISI guidelines (1996) using the 

unrestrained design rules were generally conservative, but un-conservative when using the 

restrained design rules. 
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                      (a) Front view                                                        (b)  End view  

Figure 2-4: Experimental setup for specimen with flanges restrained used by Young and 

Hancock (2004) 

In 2011, Macdonald et al. (2011) presented the results of 36 laboratory tests to study the web 

crippling capacity of CFS lipped channel beams. The comparison of experimental, finite element, 

and plastic mechanism approach results indicated that the FE models were found to closely 

simulate the web crippling failure behaviour observed in the laboratory tests. Also, they concluded 

that the bearing length, corner radius, and clear height of the web had significant influences on 

the web crippling capacity of lipped channel beams (LCB), particularly for the IOF and EOF 

loading cases. Figure 2-5 shows the experimental setup used by Macdonald et al. (2011). 

   

     (a) ETF loading case                                          (b)  ITF loading case                                                         

      Figure 2-5: Experimental setup for ETF and ITF loading case (Macdonald et al., 2011) 
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In 2014, Keerthan et al. (2014a) carried out a total of 28 laboratory tests to study the web crippling 

capacity and design of the CFS hollow flange channel beam subjected to ETF and ITF loading 

cases. Based on the results obtained from the limited number of laboratory tests, DSM-based 

equations for calculating the web crippling capacities of hollow flange channel beams were 

developed in this paper and they found that the new equations can closely predict the web 

crippling capacity of such sections.  

In 2015, Steau et al. (2015) extended the above research to rivet restrained rectangular hollow 

flange channel beams. It was observed from the laboratory tests that rivet restrained rectangular 

hollow flange channel beams failed by web crippling, flange crushing, and combinations of 

both. Comparison of ultimate web crippling capacities with the design strength predicted by AISI 

S100 (2012) showed that the current design equations (AISI 2012) were un-conservative for 

calculating the web crippling capacity of such sections. Hence, new equations were developed for 

calculating the web crippling capacities of rivet restrained rectangular hollow flange channel 

beams, and the new equations were found to closely predict the web crippling capacity of such 

sections.  

In 2015, Janarthanan et al. (2015) performed a total of 28 web crippling experiments on CFS 

unlipped channel beams with flanges restrained to bearing plates under EOF and IOF loading 

cases. For comparison, specimens with flanges unrestrained to bearing plates were also tested. 

Using the results from this study, a new equation was proposed on the basis of the direct strength 

method (DSM) to determine the web crippling capacities of CFS unlipped channel beams with 

flanges restrained to supports.  

In 2015, Gunalan and Mahendran (2015) performed an experimental investigation into the web 

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

ETF loading cases. In this study, DuraGal sections with a nominal yield stress of 450 MPa were 

tested, and the effects of different web slenderness and bearing lengths on the capacity of such 



39 

  

sections were investigated. The results obtained from laboratory tests showed that the AISI S100 

(2012) were un-conservative for these stocky channel beams under ETF and ITF loading cases. 

Furthermore, new design equations were proposed on the basis of the DSM design rules to predict 

the web crippling capacities of CFS beams. Figure 2-6 showed the experimental setup used by 

Gunalan and Mahendran (2015). 

 

                                    (a) Front view                                                        (b)  End view 

Figure 2-6: Web crippling experimental setup for ITF loading case used by Gunalan and 

Mahendran (2015) 

Sundararajah et al. (2016, 2017) carried out experimental and numerical investigations to study 

the web crippling capacity and design of CFS plain channel beams under ETF and ITF loading 

cases. Using the results obtained from both numerical and experimental studies, improved unified 

web crippling design equations were proposed in this study. Also, they developed the web 

crippling design rules on the basis of the DSM design rules, which can closely predict the web 

crippling capacity of such CFS plain channel beams. 

2.22 CFS members with un-stiffened web holes 

A significant number of studies have been reported investigating the web crippling capacity and 

design of CFS channel beams with un-stiffened web holes. In an early study, Yu and Davis (1973) 

considered the case of both circular and square un-stiffened web holes placed and centred beneath 

the bearing plate with the flange unrestrained to the bearing plate. All laboratory tests were 
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performed with a bearing length of 89 mm. Based on the results obtained from the laboratory tests, 

new design equations based on capacity reducation factor were proposed, although they were 

limited to the aforementioned bearing length. 

In 1989, Sivakumaran and Zielonka (1989) experimentally studied the influence of un-stiffened 

web holes on the reduced web crippling capacity of C-shaped lipped channel beams subjected to 

IOF loading. Based on the non-linear regression analysis of 103 experimental results, new design 

equations were proposed which were found to closely predict the reduced web crippling capacity 

of such sections with un-stiffened web holes. 

In 1999, LaBoube et al. (1999) studied the case of an un-stiffened web hole having a horizontal 

clear distance to the bearing plates. However, this was only for the case where the flanges were 

restrained to the bearing plates and subjected to only EOF and IOF loading cases (Figure 2-7(a)). 

In this study, all test specimens consisted of two-lipped channel beams interconnected by angles 

(Figure 2-7(b). They found that the key parameters influencing the web crippling capacity 

reduction were identified as the ratios of a/h and x/h. The design equations based on capacity 

reducation factor were developed by LaBoube et al. (1999). These capacity reducation factor 

equations closely predict the web crippling capacity of such sections; however, they are only 

available for those specimens with thicknesses varying from 0.83 mm to 1.42 mm. 

  

                 (a) Experimental setup                                  (b) Cross-section of specimens  

                Figure 2-7:  Details of web crippling testing conducted by LaBoube et al. (1999) 
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 Uzzaman et al. (2012a, b, c, 2013) investigated the influences of un-stiffened web holes on the 

reduced web crippling capacity of CFS lipped channel beams under ETF and ITF loading cases 

through experimental and numerical studies. To study the influence of restrained flanges on the 

web crippling capacity, both cases of flange restrained and unrestrained were tested in this study.  

For those specimens with holes, the holes were placed either centred above the bearing plates or 

with a horizontal clear distance to the bearing plate.  Figure 2-8 presents the experimental setup 

used in Uzzaman et al.'s (2012a, b, c, 2013) laboratory tests. They proposed new equations for 

determining the capacity reduction factor of CFS channel beams with un-stiffened web holes.  

  

                        (a) ITF loading case                                  (b)  ETF loading case                                                         

Figure 2-8: Experimental setup used by Uzzaman et al. (2012a, b, c, 2013) to test CFS channel 

beams with un-stiffened web hole under ETF and ITF loading cases 

From 2016 to 2017, Lian et al. (2016a, b, 2017a, b) extended the research work of Uzzaman et al. 

(2012a, b, c, 2013), and investigated the reduced web crippling capacity of CFS lipped channel 

beams due to the presence of un-stiffened web holes under IOF and EOF loading cases. Both 

cases of flanges unrestrained and flanges restrained were considered. For comparison, plain 

channel beams were also tested. For those specimens with web holes, the holes were placed either 

centred above the bearing plates or with a horizontal clear distance to the bearing plate. In addition, 

new design equations based on capacity reduction factors were developed.  It was demonstrated 

that the proposed capacity reducation factors agreed well with the results obtained from laboratory 
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tests and FEA. Figure 2-9 shows the experimental setup used by Lian et al. (2016a, b, 2017a, b) 

to test CFS channel beams with un-stiffened web hole under EOF and IOF loading cases. 

  

(a) IOF loading case                                  (b)  EOF loading case 

Figure 2-9: Experimental setup used by Lian et al. (2016a, b, 2017a, b) to test CFS channel 

beams with un-stiffened web hole under EOF and IOF loading cases 

In 2020, Elilarasi and Janarthanan (2020a) experimentally studied the reduced web crippling 

capacity of unrestrained LiteSteel beams with un-stiffened web holes under ETF loading case. In 

addition, they (2020b) also investigated the capacity of CFS unlipped channel beams with 

unrestrained support subject to ETF loading case. Suitable equations for determining capacity 

reduction factor were developed for such LiteSteel beams with un-stiffened web holes based on 

the numerical results. 

2.23 CFS members with edge-stiffened web holes 

In the literature, only Uzzaman et al. (2017, 2020a, b) experimentally and numerically studied the 

enhanced web crippling capacity of CFS channel beams with edge-stiffened web holes under ITF, 

ETF, IOF, and EOF loading cases. For comparison, specimens with un-stiffened web holes and 

plain webs were also tested. The results obtained from laboratory tests and numerical studies 

indicated that edge-stiffened web holes can significantly enhance the web crippling capacity.  

Finally, new design equations in the form of capacity reduction factors were developed that are 

conservative to both the test and FE results. However, they only considered the case of flange 

unrestrained to bearing plates. This case may not fully represent real practice as flanges are 
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typically restrained to the supports. Figure 2-10 showed the experimental setup used by Uzzaman 

et al. (2017, 2020a, b) to test CFS channel beams with edge-stiffened web hole under EOF and 

IOF loading cases. 

 

(a) IOF loading case                                   

 

(b) EOF loading case                                   

Figure 2-10: Experimental setup used by Uzzaman et al. (2017, 2020a, b) to test CFS channel 

beams with edge-stiffened web hole under unrestrained support. 
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2.24 Design guidelines for CFS members in web crippling 

For CFS plain channel beams, the current AS/NZS 4600 (2018) (Section 3.3.6.1) and AISI S100 

(2016) (Section G5) provide the unified web crippling design equations with different specific 

coefficients. It should be noted that the influence of restrained flange case has been incorporated 

within the design guidelines as specified in AS/NZS 4600 (2018) and AISI S100 (2016) for CFS 

members. It should be noted that the empirical design guidelines, which were adopted in the 

AS/NZS (1996) and AISI (1996) for CFS members, were based on the experimental results 

reported by Winter and Pian (1946), Zetlin (1955), and Hetrakul and Yu (1978). Figure 2-11 

shows the typical loading cases specified in the AISI standard test method, (AISI S909, 2008). 

 

Figure 2-11: Web Crippling Loading cases (AISI S909, 2008) 

Eurocode 3 (EC3) (2006) provides design guidelines for calculating the web crippling capacity of 

CFS plain channel beams under ETF and ITF loading cases. However, they are complicated when 

compared with the unified web crippling design equations as specified in AS/NZS 4600 (2018) 

and AISI S100 (2016). It should be noted that the same design equations are suitable for both the 
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cases of flange restrained and flange unrestrained support cases. The strength enhancement due 

to flanges restrained to the supports was therefore ignored.  

For CFS lipped channel beams with un-stiffened web holes, AISI S100 (2016) proposed capacity 

reducation factor equations for the case of a web hole with a horizontal clear distance to the 

bearing plates, but only for the case where the flanges are restrained to the bearing plates, covering 

the IOF and EOF loading cases. 

Regarding specimens with edge-stiffened web hole, only Uzzaman et al. (2017, 2020a, b) 

developed design equations for calculating the capacity reducation factor (Rp) using bivariate 

linear regression analysis for such CFS channel beams under unrestrained flange cases subjected 

to ITF and ETF loading cases. The capacity reducation factor (Rp) of CFS channel beams with 

edge-stiffened web hole under ITF and ETF loading cases can be calculated using Equations 2.1 

and 2.2 as given below.  

For ITF loading case,  

1.02 0.39( ) 0.02( ) 0.04( ) 0.49( ) 1
q

p

ra N q
R

h h t h
= − + + + 

 

(Equation 2.1) 

For ETF loading case,  

0.98 0.11( ) 0.01( ) 0.05( ) 0.41( ) 1
q

p

ra x q
R

h h t h
= − + + + 

 

(Equation 2.2) 

2.3 Research on the moment capacity of CFS channel beams  

2.31 CFS members without web holes 

In terms of CFS plain channel beams, extensive research is available in the literature. From 2003 

to 2007, distortional buckling tests and local buckling tests on CFS C- and Z-sections without 

holes were performed by Yu and Schafer (2003, 2005, 2006, 2007) under four-point bending. 

They found that distortional buckling may be the predominant failure mode when the compression 
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flange is not restrained by attachment to sheathing in distortional buckling tests. Figure 2-12 

shows the experimental setup used in Yu and Schafer (2003, 2005, 2006, 2007) tests. 

 

   (a) local buckling tests                                   (b)  distortional buckling tests 

Figure 2-12: Experimental setup used by Yu and Schafer (2003, 2005, 2006, 2007) to conduct 

local buckling and distortional buckling test, respectively. 

In 2011, Yu and Yan (2011) developed a new design method for calculating the nominal 

distortional buckling capacity of CFS plain channel beams subjected to pure bending, which was 

based on a modified Effective Width Method (EWM). It should be noted that the developed 

method was calibrated by the flexural distortional buckling strength predicted by the DSM design 

rules.  

In 2011, a study by Haidarali and Nethercot (2011) developed a simplified FE model to study the 

local-distortional interactive buckling behaviour of CFS plain channel beams. It should be noted 

that a simplified configuration of the experimental setup has been modelled in ABAQUS. In the 

local buckling FE models, distortional buckling has been restricted in the member as translational 

springs were applied to the lip/flange corner of the beam.  

In 2014, Wang and Young (2014) performed a total of 16 bending laboratory tests to determine 

the flexural capacity of CFS plain channel beams. The results obtained from laboratory tests and 

numerical analyses were compared with design strength predicted by the DSM design rules as 

specified in AISI S100 (2012). The comparison shows that the design strengths predicted by the 
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DSM design rules are conservative for both local and distortional buckling modes.  Hence, 

modified DSM equations were developed in this study.  

In 2016, Anbarasu (2016) investigated the local-distortional buckling interactive behaviour and 

design of CFS plain channel beams subjected to uniform bending.  A total of 12 laboratory tests 

and 60 parametric study results were reported in this study. A design equation was developed for 

CFS lipped channel beams which have nearly equal elastic local and distortional buckling 

moments. 

Ye et al. (2018, 2019) investigated the local-distortional buckling interactive behaviour of CFS 

lipped plain channel beams in bending. The back-to-back experimental setup was selected to avoid 

the twist which inevitably takes place in single channel beams as a result of applying load 

eccentrically relative to the shear centre. A total of six four-point bending experiments were 

conducted. Simultaneous local and distortional buckling was observed in all experiments, either 

as true interaction or secondary bifurcation. 

2.32 CFS members with un-stiffened web holes 

For CFS channel beams with un-stiffened web holes, A significant number of studies were 

available in the literature. Moen et al. (2013) carried out a series of bending laboratory tests on 

CFS channel beams with web holes; however, these were for rectangular un-stiffened web holes. 

The objective of their research was to examine the influence of un-stiffened web holes on the local 

buckling resistance of the flanges and Figure 2-13 shows the failure mode by distortional buckling 

observed in the laboratory tests. The design approach for CFS channel beams with un-stiffened 

web holes was developed on the basis of the DSM design rules, in which the compression 

resistance may be expressed directly in terms of the critical buckling strength and element 

slenderness. 
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Figure 2-13: Deformed shapes of CFS channel beams with un-stiffened web holes observed by 

Moen et al. (2013) 

In 2019, Zhao et al. (2019) experimentally and numerically investigated the flexural capacity and 

design of CFS channel beams with un-stiffened web holes. A total of ten test specimens having 

various sizes of un-stiffened web holes were tested under four-point bending. A non-linear FE 

model was then established and validated against experimental results. Furthermore, the results 

obtained from laboratory tests and parametric analyses were compared with the design strength 

predicted by the current DSM design rules for CFS channel beams with un-stiffened web holes. 

It was found that the DSM design rules as specified in AISI (2016) provides un-conservative 

predictions for calculating the flexural capacity of CFS channel beams with un-stiffened web 

holes in most cases ‒ especially for those CFS channel beams which were controlled by local-

distortional buckling interactive failure. Therefore, modified DSM equations for calculating the 

flexural capacity of CFS channel beams with un-stiffened web holes were developed in this study. 

Figure 2-14 shows the experimental setup used in Zhao et al. (2019) laboratory tests. 
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Figure 2-14: Experimental setup used by Zhao et al. (2019) to test CFS channel beams with un-

stiffened web hole in bending 

 A recent study performed by Yu et al. (2019, 2020) investigated the distortional buckling 

behaviour of CFS channel beams with un-stiffened web holes. They found that the presence of 

un-stiffened web holes can reduce the critical buckling stress of the beams due to the reduced area. 

Also, an analytical model was developed for calculating the critical moment of CFS channel 

beams with un-stiffened web holes in this study. It should be noted that the analytical solution 

was based on the Hancock model, modified to include the effect of the presence of web holes. 

2.33 CFS members with edge-stiffened web holes 

In the literature, only Yu (2012) numerically studied the influence of edge-stiffened web holes on 

the moment capacity. He found that edge-stiffened web holes can improve the moment capacity 

of CFS channel beams by an average of 12.9% when compared with that of a plain channel beam. 

An extensive parameter study was performed to obtain optimised dimensions of the hole profiles. 

New design provisions were developed to closely predict the flexural capacity of such new 

generation C-section flexural members with the optimised hole profiles. However, it should be 
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noted that the numerical models established by Yu et al. (2012) for CFS channel beams with edge-

stiffened web holes were validated against the experimental results of CFS channel beams with 

un-stiffened web holes. This was due to the unavailability of experimental results for CFS channel 

beams with edge-stiffened web holes. Figure 2-15 shows the deformed shapes for CFS channel 

beams with edge-stiffened web holes and plain webs observed by Yu (2012). 

 

Figure 2-15: Deformed shapes of CFS channel beams with edge-stiffened web holes and plain 

webs observed by Yu (2012) 

In another numerical study, Grey and Moen (2011) developed design procedures for calculating 

the elastic critical buckling load of CFS channel beams due to the presence of edge-stiffened web 

holes. Weighted average section properties were used for calculating the lateral-torsional moment 

capacity including the influence of edge-stiffened holes. Finite strip analysis of the net section at 

an edge-stiffened hole was performed to evaluate local buckling. The simplified methods were 

validated against thin shell finite element eigen-buckling parameter studies where the edge-

stiffened holes were explicitly modelled.  

2.34 Design guidelines for CFS members in bending 

The current design guidelines, such as AISI S100 (2016) and AS/NZS 4600 (2018), do not provide 

any design equations for calculating the flexural capacity of CFS channel beams with edge-

stiffened web holes in bending. It should be noted that AISI S100 (2016) and AS/NZS 4600 (2018) 



51 

  

have specific design equations only for calculating the flexural capacity CFS channel beams with 

un-stiffened web holes and plain webs.  

The un-factored design moment capacity of CFS plain channel beams can be determined from the 

AS/NZS 4600 (2018) and AISI S100 (2016). The nominal moment capacity (Mnl) for local 

buckling can be calculated by using the following Equations 2.3 and 2.4: 

For, l ≤ 0.776   nl neM M=    (Equation 2.3) 

For, l > 0.776 
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   (Equation 2.4) 

where Mne is the nominal flexural strength for lateral-torsional buckling and Mcrl is the critical 

elastic local moment. 

The nominal moment capacity (Mnd) for distortional buckling can be calculated using the 

following Equations 2.5 and 2.6: 

For,  d ≤ 0.673 nd yM M=      (Equation 2.5) 

For,  d > 0.673 
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   (Equation 2.6) 

where Mcrd is the critical elastic distortional buckling moment and My is the member yield moment 

(My= Sf×Fy). 

The DSM design rules for flexural members with un-stiffened web holes were developed by Moen 

and Schafer (2008, 2009, 2013). The nominal moment capacity for distortional buckling (Mnd) of 

CFS channel beams with un-stiffened web holes was calculated using the following Equations 

2.7-2.13: 
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where Mcrd is the critical elastic distortional buckling moment including the influence of holes; 

My is the member yield moment (My= Sf×Fy); Mynet is the member yield moment of net cross-

section (Mynet = Sfnet×Fy). 

The elastic distortional buckling moment of CFS channel beams with un-stiffened web holes can 

be calculated using Equation 2.14, as shown below. 

min( , )crd crdg crdnM M M=                                                           (Equation 2.14) 

where Mcrdg is the critical elastic buckling moment for a distortional buckling half-wave occurring 

in the gross cross-section (without a hole) and Mcrdn is the critical buckling moment for a 

distortional buckling half-wave at a hole; Mcrdn can be determined from the finite strip analysis 

software (e.g. THIN-WALL-2 or CUFSM) (Moen and Schafer 2008, 2009, 2013), where web 

thickness t is replaced by reduced web thickness tr calculated using Equation 2.15. 

1/3t (1 )h
r

crd

L
t

L
= −                                                                                                       (Equation 2.15) 
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Where t is the thickness of web; Lh is the hole length; Lcrd is the distortional buckling half-

wavelength of the member with gross cross-section, determined from the finite strip analysis 

software (e.g. THIN-WALL-2 or CUFSM), as described by Moen and Schafer (2008, 2009, 2013). 

The nominal moment capacity for local buckling (Mnl) of beams with un-stiffened web holes can 

be calculated using Equations 2.16 and 2.17.  

0.776     l nl ne ynetM M M  =                                                                    (Equation 2.16) 

0.4 0.4

0.776     1 0.15 crl crl
l nl ne ynet

ne ne

M M
M M M

M M


    
  = −    
     

                                (Equation 2.17) 

where Mnl is the nominal flexural strength of local buckling; Mne is the nominal flexural strength 

for lateral-torsional buckling; Mcrl is the critical elastic local moment considering the influence of 

holes; Mynet is the member yield moment of net cross-section (Mynet = Sfnet×Fy). 

Moen and Schafer (2008, 2009, 2013) developed a calculation procedure for elastic local buckling 

moment (Mcrl) which considers the influence of holes, as given in Equation 2.18.  

lgmin( , )crl cr crlhM M M=                                                                              (Equation 2.18) 

where Mcrℓg is the critical elastic local buckling moment at the gross cross-section, and Mcrℓh is the 

critical local buckling moment of the compressed portion of the net section above a hole. More 

details regarding the calculation procedure can be found in Moen and Schafer (2008, 2009, 2013). 
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2.4 Research on the shear capacity of CFS channel beams  

2.41 CFS members without web holes 

In terms of CFS plain channel beams, significant work has been reported in the literature. The 

shear capacity of CFS plain channel beams was firstly investigated by LaBoube and Yu (1978), 

and a total of 25 laboratory tests were performed. Simply supported test specimens were loaded 

at mid-span until failure in this study (Figure 2-16). It was found that distortional buckling failures 

were not observed since their test specimens consisted of two-channel beams connected by angle 

sections in the laboratory tests. LaBoube and Yu (1978) also developed suitable design equations 

for calculating the shear capacity of CFS plain channel beams, which have been adopted in 

AS/NZS 4600 (2018) and AISI S100 (2016). 

 

Figure 2-16: Diagrammatic sketch of experimental setup used by LaBoube and Yu (1978) to 

test CFS plain channel beams in shear 

In 2009, Pham and Hancock (2009) investigated the elastic buckling stresses of CFS channel 

beams in shear. For comparison, both unlipped and lipped channel beams were studied. Test 

specimens with different lengths were selected to study the influence of beam length to width ratio 

on the critical shear buckling stresses of such sections. The results obtained from the laboratory 
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tests suggested that the flanges can have a significant influence on the enhancement of the shear 

buckling capacity of CFS channel beams. 

In 2010, Pham and Hancock (2010a, b) conducted experimental and numerical investigations to 

study the shear capacity of high-strength CFS lipped channel beams. New design equations for 

calculating the shear capacity of lipped channel beams were then developed in Pham and Hancock 

(2012), which was based on modified DSM design rules. Also, they found that the increased 

restraints created by full bolt connections at the supports and loading point may improve the post-

buckling strength of the web in shear. Figure 2-17 shows the diagrammatic sketch of the 

experimental setup used by Pham and Hancock (2010a, b) to test CFS plain channel beams in 

shear. 

 

Figure 2-17: Diagrammatic sketch of experimental setup used by Pham and Hancock (2010a, b) 

to test CFS plain channel beams in shear 
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Keerthan and Mahendran (2010a, 2011) experimentally and numerically studied the shear 

capacity of LiteSteel beams and a total of 36 shear laboratory tests were performed in this study. 

Simply supported test specimens of LiteSteel beams having aspect ratios of 1.0 and 1.5 were 

loaded at mid-span until failure. In order to simplify the experimental arrangement, single 

LiteSteel beams were also used in this study. The comparison showed that the back-to-back and 

the single LiteSteel beams gave almost the same results. Also, the results obtained from the 

parametric study suggested that the current design rules (AISI 1996) are over-conservative for 

calculating the shear capacity of LiteSteel beams. Hence, they also developed suitable design 

equations based on the DSM design rules for calculating the shear capacity of LiteSteel beams. 

The proposed new equations can also be applied to CFS lipped channel beams. Figure 2-18 shows 

the experimental setup used by Keerthan and Mahendran (2010a, 2011) to test LiteSteel beams in 

shear. 

   

                 (a) back-to-back shear tests                                       (b)  single shear tests 

Figure 2-18: Experimental setup used by Keerthan and Mahendran (2010a, 2011) to test 

LiteSteel beams in shear 

From 2010 to 2013, Keerthan and Mahendran (2010b, 2013a) studied the elastic shear buckling 

behaviour of LiteSteel beams and lipped channel beams. The results obtained from the laboratory 

tests also indicated that lipped channel beams without flange restraints were subjected to a new 

combined shear and flange distortion action due to the unbalanced shear flow. Based on results 
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obtained from the numerical analysis, they developed a simple equation for the increased shear 

buckling coefficient (kv) due to the presence of higher fixity along the web to flange juncture for 

both LiteSteel beams and lipped channel beams. 

In 2015, a study by Keerthan and Mahendran (2015a) was performed to study the shear capacity 

of CFS lipped plain channel beams and they found that design shear capacity for CFS plain 

channel beams, determined from AISI S100 (2012), were conservative as they did not include the 

post-buckling strength observed in the shear tests. Hence, Keerthan and Mahendran (2015b) 

developed improved shear capacity equations based on their experimental and FEA results. 

Suitable lower bound design rules were also developed based on the DSM design rules. Figure 2-

19 shows the deformed shapes of lipped channel beams observed by Keerthan and Mahendran 

(2015a). 

 

Figure 2-19: Deformed shapes of lipped channel beams observed by Keerthan and Mahendran 

(2015a). 

In 2018, Pham et al. (2018a) developed a new test rig to study the shear capacity of CFS plain 

channel beams having an aspect ratio up to 2.0. They found that shear capacity close to pure shear 

capacity can be reached ‒ even at an aspect ratio of 2.0. The experimental results were used to 

validate and extend the proposed design equations by Pham et al. (2017a) to shear spans with 

aspect ratios up to 2.0.  
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2.42 CFS members with un-stiffened web holes 

In the literature, a significant number of studies have been reported investigating the reduced shear 

capacity of CFS channel beams with un-stiffened web holes by many researchers. In 1997, Shan 

et al. (1997) found that the shear capacity of CFS channel beams can be significantly reduced due 

to the presence of un-stiffened web holes. They found that the key parameter for the shear capacity 

of CFS channel beams with un-stiffened web holes was the ratio of the depth of web hole (dwh) to 

clear height of web (d1) and thus developed design equations in terms of dwh/d1 based on the 

limited results of experimental and analytical studies. 

In 1997, Eiler (1997) extended the research work of Shan et al. (1997) to consider the effects of 

web holes subjected to shear loading. In the laboratory tests, all web holes were placed at mid-

depth of the web. The experimental results suggested that the slenderness ratio of the web element 

above or below the hole was the key parameter influencing the shear capacity. New design 

equations were developed for calculating the shear capacity of such CFS channel beams with un-

stiffened web holes, which have been adopted in AS/NZS 4600 (2018) and AISI S100 (2016) 

design standards for CFS structures.  

Keerthan and Mahendran et al. (2013b, 2014b) experimentally and numerically studied the shear 

capacity of CFS channel beams with un-stiffened web holes, and a total of 40 laboratory test 

results were reported. Both aspect ratios of 1.0 and 1.5 were considered in this study. The results 

suggest that the current design rules (AISI 2012) are over-conservative for calculating the shear 

capacity of CFS channel beams with un-stiffened web holes. Hence, they followed the 

methodology of using the modified reduction factor and developed improved design equations for 

such sections. Figure 2-20 shows the deformed shapes of lipped channel beams observed by 

Keerthan and Mahendran (2013b, 2014b). 
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Figure 2-20: Deformed shapes of lipped channel beams observed by 

Keerthan and Mahendran (2013b, 2014b) 

In 2017, Pham et al. (2017a,b) developed modified DSM design rules for  CFS channel beams 

with square and circular un-stiffened web holes having a shear span aspect ratio of 1.0. It should 

be noted that this DSM-based approach requires two inputs including the buckling load Vcr and 

the shear yielding load Vy. The study by Pham et al. (2017a,b) represents a practical model to 

obtain Vy for members with central web holes subjected predominantly to shear. 

Recently, research by Pham et al. (2020a, b, c, d) extended the DSM design rules to CFS channel 

beams with un-stiffened web holes in shear. The laboratory tests were performed by Pham et al. 

(2020a, b, c, d) to study the shear capacity of CFS channel beams with different types of un-

stiffened web holes and modified DSM design rules for CFS channel beams with holes in shear 

was developed by Pham et al. (2020a, b, c, d). It should be noted that no information has been 

reported in the literature investigating the shear capacity of CFS channel beams with edge-

stiffened web holes.  

2.44 Design guidelines for CFS members in shear 

In terms of design guidelines for CFS plain channel beams, according to Section G2.2 of AISI 

S100 (2016) and Clause 7.2.3 of AS/NZS 4600 (2018), the nominal shear capacity (Vv) of CFS 

unperforated beams without web stiffeners can be calculated from the following Equations 2.19-

2.24. 
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v yV V=     0.815v   (Equation 2.19) 

0.815v cr yV V V=     0.815 1.227v   (Equation 2.20) 

v crV V=   For 1.227v   (Equation 2.21) 
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where d1 is depth of the flat portion of the web measured along the plane of the web, Fy is design 

yield stress, tw is thickness of web, kv is the shear buckling coefficient of the whole section 

predicted by AS/NZS 4600 (2018), and E is Modulus of elasticity of steel. 

Pham and Hancock (2010a, b) performed both experimental and numerical studies to investigate 

the shear behaviour of CFS lipped channel beams. Suitable design equations for the shear capacity 

of CFS unperforated beams with tension field action (Equations 2.19-2.24) were then developed 

in Pham and Hancock (2010a, b), which are adopted in Section G2.2 of AISI S100 (2016) and in 

Clause 7.2.3 of AS/NZS 4600 (2018). These equations predict the shear capacity of CFS lipped 

plain channel beams which include their available post-buckling strength and the effect of 

additional fixity at the web-flange juncture, as given in Equations 2.25-2.26. 

v yV V=     For 0.776v   (Equation 2.25)                                                           
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    For 0.776v   (Equation 2.26)                                                           

where Vy and Vcr are given by Equation 2.22 and Equation 2.23, and kv is the shear buckling 

coefficient of the whole section predicted by AS/NZS 4600 (2018). 

 In terms of design guidelines for CFS channel beams with un-stiffened web holes, both AS/NZS 

4600 (2018) and AISI S100 (2016) still adopt an empirical approach based on the experimental 
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data reported by Shan et al. (1994) and Eiler et al. (1997). The design methodology is simply the 

use of the reduction factor (qs) multiplied with the shear capacity of the sections with no holes as 

calculated in Section G3 of the AISI S100 (2016), as given in Equations 2.27-2.31. 

1sq =     For 54
c

t
  (Equation 2.27)                                                           
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2.5 Concluding remarks  

From the findings of the literature review, it is clear that limited work is available on the capacity 

of CFS channel beams with edge-stiffened web holes under bending, shear, and web crippling.  

For web crippling behaviour, only Uzzaman et al. (2017, 2020a,b) experimentally and numerically 

studied the web crippling capacity of CFS channel beams with edge-stiffened web holes, although 

they only investigated unrestrained flange cases. This case may not fully represent the real practice 

as the flanges are typically restrained to the supports in practical construction. Therefore, this 

thesis will extend the research works of Uzzaman et al. (2017, 2020a,b) and consider the effect of 

restrained flanges on the web crippling capacity of such sections. 

For bending behaviour, only Yu et al. (2012) found that edge-stiffened web holes can improve the 

moment capacity of CFS channel beams by an average of 14% when compared with that of a plain 

channel beam. However, the numerical models established by Yu et al. (2012) for CFS channel 
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beams with edge-stiffened web holes were validated against the laboratory test results of CFS 

channel beams with un-stiffened web holes.  

Regarding shear behaviour, no investigation has been undertaken on the shear capacity of CFS 

channel beams with edge-stiffened web holes. All of the above-mentioned investigations were 

either for CFS plain channel beams or for CFS channel members with un-stiffened web holes. 

Furthermore, current design guidelines from the American Iron and Steel Institute Standards 

(AISI) (2016), Australian and New Zealand Standards (AS/NZS) (2018), and European Standard 

(EC3) (2006) do not cover the capacity of such CFS channel beams with edge-stiffened web holes 

subjected to web crippling, bending, and shear. Thus, appropriate and safe design equations for 

such sections need to be developed. 
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CHAPTER 3. WEB CRIPPLING CAPACITY 

OF CHANNEL BEAMS WITH EDGE-STIFFENED 

WEB HOLES 

3.1 Introductory remarks 

This chapter presents the results of 36 new web crippling tests which were performed on CFS 

channel beams with edge-stiffened web holes under restrained (fastened) support subjected to 

two-flange loading. For comparison, specimens with un-stiffened web holes and plain webs were 

also tested. Finite element (FE) models were then established and validated against the 

experimental results. Using the validated FE models, an extensive parametric study involving 912 

FE models was performed. In the parametric study, web thickness, size of the web holes, length 

of bearing plate, and length of edge-stiffener were varied. Finally, the results obtained from 

laboratory tests were compared with the design strengths predicted by the proposed equations of 

Uzzaman et al. (2012b, 2020a, b) for channel beams with web holes and against the design 

equations of current design standards (American Iron and Steel Institute (AISI) (2016), Australian 

and New Zealand Standards (AS/NZS) (2018), and European Standard (EC3) (2006)) for plain 

channel beams.  

3.2 Experimental study 

3.21 Test specimens 

In this study, a total of 36 CFS channel beams were tested to failure under ETF and ITF loading 

cases. 12 tests were on plain channel beams (Figure 3-1(a)), 12 tests were on specimens with un-

stiffened web holes (Figure 3-1(b)), and the remaining 12 tests were on specimens with edge-

stiffened web holes (Figure 3-1(c)).  
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(a) CFS plain channel beams 

 
(b) CFS channel beams with un-stiffened web holes 

 
(c) CFS channel beams with edge-stiffened web holes 

Figure 3-1: CFS channel beams investigated in this research 
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In this study, the length of specimens was three times the height of channel beams plus the length 

of bearing plate for ITF loading case, while the length of specimens under ETF loading case was 

1.5 times the height of channel beams plus the length of bearing plate. It should be noted that the 

design of the specimen lengths used in this thesis was based on the definition of AISI S100 (2016) 

which was also adopted in some of the previous studies (Uzzaman et al. 2020a, b). However, 

different specimen lengths can also be used as per the recommendations of the AISI S909 standard 

(2013). The influence of different specimen lengths on the web crippling capacity was 

investigated by Janarthanan et al. (2019) and they found that such use of different specimen 

lengths might lead to inaccurate capacities. 

As shown in Figure 3-2, all web holes had a nominal diameter (dwh) of 90 mm. The nominal 

dimension of web thickness (tw) was 1.50 mm. The edge-stiffener length (q) was fixed at 13 mm. 

In order to investigate the effect of bearing lengths (N) on web crippling behaviour, three different 

lengths of bearing plates (N) were used: 50 mm, 75 mm, and 100 mm. Table 3-1 shows the 

dimensions of test specimens. 

 
Note: all dimensions are in mm 

Figure 3-2: The cross-sectional details of CFS channel beams   Note: All dimensions are in mm
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3.22 Section labelling 

The specimens were labelled such that the loading cases, the height of web, the length of bearing 

plate, the type of web holes, and the flange condition could be identified from the labelling system. 

For example, the label “ITF190-N50-NH-FR” can be explained as given below:  

• The symbol “ITF” refers to the loading case. 

• The number “190” refers to the nominal dimension of web height in millimetres i.e., d = 190 

mm. 

• The symbol “N50” refers to the length of bearing plate i.e., N =50mm.  

• The letter “NH’ represents the no web hole case, “UH’ represents a web having an un-stiffened 

web hole, and “EH’ represents a web having an edge-stiffened web hole.  

• The last two letters “FR” represent flanges restrained to the bearing plates and “FU” represents 

flanges unrestrained to the bearing plates. 

3.23 Material testing   

To obtain the material properties of the test specimens, tensile coupon tests were performed. All 

three coupons were extracted from the web of the channel beams, which were cut from the 

untested specimen ITF190-N50-EH. All coupons were tested in accordance with the provisions 

of EN ISO 6892-1 (2019) (Figure 3-3). It can be seen from Table 3-2 that the average yield stress 

(σ0.2) was 292.53MPa. The full stress-strain curves obtained from the tensile coupon tests are 

shown in Figure 3-4. These measured values of the material properties were included in the FE 

model developed for such CFS channel beams, as described in section 3.3 of this chapter.  
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Figure 3-3: Experimental setup of tensile coupon tests 

 

Figure 3-4: Stress-strain curves 



68 

  

        Table 3-1: Measured specimen dimensions and experimental ultimate loads  

(a) Restrained support 

Specimen 
Web Flange Lip Length Bearing length Exp.load    Reduction factor 

h bf bl L N PEXP R 

(mm) (mm) (mm) (mm) (mm) (kN) (%) 

Plain section        

ITF190-N50-NH-FR 190.5 44.9 15.0 620.5 50 11.30 - 

ITF190-N75-NH-FR 189.5 45.3 14.8 645.5 75 11.82 - 

ITF190-N100-NH-FR 190.3 45.5 15.3 670.0 100 12.20 - 

ETF190-N50-NH-FR 189.8 45.0 15.0 335.8 50 4.34 - 

ETF190-N75-NH-FR 190.2 44.8 14.7 359.5 75 4.72 - 

ETF190-N100-NH-FR 190.6 44.9 15.0 385.0 100 5.48 - 

Un-stiffened hole        

ITF190-N50-UH-FR 189.7 45.3 15.0 620.0 50 8.62 -23.7 

ITF190-N75-UH-FR 190.5 44.8 14.8 645.5 75 8.75 -26.0 

ITF190-N100-UH-FR 190.0 45.0 15.3 670.3 100 8.92 -26.9 

ETF190-N50-UH-FR 189.5 45.5 15.0 334.9 50 3.44 -20.7 

ETF190-N75-UH-FR 190.5 44.8 14.9 360.2 75 3.75 -20.6 

ETF190-N100-UH-FR 190.0 45.0 15.1 385.5 100 4.31 -21.4 

Edge-stiffened hole        

ITF190-N50-EH-FR 190.0 45.0 15.0 620.2 50 10.71 -5.2 

ITF190-N75-EH-FR 190.5 44.6 15.3 645.3 75 11.23 -5.0 

ITF190-N100-EH-FR 189.5 45.5 14.9 669.5 100 11.55 -5.3 

ETF190-N50-EH-FR 190.3 45.0 14.8 335.5 50 4.61 +6.2 

ETF190-N75-EH-FR 190.0 44.9 15.2 360.0 75 5.03 +6.6 

ETF190-N100-EH-FR 189.7 45.3 15.0 385.3 100 5.87 +7.1 
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(b) Unrestrained support 

Specimen 
Web Flange Lip Length Bearing length Exp.load    Reduction factor 

h bf bl L N PEXP R 

(mm) (mm) (mm) (mm) (mm) (kN) (%) 

Plain section        

ITF190-N50-NH-FU 190.5 45.2 14.8 620.5 50 8.27 - 

ITF190-N75-NH-FU 190.3 45.0 15.0 645.0 75 8.78 - 

ITF190-N100-NH-FU 190.5 44.8 15.1 670.5 100 9.21 - 

ETF190-N50-NH-FU 190.0 45.1 15.2 334.7 50 2.56 - 

ETF190-N75-NH-FU 189.8 45.5 14.8 360.5 75 2.77 - 

ETF190-N100-NH-FU 190.5 44.9 15.0 385.0 100 3.08 - 

Un-stiffened hole        

ITF190-N50-UH-FU 190.0 45.0 14.9 621.0 50 6.45 -22.0 

ITF190-N75-UH-FU 190.2 45.1 15.5 645.5 75 6.64 -24.4 

ITF190-N100-UH-FU 190.5 45.5 15.5 670.0 100 6.89 -25.2 

ETF190-N50-UH-FU 189.5 44.9 15.2 334.8 50 1.98 -22.7 

ETF190-N75-UH-FU 190.3 45.5 15.0 360.5 75 2.20 -20.6 

ETF190-N100-UH-FU 189.7 44.8 14.8 384.5 100 2.45 -20.5 

Edge-stiffened hole        

ITF190-N50-EH-FU 190.5 45.5 15.0 620.5 50 7.88 -4.7 

ITF190-N75-EH-FU 190.1 45.0 14.8 645.0 75 8.29 -5.6 

ITF190-N100-EH-FU 190.5 45.3 15.3 670.2 100 8.61 -6.5 

ETF190-N50-EH-FU 189.8 44.8 14.9 334.5 50 2.72 +6.3 

ETF190-N75-EH-FU 190.2 45.2 15.2 360.5 75 3.08 +11.2 

ETF190-N100-EH-FU 190.5 45.5 15.0 385.0 100 3.41 +10.7 
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Table 3-2: Material properties obtained from coupon tests 

3.24 Testing-rig and loading procedure 

A 100 kN Instron testing machine was used to apply a concentrated compressive force at a 

constant rate of 0.2 mm/min. The load or reaction force was applied by means of two identical 

bearing plates in accordance with the AISI S100 (2016) and two such bearing plates were placed 

at the edge and mid-span of the test specimens for ETF and ITF loading cases, respectively. Two 

half rounds were used to ensure that the supports at the top and bottom were pinned.  

Two linear variable displacement transducers (LVDTs) were used to measure the vertical and 

lateral displacements. During testing, both CFS channel beams with unrestrained and restrained 

flanges were tested. For the experimental setup of specimens with restrained flanges, two M16 

bolts with a 16 mm nominal outer diameter were used to fasten the flanges of the channel beams 

to the supports. The bolt location was at the centre of both the bearing plates and the flange width. 

A photograph of the web crippling experimental setup under two-flange loading case is shown in 

Figure 3-5, and a schematic front view of the experimental setup is presented in Figure 3-6. 

 

 

 

 

Coupons 
Thickness  

(mm) 

Yield stress Ultimate stress 

σ0.2 σ u 

MPa MPa 

C190-1 1.51 288.03 380.79 

C190-2 1.50 295.35 379.51 

C190-3 1.51 294.21 381.23 

Mean  292.53 380.51 
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Figure 3-5:  Photograph of web crippling tests under two-flange loading case 
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Figure 3-6: Schematic front view of experimental setup 

 

(a) ITF loading case 
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(b) ETF loading case 
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3.25 Results and discussion 

The failure mode of test specimens is shown in Figure 3-7 and Figure 3-8. It can be found that 

web crippling failure was observed for all test specimens, except that a combined web crippling 

and flange crushing failure mode was observed for specimen ITF190-N50-NH-FR as shown in 

Figure 3-9. The web crippling capacity per web obtained from the experiments (PExp) are 

presented in Table 3-1. 

 

Figure 3-7:  Web crippling failures at a reaction point  
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                  (a) ETF190-N50-NH-FR                                  (b) ETF190-N50-UH-FR                                       (c) ETF190-N50-EH-FR 

   
(d) ITF190-N50-NH-FR                                (e) ITF190-N50-UH-FR                                          (f) ITF190-N50-EH-FU 

Figure 3-8: Deformed shapes of test specimens under two-flange loading case
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Table 3-3 summarises the web crippling capacity of CFS channel beams with flanges unrestrained 

and restrained to supports. The results obtained from laboratory tests indicated that the specimens 

with restrained flanges have higher ultimate strength than those with unrestrained flanges. For the 

case of restrained flanges, the web crippling capacity increased by 71% and 33% on average for 

the ETF and ITF loading cases, respectively.  Figure 3-10 plots the web crippling capacity ratios 

of the restrained and unrestrained sections under ETF and ITF loading cases.  

Figure 3-11 compares the load-deflection curves for restrained and unrestrained cases for ITF190-

N50-NH and ETF190-N50-NH, respectively. Fastening the flanges to the supports prevented their 

rotations and thus provided increased resistance to web crippling. Therefore, load versus vertical 

displacement curves for restrained and unrestrained specimens were different in terms of initial 

stiffness and ultimate capacity. This indicated that the effects of restrained flanges on the initial 

stiffness and ultimate web crippling capacity of such specimens were significant. Such a 

difference was also observed by Steau et al. (2015).  

 

Figure 3-9: Combined web crippling and flange crushing (ITF190-N50-NH-FR) 
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Table 3-3: Comparison of web crippling capacity of specimens with flanges unrestrained and 

restrained to supports. 

Specimen Bearing length 
Web crippling capacity determined 

from test, PEXP  

Comparison 

N (mm) Restrained (kN) Unrestrained 

(kN) 

Restrained / Unrestrained 

ITF loading case     

ITF190-N50-NH 50 11.30 8.27 1.37 

ITF190-N75-NH 75 11.82 8.78 1.35 

ITF190-N100-NH 100 12.20 9.21 1.33 

ITF190-N50-UH 50 8.62 6.45 1.33 

ITF190-N75-UH 75 8.75 6.64 1.31 

ITF190-N100-UH 100 8.92 6.89 1.30 

ITF190-N50-EH 50 10.71 7.88 1.36 

ITF190-N75-EH 75 11.23 8.29 1.35 

ITF190-N100-EH 100 11.55 8.61 1.34 

Mean 1.33 

 
ETF loading case     

ETF190-N50-NH 50 4.34 2.56 1.70 

ETF190-N75-NH 75 4.72 2.77 1.70 

ETF190-N100-NH 100 5.48 3.08 1.78 

ETF190-N50-UH 50 3.44 1.98 1.74 

ETF190-N75-UH 75 3.75 2.20 1.70 

ETF190-N100-UH 100 4.31 2.45 1.76 

ETF190-N50-EH 50 4.61 2.72 1.69 

ETF190-N75-EH 75 5.03 3.08 1.63 

ETF190-N100-EH 100 5.87 3.41 1.72 

Mean 1.71 
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(a) ETF loading cases 

 
(b) ITF loading cases 

Figure 3-10: Comparison between the web crippling capacity of restrained (FR) and 

unrestrained (FU) models. 
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(a) Specimen ETF190-N50-NH 

 

(b) Specimen ETF190-N50-NH 

Figure 3-11: Load versus vertical displacement responses for restrained 

(FR) and unrestrained (FU) specimens 
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3.3 Numerical study 

3.31 General 

ABAQUS (2018) was used to establish nonlinear FE models to simulate the behaviour of CFS 

channel beams with and without web holes when subjected to web crippling. The measured cross-

section dimensions as well as the material properties obtained from the tensile coupon tests were 

included in the FE model. Specific modelling techniques are discussed next. 

3.32 Modelling of material properties  

The ABAQUS (2018) classical metal plasticity model was used in all the analyses to define the 

isotropic yielding and plastic hardening of the steel. A simplified bilinear stress-strain curve with 

no strain hardening was used in the FE models. The material properties were taken from the tensile 

coupon tests and included in the FE models. As per the ABAQUS manual (2018), the engineering 

material curve was converted into a true material curve by using the following Equations 3.1 and 

3.2 below:   

(1 )true  = +
 

(Equation 3.1) 

( ) ln(1 ) true
true pl

E


 = + −

 
(Equation 3.2) 

where E is the Young’s modulus, σtrue and εtrue(pl) are the true stress and strain used in the numerical 

modelling, while, σ and ε are the engineering stress and strain, respectively. 

3.33 Element type and mesh size 

S4R shell elements were used to model the CFS channel beams. S4R elements are linear four-

noded quadrilateral thick shell elements that have six degrees of freedom per node. Loading and 

support bearing plates were modelled using rigid elements. Four-noded rigid elements R3D4 were 

assigned to define the loading and support bearing plates. The mesh sensitivity analysis was 
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performed, and the results suggested that a mesh size between 10 mm and 5 mm was suitable for 

CFS channel beams. For the bearing plate, a mesh size of 10 mm×10 mm (length by width) was 

found to be appropriate. Finer mesh sizes were used near the rounded corners and around the web 

holes for accurate FE analysis (see Figure 3-12). 

 

Figure 3-12: Mesh type of different regions  

 3.34 Boundary conditions and loading procedure 

The interface between the bearing plate and the CFS channel was modelled using surface-to-

surface contact. The steel bearing plates were defined as a master surface while the CFS channel 

beams were defined as a slave surface. The two contact surfaces were not allowed to penetrate. 

The top bearing plate was restrained against all degrees of freedom, except for the translational 

degree of freedom in the loading direction. The transverse compressive load was applied to the 

specimens by specifying a displacement to the reference point of the rigid plate. A displacement 

of 10 mm was used to apply the load (Figure 3-13). For restrained flanges, a connector between 

the flanges and bearing plates was modelled at the position of the bolts.  

Coarse mesh  

Fine mesh around 

corner 

Fine mesh around web 

opening 
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Figure 3-13: Boundary condition used in the FE models 

3.35 Validation of the FE model  

 In Table 3-4, a comparison of experimental results (PEXP) with the numerical results (PFEA) is 

presented. The mean value of the PEXP/PFEA ratio is 0.99 with the corresponding coefficient of 

variation (COV) of 0.07. This indicates that the FE model developed in this study can closely 

predict the ultimate web crippling capacity of CFS channel beams. Web crippling capacity versus 

displacement behaviour obtained from both the laboratory tests and FEA is plotted in Figure 3-

14, which shows good agreement between the laboratory tests and FEA. Figures 3-15 and 3-16 

show the deformed shapes at failure from laboratory tests and FEA. As shown, the deflected 

shapes predicted by the FEA are similar to the deformed shapes from the laboratory tests.  

It should be noted that most of the load-displacement curves obtained laboratory tests and FEA 

were in good agreement, with a few exceptions, where the initial stiffness of FE curves was 

slightly different from the experimental curves. This is due to the localised slip which was 

observed between the bearing plates and test specimens in some experiments.  

Support bearing plate 

(U1=U2=U3=0) 

 

 

Loading bearing plate 

(U1=U3=UR1=UR2=UR3=0 and U2=-10mm) 
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Figure 3-14: Load versus vertical displacement curves from laboratory tests and FEA     

Table 3-4: Comparison of web crippling capacity determined from FEA and experiments 

Specimen 
Web crippling capacity 

determined from test 

Web crippling capacity 

determined from FEA  

Comparison 

PEXP (kN) PFEA (kN) PEXP/ PFEA 

Plain section    

ITF190-N50-NH-FR 11.30 10.93 1.03 

ITF190-N75-NH-FR 11.82 11.03 1.07 

ITF190-N100-NH-FR 12.20 11.17 1.09 

ETF190-N50-NH-FR 4.34 4.41 0.98 

ETF190-N75-NH-FR 4.72 5.06 0.93 

ETF190-N100-NH-FR 5.48 5.77 0.95 

ITF190-N50-NH-FU 8.27 7.41 1.11 

ITF190-N75-NH-FU 8.78 7.65 1.14 

ITF190-N100-NH-FU 9.21 7.90 1.16 

ETF190-N50-NH-FU 2.56 2.48 1.03 

ETF190-N75-NH-FU 2.77 2.79 0.99 

ETF190-N100-NH-FU 3.08 3.10 0.99 

Un-stiffened hole    

ITF190-N50-UH-FR 8.62 7.89 1.09 
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ITF190-N75-UH-FR 8.75 8.08 1.08 

ITF190-N100-UH-FR 8.92 8.49 1.05 

ETF190-N50-UH-FR 3.44 3.73 0.92 

ETF190-N75-UH-FR 3.75 4.49 0.84 

ETF190-N100-UH-FR 4.31 5.15 0.84 

ITF190-N50-UH-FU 6.45 5.95 1.08 

ITF190-N75-UH-FU 6.64 6.18 1.07 

ITF190-N100-UH-FU 6.89 6.42 1.07 

ETF190-N50-UH-FU 1.98 2.03 0.98 

ETF190-N75-UH-FU 2.20 2.31 0.95 

ETF190-N100-UH-FU 2.45 2.60 0.94 

Edge-stiffened hole    

ITF190-N50-EH-FR 10.71 11.69 0.92 

ITF190-N75-EH-FR 11.23 11.72 0.96 

ITF190-N100-EH-FR 11.55 11.98 0.96 

ETF190-N50-EH-FR 4.61 4.60 1.00 

ETF190-N75-EH-FR 5.03 5.21 0.97 

ETF190-N100-EH-FR 5.87 6.01 0.98 

ITF190-N50-EH-FU 7.88 8.47 0.93 

ITF190-N75-EH-FU 8.29 8.70 0.95 

ITF190-N100-EH-FU 8.61 9.00 0.95 

ETF190-N50-EH-FU 2.72 3.11 0.87 

ETF190-N75-EH-FU 3.08 3.41 0.90 

ETF190-N100-EH-FU 3.41 3.74 0.91 

Mean 0.99 

 
COV 0.07 
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Figure 3-15: Comparison of deformed shapes at failure from experiment and FEA for ITF 

loading case 
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Figure 3-16: Comparison of deformed shapes at failure from experiment and FEA for ETF loading case
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3.4 Parametric study 

Following the validation of the FE models, a detailed parametric study was performed using the 

validated model to develop an extensive web crippling capacity database for such sections. To 

study the effect of tw, dwh/d1, N/d1, and q/d1 on the web crippling capacity of channel beams, a 

parametric study including 912 FE models was carried out (Table 3-5). The ratio (A) of the 

diameter of the holes (dwh) to the depth of the flat portion of the webs (d1) were varied as 0.2, 0.4, 

and 0.6. Three different lengths of bearing plates (N) of 50 mm, 75 mm, and 100 mm were 

considered. The ratio (Q) of stiffener length (q) to the depth of the flat portion of the webs (d1) 

were 0.02, 0.04, 0.06, 0.08, and 0.10. Four different web thickness of CFS channel beams (tw), 

1.0 mm, 1.5 mm. 2.0 mm, and 2.5 mm, were considered in the parametric study. 

Table 3-5: Details of finite element parametric studies 

Tables 3-6 and 3-7 summarise the web crippling capacity determined from the parametric study 

for ITF and ETF loading cases, respectively. Figure 3-17 shows the effect of bearing plate length 

ratio (N/d1) on the web crippling capacity. The results from Figure 3-15 show that the web 

crippling capacity increases by 18% on average when N/d1 increases from 0.22 to 0.44. Figure 3-

18 shows the effect of dwh/d1 ratio on the web crippling capacity of CFS channel beams with edge-

stiffened web holes. It can be seen that a slight decrease in strength is observed when dwh/d1 ratio 

increases from 0.2 to 0.6. Figure 3-19 shows the effect of q/d1 ratio on the web crippling capacity, 

where the results show the web crippling capacity increases by 15% on average when q/d1 ratio 

increases from 0.04 to 0.10. Figure 3-20 shows the variation of the web crippling capacity 

reduction factors for un-stiffened and edge-stiffened web holes. It can be seen that un-stiffened 

web holes have more reduction in web crippling capacity than edge-stiffened web holes.

Flange cases 
Thickness, 

tw (mm) 

Holes diameter 

ratio 

Bearing length, 

N (mm) 

Stiffener length 

ratio 
Quantity 

Restrained  1.0~2.5 0.2, 0.4, 0.6 50, 75, 100 0.02~0.10 456 

Unrestrained 1.0~2.5 0.2, 0.4, 0.6 50, 75, 100 0.02~0.10 456 
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Table 3-6: Web crippling capacity determined from FEA of a parametric study for ETF loading cases 

(a) Restrained flange 
Thickness Bearing length  Holes ratio Web crippling capacity per web determined from FEA, PFEA (kN) 

tw (mm) N (mm) A(dwh/d1) Without 

hole 

With un-

stiffened hole 

With edge-stiffened hole 

Q(q/d1)=0.02 Q(q/d1)=0.04 Q(q/d1)=0.06 Q(q/d1)=0.08 Q(q/d1)=0.10 

1.0 50 0.2 1.68 1.62 1.76 1.77 1.78 1.79 1.79 

1.0 50 0.4 1.68 1.51 1.86 1.87 1.89 1.90 1.90 

1.0 50 0.6 1.68 1.36 1.69 1.88 1.89 1.90 1.91 

1.0 75 0.2 1.93 1.87 2.00 2.01 2.02 2.03 2.03 

1.0 75 0.4 1.93 1.75 2.08 2.16 2.17 2.18 2.17 

1.0 75 0.6 1.93 1.61 1.95 2.13 2.14 2.15 2.15 

1.0 100 0.2 2.18 2.12 2.26 2.27 2.28 2.29 2.28 

1.0 100 0.4 2.18 2.01 2.34 2.43 2.43 2.44 2.44 

1.0 100 0.6 2.18 1.87 2.23 2.44 2.45 2.45 2.46 

1.5 50 0.2 4.41 4.30 4.52 4.54 4.54 4.55 4.55 

1.5 50 0.4 4.41 3.99 4.43 4.57 4.59 4.61 4.63 

1.5 50 0.6 4.41 3.56 4.02 4.46 4.52 4.56 4.61 

1.5 75 0.2 5.09 4.95 5.20 5.22 5.23 5.24 5.24 

1.5 75 0.4 5.09 4.63 5.13 5.28 5.31 5.33 5.35 

1.5 75 0.6 5.09 4.21 4.71 5.20 5.27 5.32 5.36 

1.5 100 0.2 5.77 5.62 5.90 5.93 5.94 5.95 5.96 

1.5 100 0.4 5.77 5.30 5.84 6.05 6.07 6.10 6.12 

1.5 100 0.6 5.77 4.90 5.44 6.01 6.08 6.13 6.18 

2.0 50 0.2 8.38 8.25 8.51 8.55 8.57 8.59 8.61 

2.0 50 0.4 8.38 7.68 8.29 8.50 8.57 8.63 8.69 

2.0 50 0.6 8.38 6.89 7.59 8.26 8.40 8.50 8.59 

2.0 75 0.2 9.66 9.49 9.82 9.87 9.90 9.92 9.94 

2.0 75 0.4 9.66 8.89 9.57 9.88 9.95 10.02 10.08 

2.0 75 0.6 9.66 8.21 8.83 9.70 9.87 9.98 10.09 
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2.0 100 0.2 11.03 10.83 11.22 11.28 11.31 11.33 11.35 

2.0 100 0.4 11.03 10.18 10.96 11.36 11.45 11.51 11.58 

2.0 100 0.6 11.03 9.65 10.18 11.29 11.48 11.60 11.71 

2.5 50 0.2 13.55 13.41 13.70 13.74 13.78 13.82 13.84 

2.5 50 0.4 13.55 12.54 13.33 13.61 13.72 13.80 13.88 

2.5 50 0.6 13.55 11.57 12.24 13.16 13.39 13.55 13.69 

2.5 75 0.2 15.72 15.49 15.89 15.96 16.01 16.05 16.09 

2.5 75 0.4 15.72 14.48 15.45 15.92 16.05 16.16 16.26 

2.5 75 0.6 15.72 14.01 14.42 15.58 15.88 16.06 16.23 

2.5 100 0.2 18.00 17.68 18.23 18.34 18.40 18.44 18.48 

2.5 100 0.4 18.00 17.02 17.67 18.40 18.56 18.69 18.80 

2.5 100 0.6 18.00 16.49 17.06 18.16 18.56 18.77 18.95 

 

  (b) Unrestrained flange 
Thickness Bearing length  Holes ratio Web crippling capacity per web determined from FEA, PFEA (kN) 

tw (mm) N (mm) A(dwh/d1) Without 

hole 

With un-

stiffened hole 

With edge-stiffened hole 

Q(q/d1)=0.02 Q(q/d1)=0.04 Q(q/d1)=0.06 Q(q/d1)=0.08 Q(q/d1)=0.10 

1.0 50 0.2 0.83 0.79 0.89 0.90 0.90 0.90 0.91 

1.0 50 0.4 0.83 0.71 0.93 1.03 1.03 1.04 1.05 

1.0 50 0.6 0.83 0.62 0.90 1.22 1.23 1.23 1.24 

1.0 75 0.2 0.93 0.89 0.99 1.00 1.00 1.00 1.01 

1.0 75 0.4 0.93 0.80 1.03 1.14 1.14 1.14 1.15 

1.0 75 0.6 0.93 0.71 1.00 1.33 1.34 1.34 1.35 

1.0 100 0.2 1.04 0.99 1.09 1.10 1.11 1.11 1.12 

1.0 100 0.4 1.04 0.90 1.14 1.25 1.25 1.25 1.26 

1.0 100 0.6 1.04 0.80 1.10 1.44 1.45 1.45 1.46 

1.5 50 0.2 2.49 2.36 2.61 2.65 2.66 2.67 2.68 

1.5 50 0.4 2.49 2.13 2.58 2.93 2.96 2.97 2.98 

1.5 50 0.6 2.49 1.85 2.34 3.04 3.14 3.16 3.17 

1.5 75 0.2 2.79 2.66 2.91 2.95 2.97 2.97 2.98 
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1.5 75 0.4 2.79 2.41 2.88 3.23 3.26 3.27 3.29 

1.5 75 0.6 2.79 2.12 2.64 3.37 3.46 3.48 3.50 

1.5 100 0.2 3.10 2.97 3.22 3.27 3.28 3.29 3.30 

1.5 100 0.4 3.10 2.71 3.20 3.55 3.59 3.60 3.61 

1.5 100 0.6 3.10 2.42 2.95 3.72 3.81 3.83 3.86 

2.0 50 0.2 5.26 5.03 5.42 5.52 5.54 5.56 5.57 

2.0 50 0.4 5.26 4.55 5.23 5.80 5.87 5.91 5.95 

2.0 50 0.6 5.26 3.98 4.68 5.78 6.03 6.11 6.18 

2.0 75 0.2 5.92 5.68 6.07 6.17 6.19 6.21 6.22 

2.0 75 0.4 5.92 5.19 5.90 6.45 6.53 6.58 6.62 

2.0 75 0.6 5.92 4.60 5.35 6.49 6.75 6.84 6.91 

2.0 100 0.2 6.63 6.40 6.81 6.92 6.94 6.96 6.98 

2.0 100 0.4 6.63 5.88 6.63 7.23 7.32 7.38 7.43 

2.0 100 0.6 6.63 5.25 6.06 7.35 7.62 7.73 7.82 

2.5 50 0.2 9.21 8.93 9.40 9.54 9.59 9.62 9.65 

2.5 50 0.4 9.21 8.15 9.06 9.76 9.92 10.02 10.11 

2.5 50 0.6 9.21 7.16 8.13 9.63 10.06 10.25 10.40 

2.5 75 0.2 10.45 10.16 10.65 10.80 10.85 10.89 10.92 

2.5 75 0.4 10.45 9.35 10.31 11.07 11.26 11.36 11.45 

2.5 75 0.6 10.45 8.31 9.37 11.03 11.52 11.74 11.90 

2.5 100 0.2 11.80 11.48 12.02 12.19 12.25 12.29 12.32 

2.5 100 0.4 11.80 10.59 11.65 12.53 12.75 12.86 12.96 

2.5 100 0.6 11.80 9.47 10.63 12.59 13.17 13.41 13.58 
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     Table 3-7: Web crippling capacity determined from FEA of a parametric study for ITF loading cases 

(a) Restrained flange 

Thickness Bearing length  Holes ratio Web crippling capacity per web determined from FEA, PFEA (kN) 

tw (mm) N (mm) A(dwh/d1) Without 

hole 

With un-stiffened 

hole 

With edge-stiffened hole 

Q(q/d1)=0.02 Q(q/d1)=0.04 Q(q/d1)=0.06 Q(q/d1)=0.08 Q(q/d1)=0.10 

1.0 50 0.2 4.12 3.98 

 

4.16 4.18 4.18 4.19 4.19 

1.0 50 0.4 4.12 3.63 

 

4.06 4.41 4.43 4.45 4.46 

1.0 50 0.6 4.12 3.00 

 

3.48 4.44 4.52 4.54 4.56 

1.0 75 0.2 4.27 4.12 

 

4.35 4.39 4.40 4.41 4.41 

1.0 75 0.4 4.27 3.76 

 

4.16 4.56 4.60 4.63 4.65 

1.0 75 0.6 4.27 3.11 

 

3.61 4.66 4.76 4.79 4.82 

1.0 100 0.2 4.39 4.23 

 

4.49 4.53 4.54 4.55 4.55 

1.0 100 0.4 4.39 3.87 

 

4.27 4.72 4.76 4.79 4.82 

1.0 100 0.6 4.39 3.29 

 

3.74 4.81 4.90 4.94 4.97 

1.5 50 0.2 10.50 9.99 10.52 10.04 10.05 10.05 10.05 

1.5 50 0.4 10.50 9.05 10.04 10.69 10.72 10.73 10.74 

1.5 50 0.6 10.50 7.38 8.43 10.58 10.74 10.76 10.77 

1.5 75 0.2 11.13 10.53 11.16 11.31 11.35 11.37 11.39 

1.5 75 0.4 11.13 9.32 10.30 11.49 11.67 11.75 11.81 

1.5 75 0.6 11.13 7.67 8.79 11.12 11.98 12.16 12.28 

1.5 100 0.2 11.43 10.76 11.46 11.65 11.70 11.73 11.74 

1.5 100 0.4 11.43 9.61 10.59 11.89 12.09 12.20 12.28 

1.5 100 0.6 11.43 8.06 9.11 11.47 12.35 12.53 12.67 

2.0 50 0.2 18.85 17.85 19.86 17.88 17.88 17.87 17.87 

2.0 50 0.4 18.85 16.89 18.57 18.99 19.04 19.05 19.05 

2.0 50 0.6 18.85 13.73 15.52 18.68 18.82 18.85 18.84 

2.0 75 0.2 21.50 20.01 21.32 21.50 21.53 21.55 21.56 

2.0 75 0.4 21.50 17.42 19.16 21.42 21.75 21.83 21.86 

2.0 75 0.6 21.50 14.33 16.24 18.81 22.26 22.77 23.03 
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2.0 100 0.2 22.00 20.37 21.91 22.33 22.40 22.43 22.45 

2.0 100 0.4 22.00 17.99 19.69 22.09 22.79 23.02 23.17 

2.0 100 0.6 22.00 15.01 16.81 19.42 22.93 23.58 23.94 

2.5 50 0.2 29.16 27.33 27.58 27.64 27.64 27.64 27.63 

2.5 50 0.4 29.16 26.79 28.77 29.23 29.27 29.28 29.27 

2.5 50 0.6 29.16 21.73 24.54 28.38 28.60 28.65 28.66 

2.5 75 0.2 34.42 32.14 33.81 33.81 33.81 33.80 33.80 

2.5 75 0.4 34.42 27.75 30.37 33.71 34.00 34.03 34.02 

2.5 75 0.6 34.42 22.79 25.74 28.96 35.99 36.32 36.37 

2.5 100 0.2 35.61 32.67 35.12 35.94 36.03 36.07 36.09 

2.5 100 0.4 35.61 28.64 31.25 34.68 36.43 36.63 36.74 

2.5 100 0.6 35.61 23.84 26.62 30.00 36.60 38.07 38.68 

 

    (b) Unrestrained flange 
Thickness Bearing length  Holes ratio Web crippling capacity per web determined from FEA, PFEA (kN) 

tw (mm) N (mm) A(dwh/d1) Without hole With un-stiffened 

hole 

With edge-stiffened hole 

Q(q/d1)=0.02 Q(q/d1)=0.04 Q(q/d1)=0.06 Q(q/d1)=0.08 Q(q/d1)=0.10 

1.0 50 0.2 2.54 2.44 2.64 2.66 2.67 2.68 2.68 

1.0 50 0.4 2.54 2.25 2.57 2.90 2.93 2.95 2.96 

1.0 50 0.6 2.54 1.98 2.29 3.13 3.23 3.26 3.29 

1.0 75 0.2 2.64 2.54 2.73 2.76 2.77 2.77 2.78 

1.0 75 0.4 2.64 2.34 2.65 2.99 3.03 3.04 3.06 

1.0 75 0.6 2.64 2.07 2.38 3.24 3.33 3.36 3.39 

1.0 100 0.2 2.73 2.63 2.83 2.85 2.86 2.87 2.87 

1.0 100 0.4 2.73 2.43 2.74 3.09 3.13 3.14 3.16 

1.0 100 0.6 2.73 2.16 2.47 3.34 3.43 3.46 3.49 

1.5 50 0.2 7.42 7.08 7.58 7.73 7.77 7.79 7.81 

1.5 50 0.4 7.42 6.32 6.99 8.04 8.22 8.30 8.37 

1.5 50 0.6 7.42 5.21 5.93 7.71 8.50 8.68 8.80 
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1.5 75 0.2 7.67 7.31 7.82 7.98 8.02 8.04 8.05 

1.5 75 0.4 7.67 6.54 7.21 8.27 8.46 8.54 8.60 

1.5 75 0.6 7.67 5.45 6.19 7.95 8.78 8.98 9.13 

1.5 100 0.2 7.91 7.52 8.05 8.22 8.26 8.28 8.29 

1.5 100 0.4 7.91 6.77 7.44 8.52 8.72 8.80 8.87 

1.5 100 0.6 7.91 5.72 6.43 8.14 9.02 9.24 9.40 

2.0 50 0.2 15.08 14.11 15.24 15.52 15.57 15.59 15.60 

2.0 50 0.4 15.08 12.26 13.53 15.47 16.07 16.27 16.38 

2.0 50 0.6 15.08 9.85 11.14 13.82 16.38 16.81 17.08 

2.0 75 0.2 15.47 14.50 15.66 16.00 16.05 16.07 16.08 

2.0 75 0.4 15.47 12.71 13.91 15.88 16.52 16.73 16.85 

2.0 75 0.6 15.47 10.36 11.68 14.18 16.89 17.41 17.76 

2.0 100 0.2 15.84 14.85 16.03 16.42 16.46 16.49 16.50 

2.0 100 0.4 15.84 13.14 14.33 16.32 17.00 17.23 17.36 

2.0 100 0.6 15.84 10.85 12.11 14.48 17.27 17.83 18.22 

2.5 50 0.2 25.09 23.27 25.03 25.62 25.67 25.70 25.71 

2.5 50 0.4 25.09 19.93 21.96 24.86 26.48 26.76 26.90 

2.5 50 0.6 25.09 16.00 17.95 21.45 27.20 27.82 27.95 

2.5 75 0.2 25.71 23.89 25.70 26.53 26.60 26.63 26.64 

2.5 75 0.4 25.71 20.71 22.58 25.54 27.25 27.65 27.85 

2.5 75 0.6 25.71 16.85 18.85 21.96 28.18 29.22 29.82 

2.5 100 0.2 26.23 24.40 26.22 27.13 27.22 27.25 27.27 

2.5 100 0.4 26.23 21.37 23.23 26.24 28.01 28.45 28.66 

2.5 100 0.6 26.23 17.59 19.51 22.46 28.68 29.82 30.48 
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(a) ITF loading cases 

 
(b) ETF loading cases 

Figure 3-17: Effects of N/d1 ratio on the web crippling capacity 
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(a) ITF loading cases 

 
(b) ETF loading cases 

Figure 3-18: Effects of dwh/d1 ratio on the web crippling capacity 
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(a) ITF loading cases 

 
(b) ETF loading cases 

Figure 3-19: Effects of q/d1 ratio on the web crippling capacity 
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(a) ETF loading cases 

 
(b) ITF loading cases 

Figure 3-20: Variation in reduction factors with dwh/d1. 
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3.5 Current design guidelines  

3.51 Design equations for CFS plain channel beams 

For CFS plain channel beams, the unified web crippling design equations with different specific 

coefficients are given in the current AS/NZS 4600 (2018) (Section 3.3.6.1) and AISI S100 (2016) 

(Section G5). The bearing coefficients (C, Cr, Cl, Cw) depend on the loading cases, support cases, 

and flange types; these coefficients are given in Table 3-8. The effect of restrained support has 

been incorporated within the design rules of AS/NZS 4600 (2018) and AISI S100 (2016) for CFS 

lipped channel beams. The nominal web crippling capacity should be determined using Equation 

3.3 as given below:  

2 sin 1 1 1i
b w y w r l

w w w

rh N
R Ct f C C C

t t t

   

= − − +      
     

(Equation 3.3) 

where C is a coefficient; tw is the web thickness; ri is the inside bent radius; N is the bearing length; 

h is the depth of flat portion of the webs; fy is the yield stress; θ is the angle between the plane of 

the web and the plane of bearing surface; and Cr, Cl, and Cw are the coefficients of inside bent 

radius, bearing length, and web slenderness, respectively. It should be noted that these design 

equations are not applicable to sections with larger ri/tw ratios.  

Table 3-8: Web crippling coefficients for plain channel beams under ITF and ETF cases 

  Support cases 
loading 

cases 

Coefficients Limitations 

C Cr Cl Cw ri/tw dl/tw N/tw N/dl 

Restrained flange  ITF 20 0.10 0.08 0.031 ≤ 12 
 

≤ 200 

 

≤ 210 

 

≤ 2 

ETF 7.5 0.08 0.12 0.048 ≤ 12 

Unrestrained flange ITF 24 0.52 0.15 0.001 ≤ 1 

ETF 13 0.32 0.05 0.04 ≤ 1 

Eurocode 3 (EC3) (2006) provides design equations for calculating the web crippling capacity of 

CFS plain channel beams under ETF and ITF loading cases. However, they are complicated in 

comparison to the unified web crippling design equations as specified in AS/NZS 4600 (2018) 
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and AISI S100 (2016). The same design equations are suitable for the cases of flange restrained 

and flange unrestrained support cases; thus, simply ignoring any increase in web crippling 

capacity which would be due to flanges restrained to the supports. These equations are limited to 

CFS channel beams with dimensional ranges ri/tw ≤6 and dw/tw ≤200. Equations. 3.4 and 3.5 show 

the design formulas given in this code for specimens under ETF and ITF loading cases, 

respectively. 

2

1 2 3 1

/
( [6.66 ][1 0.01 ] ) /

64

w w b
b w y M

w

d t
R k k k t f

t
= − +

 

(Equation 3.4) 

2

3 4 5 1

/
( [21.0 ][1 0.0013 ] ) /

16.3

w w b
b w y M

w

d t
R k k k t f

t
= − +

 

(Equation 3.5) 

where dw is the web height between mid-lines of the flange, γM1 is the partial safety factor (γM1 = 

1), and θ is taken as 90°. 

3.52 Design equations for CFS channel beams with un-stiffened web holes 

Uzzaman et al. (2012b, 2013) developed design equations for calculating the capacity reducation 

factor (Rp) using bivariate linear regression analysis for CFS channel beams with un-stiffened web 

holes under unrestrained and restrained support cases subjected to ITF and ETF loading cases 

using the following Equations 3.6-3.9. 

For ITF loading case, 

1.05 0.54( ) 0.01( ) 1p

a N
R

h h
= − + 

 
for flange unrestrained condition                                               (Equation 3.6) 

1.01 0.51( ) 0.06( ) 1p

a N
R

h h
= − + 

 
for flange restrained condition                                                    (Equation 3.7) 
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For ETF loading case, 

0.95 0.49( ) 0.17( ) 1p

a x
R

h h
= − + 

 
for flange unrestrained condition                                               (Equation 3.8) 

0.96 0.36( ) 0.14( ) 1p

a x
R

h h
= − + 

 
for flange restrained condition                                                    (Equation 3.9) 

The dimensional limits for the reduction factors in Equations 3.6 -3.9 are h/tw ≤156, N/tw ≤84, N/h 

≤0.63, a/h ≤0.8.  

3.53 Design equations for CFS channel beams with edge-stiffened web holes. 

The values of the capacity reducation factor (Rp) for specimens with edge-stiffened web holes 

developed by Uzzaman et al. (2020a, b) were calculated using Equations 3.10 and 3.11 as given 

below.  

For ITF loading case, 

1.02 0.39( ) 0.02( ) 0.04( ) 0.49( ) 1
q

p

ra N q
R

h h t h
= − + + + 

 

(Equation 3.10) 

For ETF loading case, 

0.98 0.11( ) 0.01( ) 0.05( ) 0.41( ) 1
q

p

ra x q
R

h h t h
= − + + + 

 

(Equation 3.11) 

However, it should be mentioned that the effect of restrained support was not incorporated within 

the design equations (Equations 3.10 and 3.11) of Uzzaman et al. (2020a, b). The dimensional 

limits of the reduction factor equations of Uzzaman et al. (2020a, b) (Equations 3.10 and 3.11) 

are h/tw ≤118, x/h ≤0.6, N/h ≤0.44, q/h ≤0.08.  

3.54 Comparison of test results with the design strength      

 For plain channel beams, the web crippling capacity obtained from the laboratory tests were 

compared with the design strengths predicted by AISI S100 (2016), AS/NZS 4600 (2018) and 
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Eurocode 3 (2006). These comparisons are reported in Table 3-9. As can be seen, the mean value 

of test to predicted web crippling capacity by AISI S100 (2016) and AS/NZS 4600 (2018) is 1.05 

and 1.03, respectively for the ETF and ITF loading cases. In comparison to AISI S100 (2016) and 

AS/NZS 4600 (2018) equations, the web crippling capacity predicted by the Eurocode (2006) is 

more conservative by 22%, on average, when compared with the experimental results for ITF 

loading case.  

For those specimens with un-stiffened web holes, results obtained from the laboratory tests were 

compared against the web crippling capacity predicted by the proposed equations of Uzzaman et 

al. (2012b, 2013) for CFS channel beams with un-stiffened web holes. It can be seen in Table 3-

10 that the mean value of test to predicted capacity reducation factor by design equations of 

Uzzaman et al. (2012b, 2013) is 1.05.  

The current design standards did not provide any design guidelines for calculating the web 

crippling capacity of CFS channel beams with edge-stiffened web holes under restrained support. 

The results obtained from laboratory tests were compared with the web crippling capacity 

predicted by the proposed equations of Uzzaman et al. (2020a, b) for channel beams with edge-

stiffened web holes, but they were developed for the case of unrestrained flanges only. It can be 

seen in Table 3-10 that Uzzaman’s unrestrained flange web crippling equations are un-

conservative by only 3% on average for predicting the web crippling capacity of restrained CFS 

channel beams with edge-stiffened web holes. Figure 3-21 shows the comparison of capacity 

reducation factors obtained from the FEA and laboratory tests with the capacity reducation factor 

using Uzzaman’s equations (2020a, b) for CFS channel beams with edge-stiffened web holes. 
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(a) ITF loading cases 

 
(b) ETF loading cases 

Figure 3-21: Comparison of reduction factors obtained from the FEA and test with the 

Uzzaman’s equations (2020a, b) for specimens with edge-stiffened web holes 
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3.6 Concluding remarks 

This chapter presents the results of 36 new laboratory tests on the web crippling capacity of 

restrained CFS channel beams with edge-stiffened web holes, un-stiffened web holes, and plain 

webs. The ultimate web crippling capacity and failure modes were reported and discussed in this 

chapter. The following conclusions can be drawn from the outcome of this study: 

(1) The results obtained from laboratory tests indicated that those specimens with restrained 

flanges have a higher web crippling capacity than those with unrestrained flanges. For the case 

of restrained flanges, the web crippling capacity increased by 71% and 33% on average for 

ETF and ITF loading, respectively.  

(2) FE models were also established and validated against the results obtained from the laboratory 

tests, which showed good agreement both in terms of ultimate strength and deformed shapes. 

Using the validated FE models, an extensive parametric study comprising 912 FE models was 

performed to study the effects of web thickness, size of the holes, length of bearing plate, and 

length of edge-stiffener on web crippling capacity of such sections. 

(3) Finally, the results obtained from laboratory tests were compared with the design strengths 

predicted by the proposed equations of Uzzaman et al. for channel beams with web holes and 

against the design equations of current design standards (American Iron and Steel Institute 

Standards (AISI), Australian and New Zealand Standards (AS/NZS), and European Standard 

(EC3)) for plain channel beams. Upon comparison, it was found that the web crippling 

capacity reduction factor proposed by Uzzaman’s equations gave close predictions to the 

experimental results for CFS channel beams with edge-stiffened web holes.  
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CHAPTER 4. FLEXURAL CAPACITY OF CHANNEL 

BEAMS WITH EDGE-STIFFENED WEB HOLES 

4.1 Introductory remarks 

This chapter presents the results of 215 results comprising 16 four-point bending tests and 199 

finite element analyses (FEA) are reported on the moment capacity of CFS channel beams with 

both edge-stiffened and un-stiffened web holes. For comparison, plain channel beams were also 

tested. For all specimens, initial imperfections were measured using a laser scanner. A nonlinear 

finite element (FE) model was also established, and the results showed good agreement in terms 

of ultimate strength and deformed shapes. A parametric study was performed using the validated 

FE model to investigate the effects of beam length, hole diameter, stiffener length, and fillet radius 

on the moment capacity of CFS channel beams. Furthermore, the accuracy of current design 

guidelines, in accordance with the American Iron and Steel Institute (AISI) and Australia/New 

Zealand (AS/NZ) standards, were validated by comparing the tests and FEA results against the 

design strengths for moment capacity of CFS plain channel beams. On the other hand, for CFS 

channel beams with web holes, the moment capacity obtained from laboratory tests and FEA were 

compared against the moment capacity predicted by the design equations of Moen and Schafer 

(2008, 2009, 2013). 

4.2 Experimental study 

4.21 Test specimens 

A total of 16 four-point bending tests were performed investigating the moment capacity of CFS 

channel beams with edge-stiffened, un-stiffened web holes and plain webs (Figure 4-1). To avoid 

out-of-plane failure, two single-channel beams were connected to the load transfer blocks during 

the laboratory tests. Table 4-1 shows the measured specimen dimensions for all test specimens.  
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The length of CFS channel beams was fixed at 4000 mm. Two different section sizes were 

considered in this study: namely, section 240 and section 290. As shown in Figure 4-2, the holes 

were placed in the constant moment span and the diameter of holes (a) was fixed at 140 mm. Two 

different hole spacings were considered:100 mm and 50 mm (Figure 4-3). The edge-stiffener 

length (q) was fixed at 13 mm.  

 

(a) CFS channel beams with un-stiffened web holes 

 

(b) CFS channel beams with edge-stiffened web holes 

     Figure 4-1: CFS channel beams with web holes considered in this research 
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Table 4-1: Measured specimen dimensions and experimental moment capacity

Specimen 

Web Flange Lip Length Hole spacing Moment capacity 

obtained from test   Percentage of strength 

change due to holes 
d bf

 bl L s MExp 

(mm) (mm) (mm) (mm) (mm) ( kN·m) (%) 

Plain section        

240-L4000-NH 239.5 44.5 15.1 4002.5 - 11.9 - 

290-L4000-NH 290.3 45.2 15.5 4001.5 - 18.0 - 

Edge-stiffened holes        

240-L4000-EH1-1 240.5 44.5 15.5 4001.5 - 12.8 +7.5 

240-L4000-EH1-2 239.5 45.2 15.0 4000.5 - 12.9 +8.4 

240-L4000-EH1-3 240.8 45.5 14.8 4002.3 - 12.9 +8.4 

240-L4000-EH3 240.2 44.9 14.9 4001.9 100 13.3 +11.7 

240-L4000-EH5 240.6 44.7 15.7 4000.5 50 13.7 +15.1 

290-L4000-EH1 290.8 45.8 15.2 4001.8 - 19.3 +7.2 

290-L4000-EH3 290.3 45.9 14.9 4001.5 100 19.8 +10.0 

290-L4000-EH5 291.2 46.0 15.8 4000.8 50 20.5 +13.9 

Un-stiffened holes        

240-L4000-UH1 241.6 45.6 15.6 4002.3 - 11.0 -7.5 

240-L4000-UH3 239.8 45.3 15.3 4000.7 100 10.6 -10.9 

240-L4000-UH5 239.6 44.9 15.9 4000.1 50 10.2 -14.3 

290-L4000-UH1 290.9 45.9 14.9 4001.8 - 16.7 -7.2 

290-L4000-UH3 290.0 45.3 15.1 4001.5 100 16.3 -9.4 

290-L4000-UH5 290.5 44.8 15.7 4000.7 50 15.7 -12.8 
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(a) Section 240 

 
(b) Section 290 

Note: all dimensions are in mm 

Figure 4-2: Nominal cross-sections of the CFS channel beams considered in this 

research. 
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4.22 Section labelling  

The test specimens were labelled so that the depth of web, length of beam, and the type of hole 

were defined (Figure 5). For example, the label “240- L4000-EH1-1” can be explained as follows: 

• “240” means the nominal depth of web in millimetres (dw = 240 mm). 

•  “L4000” indicates the nominal length of specimens in millimetres (L = 4000 mm). 

• “EH1” identifies a web with one edge-stiffened hole.  

• “1” indicates the specimen number for a repeated group. 

 

 

 

Figure 4-3: Location of web hole 

 

      Figure 4-4: Specimen labelling 

4.23 Material testing   

To obtain the material properties of the test specimens, tensile coupon tests were performed. A 

total of six flat coupons were prepared from the flat portion of the channel beams which were cut 

Length of beam

240-L4000-EH1-1

Depth of web

 Number of web openings

Specimen 1

Type of web openings
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from both sections 240 and 290. All coupons were tested in accordance with the provisions of EN 

ISO 6892-1 (2019) (Figure 4-5(a)). To consider the effect of the cold-working, A total of six 

corner coupons were prepared from the rounded corner zones between web and flange, which 

were also cut from both sections 240 and 290. All corner coupons were tested in pairs to avoid 

eccentric loading (Figure 4-5(b)). 

  

(a)  Flat coupon (b) Corner coupon 

Figure 4-5: Experimental setup of tensile coupon test 

The full stress-strain curves of both the flat and corner regions for sections 240 and 290 obtained 

from tensile coupon tests are shown in Figures 4-6(a) and (b). It can be seen from Table 4-2 that, 

for section 240, the average yield stresses (σ0.2) are 332.8 MPa and 363.4 MPa for the flat and 
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corner coupons, respectively. On the other hand, for section 290, the average yield stress (σ0.2) are 

330.7MPa and 362.2 MPa for flat and corner coupons.  

Table 4-2: Material properties obtained from coupon tests 

  

(a) Section 240                                          (b) Section 290 

 Figure 4-6:  Stress-strain curves 

4.24 Initial geometric imperfections 

Initial geometric imperfections significantly affect the behaviour of CFS channel beams in 

bending. Therefore, the initial geometric imperfections of all test specimens were recorded using 

a laser scanner before undertaking the bending tests (Figure 4-7(a)). Table 4-3 shows the 

maximum local, distortional, and overall imperfections of all test specimens. 

Table 4-3: Maximum amplitude of local, distortional, and overall imperfections 

 

Coupons 

 

Coupon type 
Thickness Yield stress Ultimate stress 

t/mm σ0.2 / MPa σ u / MPa 

F240 Flat coupon 1.83 332.8 420.5 

C240 Corner coupon 1.82 363.4 431.8 

F290 Flat coupon 2.11 330.7 415.8 

C290 Corner coupon 2.13 362.2 430.5 

 

Specimen ID 

 

Specimen 
 

Local  

  

 
 

Distortional Global Specimen ID 

 

 

 Local  Distortional  Global 

(mm) (mm) (mm) (mm) (mm) (mm) 

240-L4000-NH 0.55 1.20 1.53 290-L4000-EH3 0.60 1.21 1.31 

290-L4000-NH 0.67 0.98 1.49 290-L4000-EH5 0.62 1.15 1.39 

240-L4000-EH1-1 0.57 1.28 1.58 240-L4000-UH1 0.51 1.10 1.56 

240-L4000-EH1-2 0.49 1.21 1.30 240-L4000-UH3 0.48 1.18 1.53 

240-L4000-EH1-3 0.37 1.19 1.32 240-L4000-UH5 0.42 1.15 1.35 
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As seen in Figure 4-7(b), a laser scanner was used to measure imperfections along six longitudinal 

lines on channel beams. The local imperfection was determined by subtracting the average reading 

of W-1 and W-4 from the readings of W-2 and W-3. The overall imperfections were predicted by 

the average value of the readings of W-1 and W-4 at the mid-height of the CFS channel beams. 

The distortional imperfection was predicted by the maximum reading of F-1 and F-2. A similar 

procedure was used to measure the initial imperfections of CFS channel beams reported by Ye et 

al. (2018, 2019).  An imperfection profile of 240-L4000-NH is plotted in Figure 4-8.  

 

      (a) Photograph of experimental setup for imperfection measurements. 

   

(b) Locations of the imperfection measurements 

              Figure 4-7: Initial geometric imperfection using laser scanner 

W-1 W-2 W-3 W-4

F-1 F-2

240-L4000-EH3 0.61 1.17 1.43 290-L4000-UH1 0.56 1.03 1.31 

240-L4000-EH5 0.55 1.09 1.55 290-L4000-UH3 0.62 1.23 1.40 

290-L4000-EH1 0.59 1.02 1.50 290-L4000-UH5 0.43 1.25 1.49 

Stepper motor 

Laser head 

Specimen 
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(a) Imperfection of W-2 and W-3      

 
(b) Imperfection of W-1 and W-4     

 
(c) Imperfection of F-1 and F-2      

          Figure 4-8: Typical imperfection profile (240-L4000-NH)        
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4.25 Testing-rig and loading procedure 

An MTS machine with a capacity of 500 kN was used to apply the four-point loading. As can be 

seen from Figure 4-9, the CFS channel beams were simply supported by two rollers at the ends of 

the channel beams. A total of eight stiffening plates were positioned at the loading point and end 

supports to avoid web crippling failure. The bending tests were loaded symmetrically at two points 

to the load transfer blocks using a spreader beam to avoid any possible local failure. The distance 

between the two loading points was designed to be 1200 mm and the distance between the end 

supports and the adjacent loading points was also 1200 mm. 

 

(a) Overall view of experimental setup 

Load transfer block 

Stiffening plate 

Roller support 

Spreader beam 

LVDTs 
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(b) Side view of experimental setup 

Figure 4-9: Photograph of experimental setup. 

Three LVDTs were positioned along the centre line of the tension face of each specimen at the 

two loading points and at the mid-span of the specimen to capture the vertical deflections. A 

displacement-controlled loading scheme with a constant rate of 0.01 mm/s was used for all test 

specimens. A data acquisition system was used to record the displacement transducers and load 

readings at regular intervals during the laboratory tests. Figures 4-9(a) and 4-9(b) show the overall 

view and side view of the test rig, respectively. Figure 4-10 shows a schematic drawing of the 

experimental setup. 

 

 

Load transfer block 

Roller support 

Specimen 

Spreader beam 
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Figure 4-10: Schematic drawing of experimental setup 

4.26 Results and discussion 

In this section, the results from the laboratory tests are presented. Figure 4-11 shows the deformed 

shapes of the CFS channel beams with un-stiffened and edge-stiffened web holes. From the results, 

it can be seen how distortional buckling failure occurred for most of the test specimens with edge-

stiffened web holes (Figure 4-11(a)), while for test specimens with un-stiffened web holes, local-

distortional buckling interactions were observed (Figure 4-11(b)). The ultimate moment capacities 

(MExp) obtained from the laboratory tests are summarised in Table 4-1 for all specimens.  

It is shown in Table 4-1 that the results of repeated tests are very close to their corresponding first 

test values. Therefore, the reliability of the experimental results was demonstrated by the small 

differences between the repeated test values. 
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(a) CFS channel beams with edge-stiffened web holes 

 

 

 

Distortional 

buckling 

290-L4000-EH1 

Distortional 

buckling 

290-L4000-EH3 

Distortional 

buckling 

290-L4000-EH5 240-L4000-EH5 

Distortional 

buckling 
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(b) CFS channel beams with un-stiffened web holes 

Figure 4-11: Deformed shapes of CFS channel beams with holes in bending

Distortional-local 

buckling 

290-L4000-UH3 

Distortional-local 

buckling 

290-L4000-UH1 

290-L4000-UH5 

Distortional-local 

buckling 

240-L4000-UH5 

Distortional-local 

buckling 
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Figure 4-12 shows the influence of edge-stiffened web holes on the moment capacity of CFS 

channel beams. It was found that for section 240, the moment capacity was slightly reduced (up 

to 12.8%) due to the presence of five un-stiffened holes. The use of five edge-stiffened holes could 

increase the moment capacity up to 13.9% when compared with that of a plain channel beam. In 

terms of section 290, the moment capacity increased by as much as 15.1% when compared with 

that of a plain channel beam. For comparison, the same section with un-stiffened web holes had 

a reduction in moment capacity of around 14.3% when compared with that of a plain channel 

beam. 

 
        (a) Section 290 
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(b) Section 240 

        Figure 4-12: Comparison of moment versus deflection response for specimens with and 

without holes  

4.3 Numerical study 

4.31 General 

The FE program ABAQUS (2018) was used to establish a numerical model to determine the 

moment capacity of CFS channel beams without and with web holes (edge-stiffened and un-

stiffened). The measured cross-section dimensions, initial geometric imperfections, as well as the 

material properties obtained from the coupon tensile tests were included in the FE model. Specific 

modelling techniques are discussed in the following section.  
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4.32 Modelling of material properties 

The incremental plasticity model was used to model the CFS channel beams with edge-stiffened 

web holes which included the nonlinear material properties from true stress-logarithmic plastic 

strain curves. The true stress-strain relationship was obtained from the engineering stress-strain 

curves by using Equations 4.1 and 4.2 as follows. 

(1 )true  = +
 

(Equation 4.1) 

( ) ln(1 ) true
true pl

E


 = + −

 
(Equation 4.2) 

where E is the Young’s modulus, σtrue and εtrue(pl) are the true stress and strain used in the numerical 

modelling, while, σ and ε are the engineering stress and strain, respectively. 

The corner material properties were assigned to the corner regions while the flat material 

properties of the CFS channel beams were assigned to the flat regions in the FE model.  

4.33 Element type and mesh size 

S4R shell elements were used to model the CFS channel beams as the S4R elements are linear 

four-noded quadrilateral thick shell elements that have six degrees of freedom per node. The mesh 

sensitivity analysis was performed, and the results suggested that a mesh size between 5 mm to 

10 mm was suitable for CFS channel beams with and without web holes. Mesh refinement was 

performed around the web holes for accurate FE analysis, and finer mesh sizes were used near the 

rounded corners (Figure 4-13). 
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Figure 4-13: Typical finite element mesh (290-L4000-EH1) 

4.34 Boundary conditions and loading procedure 

In the bending tests, the concentrated loads and reaction forces were transferred from the U-

shaped load transfer blocks to the specimens. Therefore, in the FE model, contact pairs were 

defined between the webs of each CFS channel beam and load transfer blocks using a surface-to-

surface interaction. In the normal direction of the contact pairs, a “hard” surface was used. A 

coupling constraint was used to simulate the connection between the beams and load transfer 

blocks. It should be noted that the modelling of the bolting connections has been simplified, 

instead of physically modelling the bolts and bolt holes. 

To simulate the experimental boundary conditions, the supported boundary condition was 

modelled by releasing both the in-plane rotation and axial displacement along the specimen at the 

roller support. Two reference points were established at the top of the load transfer block and the 

translations of U1 and U3 were fixed at these reference points. The loading was applied via a 

displacement control method by specifying a vertical displacement at the two reference loading 

points. The nonlinear geometric parameter (*NLGEOM) was included to deal with the large 

displacement analysis. Details of the boundary conditions applied in the FE model are shown in 

Figure 4-14 for 290-L4000-EH1. 

Finer mesh 

around hole CFS specimen:  

 

Load transfer block  

 
Finer mesh around corner 

between flange and web 
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Figure 4-14: Boundary condition applied in the FE model (290-L4000-EH1) 

4.35 Modelling of initial geometric imperfections 

Initial geometric imperfections were considered in the FE model. Superimposition of local and 

overall geometric imperfections was considered for accurate FE analysis. For all channel beams, 

eigenvalue analyses were performed. For local buckling, a very small channel thickness was 

considered. However, for overall buckling, large channel thickness was used. For local and overall 

buckling modes, the lowest eigenmode was used in ABAQUS (2018). It should be noted that 

when distortional imperfections were included in the FE models, they had negligible effects on 

the failure load and deformed shapes of CFS channel beams with edge-stiffened web holes. The 

contours of the local and overall buckling model are shown in Figure 4-15. 

 

(i) Local buckling                                             

 

(ii) Overall buckling 

Figure 4-15: Initial geometric imperfection contours (290-L4000-EH1) 

 

U1 

U2 

U3 

Vertical 

displacement  

Load transfer block  

Bolt 

Boundary conditions 

applied to the load 

transfer block  
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4.36 Validation of the FE model  

The FE model was validated against the results obtained from laboratory tests. In Table 4-4, a 

comparison of the experimental results (MEXP) with the numerical results (MFEA) is shown for 

section 240 and 290. The mean value of the MEXP/MFEA ratio is 0.94 with the corresponding 

coefficient of variation (COV) of 0.04. Figure 4-16 shows the deformed shapes obtained from 

FEA and laboratory tests for all test specimens with un-stiffened and edge-stiffened web holes. 

As can be seen, the FE results have good agreement with the experimental results in terms of 

moment capacity and deformed shapes. 
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       Table 4-4: Comparisons of moment capacity between numerical, experimental, and theoretical investigations 

(a) Section 240 

(b) Section 290 

 

Specimen ID 

Moment capacity 

obtained from test 

Moment capacity 

obtained from FEA 

Moment capacity obtained 

from equations of Moen and 

Schafer (2008, 2009, 2013) 

Comparison Failure mode 

MExp (kN·m) MFEA(kN·m) MMS (kN·m) MExp/MFEA MExp/ MMS  

240-L4000-NH 11.9 13.2 - 0.90 - Distortional  

240-L4000-EH1-1 12.9 13.4 10.2 0.96 1.26 Distortional 

240-L4000-EH1-2 12.9 13.4 10.2 0.96 1.26 Distortional 

240-L4000-EH1-3 12.8 13.4 10.2 0.96 1.25 Distortional 

240-L4000-EH3 13.3 13.8 10.0 0.96 1.33 Distortional  

240-L4000-EH5 13.7 13.9 9.7 0.99 1.41 Distortional  

240-L4000-UH1 11.0 12.2 10.2 0.90 1.07 Distortional-local 

240-L4000-UH3 10.6 11.7 10.0 0.91 1.06 Distortional-local 

240-L4000-UH5 10.2 11.5 9.7 0.89 1.05 Distortional-local 

 

Specimen ID 

Moment capacity 

obtained from test 

Moment capacity 

obtained from 

FEA 

Moment capacity obtained 

from equations of Moen and 

Schafer (2008, 2009, 2013) 

Comparison Failure mode 

MExp (kN·m) MFEA(kN·m) MMS (kN·m) MExp/MFEA MExp/ MMS  

290-L4000-NH 18.0 20.3 - 0.89 - Distortional  

290-L4000-EH1 19.3 19.7 14.9 0.98 1.29 Distortional 

290-L4000-EH3 19.8 20.2 14.7 0.98 1.34 Distortional  

290-L4000-EH5 20.5 20.6 14.5 0.99 1.41 Distortional  

290-L4000-UH1 16.7 18.6 14.9 0.90 1.12 Distortional-local 

290-L4000-UH3 16.3 18.1 14.7 0.90 1.10 Distortional-local 

290-L4000-UH5 15.7 17.5 14.5 0.90 1.08 Distortional-local 
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(a) 290-L4000-EH1 

 
(b) 290-L4000-EH3 

 
(a) 290-L4000-EH5 
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(b) 290-L4000-UH1 

 
(c) 290-L4000-UH3 

 
(f) 290-L4000-UH5 
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(g) 240-L4000-EH1 

 
 (h) 240-L4000-EH3 

 
 (i) 240-L4000-EH5 
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(j) 240-L4000-UH1 

 
(k) 240-L4000-UH3 

 
(l) 240-L4000-UH5 

Figure 4-16: Deformed shapes at failure from experiments and FEA 
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4.4 Parametric study 

4.41 General  

The FE model developed in this study (described in section 3) could closely predict the moment 

capacity of CFS channel beams without and with web holes (edge-stiffened and un-stiffened). 

Using the validated FE model, a parametric study comprising 199 models was performed to 

investigate the effects of beam length, diameter of holes, stiffener length, and fillet radius on the 

moment capacity of such CFS channel beams.  

The beam length (L) was varied from 1000 mm to 6000 mm. The ratio (A) of the hole diameter to 

the depth of webs, which was varied as 0.1, 0.3, and 0.5. The ratio (R) of edge-stiffener fillet 

radius to the thickness were considered as 1, 2, and 3. The ratio (Q) of the length of stiffener to 

the depth of webs was varied as 0.04, 0.06, and 0.08.   

4.42 Specimens labelling  

The CFS channel beams analysed in the parametric study were labelled so that the nominal web 

height, nominal beam length, hole type, the ratio of hole diameter to web height, the ratio of 

stiffener length to web height, and the ratio of edge-stiffener fillet radius to the thickness were 

defined. For example, the label “240-L4000-EH1-A0.1-Q0.04-R1” can be interpreted as follows:  

• The number “240” refers to the height of web in millimetres i.e. 240 mm; 

• The notation “L4000” refers to the nominal length of the specimen i.e. 4000 mm;  

• The notation “EH1’ identifies specimens with one edge-stiffened web hole;  

• The notation “A0.1” refers to the ratio of hole diameter to web height i.e. dwh /d1 = 0.1;  

• The notation “Q0.04” refers to the ratio of stiffener length to web height i.e. q/d1 = 0.04; 

• The notation “R1” means the ratio of edge-stiffener fillet radius to the thickness i.e. rq/t =1; 
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 4.43 Results and discussion 

The effect of hole diameter on moment capacity was investigated in the parametric study and is 

shown in Figure 4-17. It should be noted that an increase of 2.7% in bending strength occurred 

when dwh /d1 ratio was increased from 0.1 to 0.5. This is due to the better performance of local 

buckling around the holes. 

In terms of edge-stiffener length, the effect of q/d on moment capacity was investigated and the 

results are shown in Figure 4-18. As can be seen, the moment capacity was increased by only 1.2% 

when q/d1 was changed from 0.04 to 0.08, indicating that the influence of q/d1 on the moment 

capacity is negligible. 

The effect of stiffener fillet radius was also investigated in this study. An increase in moment 

capacity by only 1.4% was observed when the rq/tw ratio was increased from 1.0 to 3.0, indicating 

that the effects of rq/tw ratio are limited when calculating the moment capacity of CFS channel 

beams with edge-stiffened web holes (Figure 4-19).   
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               (a) Section 240 

 
               (b) Section 290 

          Figure 4-17: Effect of dwh/d1 ratio on moment capacity   
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               (a) Section 240 

 
               (b) Section 290 

          Figure 4-18: Effect of q/d1 ratio on moment capacity   
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               (a) Section 240 

 
               (b) Section 290 

          Figure 4-19: Effect of rq/tw ratio on moment capacity   
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4.5 Current design guidelines 

4.51 Design formulae for CFS plain channel beams 

The un-factored design moment capacity of CFS plain channel beams can be determined from the 

AISI S100 (2016) and AS/NZS 4600 (2018). The nominal moment capacity (Mnl) for local 

buckling is calculated by using the following Equations 4.3 and 4.4: 

 l ≤ 0.776 nl neM M=
 

(Equation 4.3) 

 l > 0.776 

0.4 0.4

nl 1 0.15 crl crl
ne

ne ne

M M
M M

M M

   
= −   
     

(Equation 4.4) 

where Mne is the nominal flexural capacity for lateral-torsional buckling; Mcrl is the critical elastic 

local moment. 

The nominal moment capacity (Mnd) for distortional buckling can be calculated using the 

following Equations 4.5 and 4.6: 

 For,  d ≤ 0.673 nd yM M=
 

(Equation 4.5) 

 For,  d > 0.673 
0.5 0.5

nd 1 0.22 crd crd
y

y y

M M
M M

M M

   
= −      
     

(Equation 4.6) 

where Mcrd is the critical elastic distortional buckling moment; My is the member yield moment 

(My= Sf×Fy). 

4.52 Design formulae for CFS channel beams with un-stiffened web holes 

The DSM design rules for flexural members with un-stiffened web holes were developed by Moen 

and Schafer (2008, 2009, 2013). The nominal moment capacity for distortional buckling (Mnd) of 

CFS channel beams with un-stiffened web holes can be calculated using the following Equations 

4.7-4.13: 
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 (Equation 4.13) 

where Mcrd is the critical elastic distortional buckling moment including the influence of holes; 

My is the member yield moment (My= Sf×Fy); Mynet is the member yield moment of net cross-

section (Mynet = Sfnet×Fy). 

The elastic distortional buckling moment of CFS channel beams with un-stiffened web holes can 

be calculated using Equation 4.14, as given next. 

min( , )crd crdg crdnM M M=
                                                                         (Equation 4.14) 

where Mcrdg is the critical elastic buckling moment for a distortional buckling half-wave occurring 

in the gross cross-section (without a hole), and Mcrdn is the critical buckling moment for a 

distortional buckling half-wave at a hole. The value of Mcrdn can be predicted by the finite strip 

analysis software (e.g. THIN-WALL-2 or CUFSM), where web thickness t is replaced by reduced 

web thickness tr calculated using Equation 4.15. 
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1/3t (1 )h
r

crd

L
t

L
= −

 

(Equation 4.15) 

where t is the thickness of web; Lh is the hole length; Lcrd is the distortional buckling half-

wavelength of the member with gross cross-section predicted by the finite strip analysis software 

(e.g. THIN-WALL-2 or CUFSM), as described by Moen and Schafer (2008, 2009, 2013). 

The nominal moment capacity for local buckling (Mnl) of beams with un-stiffened web holes was 

calculated using Equations 4.16 and 4.17.  

0.776     l nl ne ynetM M M  = 
 

(Equation 4.16) 

0.4 0.4

0.776     1 0.15 crl crl
l nl ne ynet

ne ne

M M
M M M

M M


    
  = −    
       

(Equation 4.17) 

where Mnl is the nominal flexural capacity of local buckling; Mne is the nominal flexural capacity 

for lateral-torsional buckling; Mcrl is the critical elastic local moment considering the influence of 

holes; Mynet is the member yield moment of net cross-section (Mynet = Sfnet×Fy). 

Moen and Schafer (2008, 2009, 2013) developed a calculation procedure for elastic local buckling 

moment (Mcrl) which considers the influence of holes, as given in Equation 4.18:  

lgmin( , )crl cr crlhM M M=
 

(Equation 4.18) 

where Mcrℓg is the critical elastic local buckling moment at the gross cross-section and Mcrℓh is the 

critical local buckling moment of the compressed portion of the net section above a hole. More 

details regarding the calculation procedure can be found in Moen and Schafer (2008, 2009, 2013). 

4.53. Comparison of tests and FE results with design strengths 

Figure 4-20(a) compares the moment capacity of CFS plain channel beams determined from the 

FEA and design standards. These comparison results shows that the mean value of 
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MFEA/MAISI&AS/NZS ratio is 1.08. Therefore, the AISI S100 (2016) and AS/NZ (2018) standards are 

conservative by only 8% when calculating the moment capacity of CFS plain channel beams. 

For CFS channel beams with un-stiffened web holes, it can be found that the moment capacity 

obtained from the design equations developed by Moen and Schafer (2008, 2009, 2013) is lower 

than the moment capacity obtained from FE analysis and laboratory tests by 11% on average 

(Figure 4-20 (b)). 

In terms of CFS channel beams with edge-stiffened web holes, the moment capacity obtained 

from the laboratory tests and FEA were compared with the moment capacity obtained from the 

design equations of un-stiffened web holes developed by Moen and Schafer (2008, 2009, 2013). 

This is due to the unavailability of design equations for the moment capacity of CFS channel 

beams with edge-stiffened web holes. The comparison results shows that the design moment 

capacity of CFS channel beams with edge-stiffened web holes are over-conservative by 28% on 

average (Figure 4-20(c)) when compared with design strength predicted by Moen and Schafer’s 

(2008, 2009, 2013) design equations. This is due to the fact that Moen and Schafer’s (2008, 2009, 

2013) design equations are for un-stiffened holes and do not include the geometrical parameters 

of the edge-stiffener when applied to CFS channel beams with edge-stiffened web holes. 
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                                (a) CFS plain channel beams  

 
              (b) CFS channel beams with un-stiffened hole 
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(c) CFS channel beams with edge-stiffened hole 

Figure 4-20: Comparison of moment capacity obtained from FEA or Test and the design 

equations 

4.6 Concluding remarks 

This chapter presents an experimental and numerical investigation into the flexural behaviour of 

CFS channel beams with edge-stiffened web holes. A total of 16 four-point bending tests were 

reported. Prior to bending tests, initial geometrical imperfections were measured for all specimens. 

Tensile coupon tests were also carried out to determine the material properties of flat and corner 

regions of the CFS channel beams. The ultimate moment capacity and failure modes were 

recorded for each of the test specimens and discussed in this chapter. The following conclusions 

can be drawn from the outcome of this study: 

(1) A FE model was presented, which includes non-linear material properties and modelling of 

geometric imperfections. The FE model was validated against the corresponding experimental 

results, which showed good agreement both in terms of ultimate moment capacity and 

deformed shapes.  

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/engineering/tensile-property
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(2) Using the validated FE model, an extensive parametric study comprising 199 FE models was 

performed to study the effects of beam length, hole diameter, stiffener lengths, and stiffener 

fillet radius on the moment capacity of CFS channel beams with edge-stiffened web holes.  

(3) The moment capacity of the CFS channel beams obtained from the laboratory tests and FE 

analysis was compared against the design moment capacity predicted by the AISI S100 (2016) 

and AS/NZS 4600 (2018) design rules for CFS plain channel beams and from the proposed 

design equations of Moen and Schafer for CFS channel beams with un-stiffened web holes. 

From the comparison, it was found that the design moment capacities predicted by the AISI 

S100 (2016) and AS/NZS 4600 (2018) for CFS plain channel beams are conservative by only 

8%. The moment capacity of CFS channel beams with un-stiffened and edge-stiffened web 

holes, as predicted by the proposed design equations of Moen and Schaffer, are over-

conservative by around 11% and 28%, respectively.  
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CHAPTER 5. SHEAR CAPACITY OF CHANNEL 

BEAMS WITH EDGE-STIFFENED WEB HOLES 

5.1 Introductory remarks 

This chapter presents the 254 results comprising 30 laboratory tests and 224 finite element (FE) 

analyses. Simply supported test specimens of CFS channel beams with aspect ratios of 1.0 and 

1.5 were loaded at mid-span until failure using a back-to-back arrangement. For comparison, 

specimens with un-stiffened web holes and plain webs were also tested. A nonlinear FE model 

was also established and validated against the experimental results. Using validated FE models, a 

parametric study was performed to investigate the effect of various influential parameters on the 

shear capacity of CFS channel beams. To verify the accuracy of the current design procedures, 

the test and FEA results were compared against the shear capacities predicted by the design 

equations of AISI S100 (2016), AS/NZS 4600 (2018), Keerthan and Mahendran et al. (2013b, 

2014b), and Shan et al. (1997) for CFS channel beams with un-stiffened web holes.  

5.2 Experimental study 

5.21 Test specimens 

A total of 30 CFS channel beams with aspect ratios of 1.0 and 1.5 were tested in this research. Six 

tests focus on specimens without holes (Figure 5-1 (a)), 12 on specimens with un-stiffened web 

holes (Figure 5-1 (b)) and the remaining 12 tests on specimens with edge-stiffened web holes 

(Figure 5-1 (c)). Test specimens were designed to fail in shear prior to reaching other section 

capacities.  

To simulate a primarily shear condition, relatively short test beams of span based on two aspect 

ratios (shear span a/clear web height d1), 1.0 and 1.5, were selected. This paper mainly focused 

on the shear capacity of such CFS channel sections with a shear span-to-clear web height ratio of 
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1.0. However, the influence of combined shear and bending behaviour on the strength and failure 

modes of such sections were also experimentally investigated (aspect ratios of 1.5). 

 

Figure 5-1: CFS channel beams investigated in the shear test 

(a) CFS plain channel beams 

(b) CFS channel beams with un-stiffened web holes 

(c) CFS channel beams with edge-stiffened web holes 
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Table 5-1: Measured specimen dimensions and experimental shear capacity for specimens with flanges restrained by straps 

a) Section 240 

 

  

 

 

 

 

 

Specimen 

Web 

height 

Total 

length 

Web 

thickness 

Stiffener 

length 

 Hole 

diameter 

Aspect 

ratio 
Ratio Ratio Shear capacity 

obtained from test 

Reduction factor 

d1 L tw q dwh a/d1 d1/tw dwh/d1 VEXP qs 

(mm) (mm) (mm) (mm) (mm)    (kN)  

Plain section           

240-A1.0-D0-NH-FR 239.3 672.6 1.81 - - 1.0 132.2 - 53.7 1.00 

240-A1.5-D0-NH-FR 239.3 908.9 1.81 - - 1.5 132.2 - 37.5 1.00 

Edge-stiffened holes           

240-A1.0-D140-EH-FR 236.5 672.6 1.86 13 148.5 1.0 127.2 0.63 35.3 0.66 

240-A1.5-D140-EH-FR 238.3 908.9 1.86 13 147.5 1.5 128.1 0.62 31.2 0.83 

240-A1.0-D90-EH-FR 239.3 672.6 1.85 13 98.0 1.0 129.4 0.41 49.1 0.91 

240-A1.5-D90-EH-FR 238.5 908.9 1.85 13 97.5 1.5 128.9 0.41 37.5 1.00 

Un-stiffened holes           

240-A1.0-D140-UH-FR 235.5 672.6 1.86 - 149.5 1.0 126.6 0.63 30.4 0.56 

240-A1.5-D140-UH-FR 235.1 908.9 1.85 - 148.2 1.5 127.1 0.63 24.9 0.66 

240-A1.0-D90-UH-FR 235.5 672.6 1.88 - 98.0 1.0 125.3 0.42 45.3 0.84 

240-A1.5-D90-UH-FR 235.5 908.9 1.88 - 98.5 1.5 125.3 0.42 33.4 0.89 



143 

  

 

b) Section 290 

 

 

 

 

 

 

Specimen 

Web 

height 

Total 

length 

Web 

thickness 

Stiffener 

length 

 Hole 

diameter 

Aspect 

ratio 
Ratio Ratio Shear capacity 

obtained from test 

Reduction factor 

d1 L tw q dwh a/d1 d1/tw dwh/d1 VEXP qs 

(mm) (mm) (mm) (mm) (mm)    (kN)  

Plain section           

290-A1.0-D0-NH-FR 289.6 771.2 2.10 - - 1.0 137.9 - 73.1 1.00 

290-A1.5-D0-NH-FR 285.6 1056.8 2.11 - - 1.5 135.4 - 49.1 1.00 

Edge-stiffened holes           

290-A1.0-D140-EH-FR 287.6 771.2 2.15 13 148.3 1.0 133.8 0.52 55.9 0.76 

290-A1.5-D140-EH-FR 288.5 1056.8 2.13 13 147.5 1.5 135.4 0.51 50.0 1.02 

290-A1.0-D90-EH-FR 285.6 771.2 2.16 13 98.5 1.0 132.2 0.34 64.8 0.88 

290-A1.5-D90-EH-FR 287.0 1056.8 2.16 13 99.0 1.5 132.9 0.34 51.3 1.04 

Un-stiffened holes           

290-A1.0-D140-UH-FR 285.0 771.2 2.18 - 148.5 1.0 130.7 0.52 51.2 0.70 

290-A1.5-D140-UH-FR 286.5 1056.8 2.17 - 149.5 1.5 132.0 0.52 42.1 0.86 

290-A1.0-D90-UH-FR 285.0 771.2 2.18 - 99.5 1.0 130.7 0.35 63.9 0.87 

290-A1.5-D90-UH-FR 285.6 1056.8 2.17 - 99.0 1.5 131.6 0.35 48.1 0.98 
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Table 5-2: Measured specimen dimensions and experimental shear capacity for specimens with flanges unrestrained by straps 

Specimen 

Web 

height 

Total 

length 

Web 

thickness 

Stiffener 

length 

 Hole 

diameter 

Aspect 

ratio 
Ratio Ratio Shear capacity 

obtained from test 

Reduction factor 

d1 L tw q dwh a/d1 d1/tw dwh/d1 VEXP qs 

(mm) (mm) (mm) (mm) (mm)    (kN)  

Plain section           

240-A1.0-D0-NH-FU 235.3 672.6 1.85 - - 1.0 127.1 - 46.9 1.00 

240-A1.5-D0-NH-FU 236.3 908.9 1.85 - - 1.5 127.7 - 35.0 

- 

1.00 

Edge-stiffened holes           

240-A1.0-D140-EH-FU 237.3 672.6 1.86 13 148.9 1.0 127.6 0.63 31.7 0.67 

240-A1.5-D140-EH-FU 238.3 908.9 1.85 13 147.5 1.5 128.8 0.62 28.7 0.82 

240-A1.0-D90-EH-FU 235.5 672.6 1.87 13 96.5 1.0 125.9 0.41 41.0 0.87 

240-A1.5-D90-EH-FU 237.3 908.9 1.85 13 93.5 1.5 128.3 0.39 35.2 1.01 

Un-stiffened holes           

240-A1.0-D140-UH-FU 237.3 672.6 1.86 - 148.5 1.0 127.6 0.63 26.0 0.55 

240-A1.5-D140-UH-FU 238.0 908.9 1.86 - 147.0 1.5 128.0 0.62 22.8 0.65 

240-A1.0-D90-UH-FU 237.5 672.6 1.87 - 98.0 1.0 127.0 0.41 36.0 0.78 

240-A1.5-D90-UH-FU 238.9 908.9 1.85 - 97.5 1.5 129.1 0.41 30.7 0.88 
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Shear span (a) was taken as the distance between the centre of inner bolts on the stiffening plates, 

and the required test span was calculated based on the aspect ratio. The test specimens comprised 

two different section sizes, namely section 240 and section 290. To investigate the effects of hole 

diameter, two web hole sizes (dwh) of 90 and 140 mm were selected. In all specimens, holes were 

placed centrally within their web height. The edge-stiffener length was fixed at 13 mm. Table 5-

1 and Table 5-2 summarise the specimen dimensions of test specimens. 

5.22 Section labels  

The specimens were labelled such that the nominal dimensions of web depth, aspect ratio, hole 

diameter, type of web holes, and flange condition were expressed. For example, the label “240-

A1.0-D90-EH-FR” can be interpreted as follows: 

●  “240” refers to the nominal dimensions of web depth in millimetres i.e. d=240 mm.  

● “A1.0” is the aspect ratio i.e. a/d1=1.0 

● “D90” indicates the nominal diameter of web holes in millimetres i.e. dwh = 90 mm. 

● “NH’ identifies a plain channel beam, “EH’ identifies a web with edge-stiffened hole, “UH’ 

identifies a web with un-stiffened hole. 

●  “FR” represents the flanges restrained by straps 

5.23 Material testing   

To obtain the material properties of the test specimens, a total of six coupons were prepared, which 

were cut from the flat portion of the channel beams, and tested using an Instron tensile testing 

machine in accordance with the test procedure stipulated in the ISO 6892-1 (ISO 2009) (Figure 

5-2). The stress-strain curves of sections 240 and 290 obtained from tensile coupon tests are shown 

in Figures 5-3 (a) and (b). 
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Figure 5-2: Experimental setup of tensile coupon test 

 

 

Top Grip 

Bottom Grip 

Coupon 

Extensometer Grip 
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(a)Section 240 

  

(b)Section 290 

Figure 5-3:  Stress-strain curves 
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Table 5-3 showed that the average yield stresses (σ0.2) are 301.6 MPa and 308.5 MPa for section 

240 and 290, respectively. These measured values of the material properties were included in the 

FE model developed for such CFS channel beams  

Table 5-3: Material properties of specimens obtained from tensile coupon tests 

5.25 Testing-rig and loading procedure 

An MTS machine with a capacity of 300 kN was used to apply concentrated loads at a constant 

rate of 0.7 mm/min. The test beam was simply supported on two rollers at the ends to allow the 

test beams to rotate freely. Two single-channel beams were bolted back-to-back using three 30mm 

thick T-shaped stiffeners. High-strength steel bolts were used, and the distance between the two 

vertical rows of bolts was 50 mm. The use of twelve 100-mm-wide stiffening plates in this 

research is to eliminate the web crippling failure at the supports and the loading point. A 30-mm 

gap was incorporated between two specimens to allow the test beams to behave independently.  

To investigate the effect of angle straps on the shear behaviour and strength, 20 tests were 

performed on restrained supports, which were ensured by using eight angle straps at the loading 

and support points. Additionally, 10 tests were performed without using any straps. Three LVDTs 

were utilised. One LVDT was placed under the loading point to measure the vertical deflections 

while the remaining two LVDTs were placed at the support point. A photograph of the laboratory 

tests setup is shown in Figure 5-4. Also, a schematic drawing of the experimental setup is shown 

in Figure 5-5.   

Section Coupon ID 
Thickness Yield stress Ultimate stress 

t/mm σ0.2/MPa σ u/MPa 

 

 

Section 240 

240-1 1.81 302.3 372.8 

240-2 1.82 300.9 380.1 

240-3 1.81 301.2 383.9 

Mean 1.81 301.6 378.9 

 

 

Section 290 

 

 

 

 

 

Section 290 

290-1 2.11 310.2 383.1 

290-2 2.10 308.6 387.4 

290-3 2.13 306.5 390.6 

Mean 2.11 308.5 387.0 
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Figure 5-4: Photograph of experimental setup. 

 

Figure 5-5: Schematic drawing of experimental setup  
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5.26 Experimental results 

Figures 5-6 show the mechanics of post-buckling behaviour, indicating that the development of 

diagonal tension (tension field action) may contribute to the development of post-buckling 

strength. Similar observation was also reported by Keerthan and Mahendran (2012). 

Figure 5-7 plots the shear capacity versus displacement curves of all specimens. The shear 

capacity was determined as the applied load (P) divided by four, as two back-to-back CFS channel 

beams were used. Figures 5-8.and 5-9 showed the deformed shapes of the CFS channel beams 

with flange straps having an aspect ratio of 1.0, and 1.5, respectively. From the deformed shapes, 

it can be clearly seen that shear failure occurred for all test specimens. The ultimate shear capacity 

(Vv) obtained from the laboratory tests are summarised in Table 5-1 and Table 5-2 for restrained 

flange and unrestrained flange cases, respectively. As shown in Table 5-1 and Table 5-2, for a 

channel with edge-stiffened web holes, the shear capacity increased by 14.5% on average, when 

compared with that of a channel with un-stiffened web holes. 

Table 5-4 compares the shear capacity of CFS channel beams with and without straps (i.e. with 

and without flange restraints). From the results reported in Table 5-4, it can be confirmed that 

there is an 11.04% reduction in the shear capacity of CFS channel beams when straps are not 

attached to their flanges. Figure 5-10 shows the deformed shapes of CFS plain channel beams 

when the flanges are not restrained (without straps). It can be seen that the flange distortion occurs 

due to the distortional buckling or unbalanced shear flow in these sections.  

The combined shear and bending behaviour can significantly affect the shear capacity for those 

longer specimens having higher aspect ratios. Table 5-5 shows the comparison of shear capacity 

of specimens with aspect ratios of 1.0 and 1.5.  This comparison shows that shear capacities of 

those specimens with an aspect ratio of 1.5 were reduced by 25.2% on average due to this 

combined shear and bending action 
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Table 5-4: Comparison of shear capacity of specimens with and without flange restraints 

Table 5-5: Comparison of shear capacity of specimens with aspect ratios of 1.0 and 1.5 

Specimen 

Shear capacity determined from test Capacity reduction 

a/d1=1.0 a/d1=1.5 

VEXP-1.0 (kN) VEXP-1.5 (kN) (%) 

240-D0-NH-FR 53.7 37.5 43.2 

290-D0-NH-FR 73.1 49.1 48.9 

240-D0-NH-FU 46.9 35.0 

 

34.0 

240-D140-EH-FR 35.3 31.2 13.1 

240-D90-EH-FR 49.1 37.5 30.9 

290-D140-EH-FR 55.9 50.0 11.8 

290-D90-EH-FR 64.8 51.3 26.3 

240-D140-EH-FU 31.7 28.7 10.5 

240-D90-EH-FU 41.0 35.2 16.5 

240-D140-UH-FR 30.4 24.9 22.1 

240-D90-UH-FR 45.3 33.4 35.6 

290-D140-UH-FR 51.2 42.1 21.6 

290-D90-UH-FR 63.9 48.1 32.8 

240-D140-UH-FU 26.0 22.8 14.0 

240-D90-UH-FU 36.0 30.7 17.3 

Mean 25.2 

 

Specimen 

Shear capacity determined from test Capacity reduction 

With straps Without straps 

(kN) (kN) (%) 

240-A1.0-D0-NH 53.7 46.9 12.6 

240-A1.5-D0-NH 37.5 35.0 

- 

6.70 

240-A1.0-D140-EH 35.3 31.7 10.2 

240-A1.5-D140-EH 31.2 28.7 8.00 

240-A1.0-D90-EH 49.1 41.0 16.5 

240-A1.5-D90-EH 37.5 35.2 6.10 

240-A1.0-D140-UH 30.4 26.0 13.3 

240-A1.5-D140-UH 24.9 22.8 8.40 

240-A1.0-D90-UH 45.3 36.0 20.50 

240-A1.5-D90-UH 33.4 30.7 8.10 

Mean 11.04 
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Figure 5-6: Mechanics of post-buckling behaviour in shear 
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(b) Section 240 without flange straps 

 
(b) Section 290 with flange straps 

Figure 5-7: Shear capacity versus displacement curves of all specimens 
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Figure 5-8: Deformed shapes of CFS channel beams (aspect ratio=1.0) 
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Figure 5-9: Deformed shapes of CFS channel beams (aspect ratio=1.5) 
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 (a) 290-A1.5-D0-NH-FR 

 (b) 290-A1.5-D140-UH-FR 

 (c) 290-A1.5-D140-EH-FR 
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(a) Front view 

 

(b) Side view 

Figure 5-10: Deformed shapes of CFS channel beams without flange straps (240-A1.5-D0-NH-

FU) 
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5.3 Numerical study 

5.31 General 

ABAQUS (2018) was used to establish a nonlinear FE model to simulate the CFS channel beams 

with and without holes when subjected to shear loading. The measured cross-section dimensions, 

initial geometric imperfections, as well as the material properties obtained from the coupon tensile 

tests were included in the FE model. Specific modelling techniques are discussed in the next 

section. 

5.32 Modelling of geometry and material properties  

The ABAQUS classical metal plasticity model (2018) was used in all analyses to define the 

isotropic yielding and plastic hardening of the steel. The material properties were taken from the 

tensile coupon tests and included in the FE models. As per the ABAQUS manual (2018), the 

engineering material curve was converted into a true material curve by following Equations 5.1 

and 5.2 below:   

(1 )true  = +
 

(Equation 5.1) 

( ) ln(1 ) true
true pl

E


 = + −

 
(Equation 5.2) 

where E is the Young’s modulus, σ true and εtrue(pl) is the true stress and strain used in numerical 

modelling, and σ and  are the engineering stress and strain, respectively. 

5.33 FE meshing  

S4R shell elements were used to model the CFS channel beams, as the S4R elements are linear 

four-noded quadrilateral thick shell elements that have six degrees of freedom per node. The mesh 

sensitivity analysis indicated that a mesh size between 5 mm to 10 mm was selected for modelling 

the CFS channels with and without web holes. Also, for the T-shaped stiffeners, a mesh size of 
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10 mm×10 mm (length by width) was used. Mesh refinement was performed around the web holes 

for accurate FE analysis, and finer mesh sizes were used near the rounded corners (Figure 5-11). 

 

                            Figure 5-11: Mesh type for specimen 290-A1.5-D140-EH-FR 

 5.34 Boundary conditions and loading procedure 

To simulate the experimental boundary conditions, the supported boundary condition was 

modelled by releasing both the in-plane rotation and axial displacement along the specimen at the 

roller support. The reference points were established at the top of T-shaped stiffeners and the 

translations of U1 and U3 were fixed at the reference points. The vertical translation was not 

restrained at the loading point. The loading was applied by specifying a vertical displacement at 

the reference loading points. In the shear tests, the concentrated loads and reaction forces were 

transferred from the T-shaped stiffeners to the specimens. Therefore, in the FE model, contact 

pairs were defined between the webs of each CFS channel beam and T-shaped stiffener using a 

surface-to-surface interaction. These full height stiffening plates were modelled as rigid bodies 

using R3D4 elements. The experimental results confirmed that the failure of angle straps did not 

occur when they were used in the tests. Therefore, the angle straps were simulated using suitable 

boundary conditions. It should be noted that the modelling of the bolting connections has been 

simplified. Applied boundary conditions in the FE model is shown in Figure 5-12. 

Finer mesh around web hole 

Finer mesh around corner 

T-shaped stiffeners:  

10 mm×10 mm 
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Figure 5-12: Boundary conditions for specimen 290-A1.5-D140-EH-FR 

5.35 Initial geometric imperfections and residual stresses  

It should be noted that the value of 0.006d1 was taken as the magnitude of imperfections in the 

numerical modelling of CFS channel beams (Keerthan and Mahendran 2014b). Preliminary FEA 

showed that the effect of residual stresses on the shear capacity of CFS plain channel beams is 

less than 1% (Figure 5-13). Therefore, the effect of residual stresses on the shear capacity of CFS 

channel beams can be negligible. Hence, residual stresses were not considered in the FEA.  

Ux=1; θx=0 
Uy=0; θy=1 
Uz=1; θz=0 

angle straps 

Loading at 
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Figure 5-13. Effects of residual stresses (240-A1.5-D140-UH-FR) 

5.36 Validation of the finite element model  

In Table 5-6, a comparison of the experimental results (VEXP) with the numerical results (VFEA) is 

reported. The mean value of the VEXP / VFEA ratio is 1.01 with the corresponding coefficient of 

variation (COV) of 0.07. Shear capacity versus displacement behaviour obtained from both the 

laboratory tests and FEA is plotted in Figure 5-14 for specimens 240-A1.5-D0-NH-FR and 240-

A1.5-D90-UH-FR, respectively, which showed good agreement between laboratory tests and 

FEA. Figures 5-15 and 5-16 show the deformed shapes at failure from the laboratory tests and 

FEA. As can be seen, the deflected shapes predicted by the FE model are similar to the deformed 

shapes determined from the laboratory tests.  

It should be noted that some of test results were different with FEA results. Such difference is 

because that local slip was observed between the loading block and test specimens in some tests. 

However, the boundary condition was idealized in the FEA models. 
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       (a) 240-A1.5-D0-NH-FR 

 
      (b) 240-A1.5-D90-UH-FR 

Figure 5-14: Comparison of FEA and experimental capacity versus displacement curves 
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Table 5-6: Comparison of shear capacity obtained from tests and FEA for all test specimens 

Specimen 
Ratio Ratio Shear capacity  Test/FEA 

d1/tw dwh/d1 Test FEA 

  (kN) (kN)  

Plain section      

240-A1.0-D0-NH-FR 132.2 - 53.7 50.6 1.06 

240-A1.5-D0-NH-FR 132.2 - 37.5 38.3 0.98 

240-A1.0-D0-NH-FU 132.2 - 46.9 49.5 0.95 

240-A1.5-D0-NH-FU 127.7 - 35.0 

- 

38.0 0.92 

290-A1.0-D0-NH-FR 137.9 - 73.1 70.7 1.03 

290-A1.5-D0-NH-FR 135.4 - 49.1 53.5 0.92 

Edge-stiffened holes      

240-A1.0-D140-EH-FR 127.2 0.63 35.3 32.1 1.10 

240-A1.5-D140-EH-FR 128.1 0.62 31.2 30.3 1.03 

240-A1.0-D90-EH-FR 129.4 0.41 49.1 46.0 1.07 

240-A1.5-D90-EH-FR 128.9 0.41 37.5 40.1 0.94 

240-A1.0-D140-EH-FU 127.6 0.63 31.7 31.3 1.01 

240-A1.5-D140-EH-FU 128.8 0.62 28.7 29.1 0.99 

240-A1.0-D90-EH-FU 125.9 0.41 41.0 44.4 0.92 

240-A1.5-D90-EH-FU 128.3 0.39 35.2 37.9 0.93 

290-A1.0-D140-EH-FR 133.8 0.52 55.9 51.5 1.09 

290-A1.5-D140-EH-FR 135.4 0.51 50.0 44.9 1.11 

290-A1.0-D90-EH-FR 132.2 0.34 64.8 68.2 0.95 

290-A1.5-D90-EH-FR 132.9 0.34 51.3 55.3 0.93 

Un-stiffened holes      

240-A1.0-D140-UH-FR 126.6 0.63 30.4 28.3 1.07 

240-A1.5-D140-UH-FR 127.1 0.63 24.9 22.7 1.10 

240-A1.0-D90-UH-FR 125.3 0.42 45.3 43.1 1.05 

240-A1.5-D90-UH-FR 125.3 0.42 33.4 34.0 0.98 

240-A1.0-D140-UH-FU 127.6 0.63 26.0 24.0 1.08 

240-A1.5-D140-UH-FU 128.0 0.62 22.8 21.4 1.07 

240-A1.0-D90-UH-FU 127.0 0.41 36.0 38.3 0.94 

240-A1.5-D90-UH-FU 129.1 0.41 30.7 32.0 0.96 

290-A1.0-D140-UH-FR 130.7 0.52 51.2 43.2 1.18 

290-A1.5-D140-UH-FR 132.0 0.52 42.1 38.0 1.11 

290-A1.0-D90-UH-FR 130.7 0.35 63.9 63.9 1.00 

290-A1.5-D90-UH-FR 131.6 0.35 48.1 51.9 0.93 

Mean 1.01 

COV 0.07 
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Figure 5-15: Deformed shapes at failure from experiments and FEA for those specimens with an aspect ratio of 1.0 

 

 (a) 240-A1.0-D0-NH-FR  (b) 240-A1.0-D90-UH-FR  (c) 240-A1.0-D90-EH-FR  (d) 240-A1.0-D140-UH-FR 

 (e) 240-A1.0-D0-NH-FU  (f) 240-A1.0-D90-UH-FU  (g) 240-A1.0-D90-EH-FU  (h) 240-A1.0-D140-UH-FU 
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Figure 5-16: Deformed shapes at failure from experiments and FEA for those specimens with an aspect ratio of 1.5
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5.4 Parametric study 

5.41 General 

Following the validation of the developed FE models, a detailed parametric study was undertaken 

using the validated model to develop an extensive shear capacity database for CFS channel beams 

with edge-stiffened web holes, un-stiffened web holes, and plain web. It should be noted that only 

aspect ratios of 1.0 were considered in the parametric study section, as the parametric study 

section only considered the shear behaviour of such sections. 

In the parametric study, to investigate the effect of web height to web thickness ratio (d1/tw) on 

the shear capacity of such sections, the same FE model was used with varying web thickness (tw). 

The d1/tw ratio was thus varied from 96 to 290 by changing the web thickness from 1.0 mm to 2.5 

mm as shown in Table 5-7. For specimens with holes, the ratio of dwh/d1 was varied between 0.1 

and 0.7 to investigate the effects of hole diameter on the shear capacity of such sections. The ratio 

of stiffener length to web height (q/d1) was varied from 0.04 to 0.12. The specific variables are 

defined next.  

Table 5-7: Validity range of geometrical parameters in the parametric study 

Parameter Validity range 

Specimens 
Web height  d (mm) 240, 290 

Web thickness tw (mm) 1.0, 1.5, 2.0, 2.5 

Hole 

Hole diameter  

dwh (mm) 

For b=240; dwh=24, 72, 120, 

168 

For b=290; dwh=29, 87, 145, 

203 

 

 

Stiffener length 
q (mm) 

For b=240; q=9.6, 14.4, 19.2, 

24, 28.8 

For b=290; q=11.6, 17.4, 

23.2, 29, 34.8 

 
Geometrical parameter 

d/tw [96-290] 

dwh/d1 0.1, 0.3, 0.5, 0.7 

q/d1 0.04, 0.06, 0.08, 0.10, 0.12 
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5.42 Specimens labelling 

The CFS channel beams analysed in the parametric study were labelled in such a way that all the 

geometric variables, stiffener properties, and diameter of the holes were defined. An example of 

a typical specimen label “240-A0.3-Q0.02-T1.0” can be explained as follows: 

• “240” is the nominal height of web in millimetres i.e. d=240 mm.  

• “A0.3” refers to the ratio of hole spacing to web height i.e. dwh/d1 = 0.3. 

•  “Q0.02” refers to the ratio of stiffener length to web height i.e. q/d1 = 0.02. 

• “T1.0” refers to the nominal web thickness in millimetres i.e. 1.0 mm. 

5.43 Results and discussions 

Figure 5-17 (a) and Table 5-8 show the effect of q/d1ratio on the shear capacity of such sections 

with edge-stiffened web holes. The comparison showed that an increase in shear capacity of 11.6% 

was noticed when q/d1 ratio was increased from 0.04 to 0.12. It was found that the influence of 

stiffener length on the shear capacity of such a section cannot be ignored. Figure 5-17 (b) and 

Table 5-8 show the effect of the ratio dwh/d1 on the shear capacity of sections with edge-stiffened 

web holes. The comparison indicated that the ultimate shear capacities were decreased by 53% 

on average when dwh/d1 ratio was changed from 0.1 to 0.7, indicating that the effect of dwh/d1 ratio 

on the shear capacity of such sections was significant. 
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(a) The effects of q/d1 ratio 

 
(b) The effects of dwh/d1 ratio 

Figure 5-17: Effect of dwh/d1 and q/d1 ratio on shear capacity reduction factor of channel beams 

with edge-stiffened web holes
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Table 5-8: Shear capacity determined from FEA of a parametric study for varying thickness, hole diameter ratio and stiffener length ratio 

(a) Section 240 

 

 

 

 

 

 

 

Thickness Hole ratio Shear capacity determined from FEA of a parametric study, VFEA (kN) 

 

tw (mm) 

 

A (dwh/d1) Without hole With un-stiffened hole 

With edge-stiffened hole 

Q0.04 Q0.06 Q0.08 Q0.10 Q0.12 

1.0 0.1 22.1 22.0 22.3 22.6 22.8 23.1 23.6 

1.0 0.3 22.1 17.8 19.1 19.4 19.9 20.1 20.4 

1.0 0.5 22.1 11.7 14.2 14.6 15.3 15.9 16.2 

1.0 0.7 22.1 6.6 9.4 9.7 10.2 11.1 11.8 

1.5 0.1 40.4 38.1 40.2 40.6 41.0 41.8 42.8 

1.5 0.3 40.4 32.4 35.5 35.8 36.1 37.1 37.9 

1.5 0.5 40.4 21.0 27.0 28.0 29.0 29.7 30.5 

1.5 0.7 40.4 12.1 18.0 18.7 19.7 20.2 20.9 

2.0 0.1 56.5 56.4 56.9 57.3 58.0 58.3 58.8 

2.0 0.3 56.5 48.3 49.1 49.9 50.6 51.5 52.5 

2.0 0.5 56.5 32.2 39.7 40.7 41.9 42.6 43.5 

2.0 0.7 56.5 19.6 25.4 26.3 27.4 28.6 29.5 

2.5 0.1 86.1 85.6 86.9 87.7 88.6 89.4 90.4 

2.5 0.3 86.1 69.2 73.1 74.4 75.9 77.2 78.8 

2.5 0.5 86.1 45.5 54.4 56.1 57.7 59.3 60.8 

2.5 0.7 86.1 27.0 36.7 38.3 39.6 41.1 42.7 
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(a) Section 290 

 

Thickness Hole ratio Shear capacity determined from FEA of a parametric study, VFEA (kN) 

 

tw (mm) 

 

A (dwh/d1) Without hole With un-stiffened hole 

With edge-stiffened hole 

Q0.04 Q0.06 Q0.08 Q0.10 Q0.12 

1.0 0.1 25.1 24.7 25.5 25.7 26.1 26.6 26.8 

1.0 0.3 25.1 20.7 22.5 22.7 23.2 23.7 24.0 

1.0 0.5 25.1 14.6 17.2 17.6 18.0 18.6 19.0 

1.0 0.7 25.1 9.1 11.1 11.7 12.4 13.3 13.8 

1.5 0.1 46.2 44.7 46.8 47.2 47.7 48.3 48.9 

1.5 0.3 46.2 37.4 42.0 42.5 43.2 43.8 44.6 

1.5 0.5 46.2 24.9 29.5 30.9 32.3 33.7 35.1 

1.5 0.7 46.2 15.1 20.3 21.5 22.8 24.1 25.5 

2.0 0.1 66.5 66.0 67.3 68.0 68.8 69.6 70.5 

2.0 0.3 66.5 56.7 60.8 61.6 62.6 63.5 64.5 

2.0 0.5 66.5 37.4 45.5 47.2 48.7 50.3 52.1 

2.0 0.7 66.5 22.7 29.5 31.5 33.3 35.5 37.5 

2.5 0.1 90.5 89.7 91.5 92.5 93.3 94.5 95.5 

2.5 0.3 90.5 74.0 82.0 83.2 84.2 85.3 86.5 

2.5 0.5 90.5 52.1 61.1 63.2 65.1 66.8 68.9 

2.5 0.7 90.5 32.3 39.2 41.6 43.7 46.2 48.5 
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5.5 Current design guidelines 

5.51 General 

Current shear design rules for CFS channel beams with holes are based on a reduction factor (qs) 

defined as the ratio of the nominal shear capacity of CFS with holes (Vnl) to the nominal shear 

capacity of CFS plain channel beams (Vv). Hence, this section presents the currently available 

design rules for calculating the nominal shear capacity of CFS plain channel beams (Vv) as well 

as reduction factor (qs) 

5.52 Design rules for CFS plain channel beams in shear 

According to Section G2.2 of AISI S100 (2016) and Clause 7.2.3 of AS/NZS 4600 (2018), the 

nominal shear capacity (VDSM-1) of CFS unperforated beams without web stiffeners can be 

calculated from the following Equations 5.3-5.8. 

v yV V=
    

0.815v 
 

(Equation 5.3) 

0.815v cr yV V V=
    

0.815 1.227v 
 

(Equation 5.4) 

v crV V=
  For 

1.227v 
 

(Equation 5.5) 

0.6y w yV A F=
 

(Equation 5.6) 
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0.904 v w
cr

Ek t
V

d
=

 

(Equation 5.7) 

y

v

cr

V

V
 =

 

(Equation 5.8) 

where d1 is depth of the flat portion of the web measured along the plane of the web, Fy is design 

yield stress, tw is thickness of web, kv is the shear buckling coefficient of the whole section 

predicted by AS/NZS (2018), and E is Modulus of elasticity of steel. 
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Pham and Hancock (2010a, b) performed both experimental and numerical studies to propose 

design equations for the shear capacity of CFS unperforated beams with tension field action 

(Equations 5.9-5.10), which are presented in Section G2.2 of AISI S100 (2016) and in Clause 

7.2.3 of AS/NZS 4600 (2018). These equations (VDSM-2) predict the shear capacity of CFS lipped 

plain channel beams which include their available post-buckling strength and the effect of 

additional fixity at the web-flange juncture. 

v yV V=
    

0.776v 
 

(Equation 5.9) 

0.4 0.41 0.15( ) ( )cr cr
v y

y y

V V
V V

V V

 
= − 
       

0.776v 
 

(Equation 5.10) 

where kv is the shear buckling coefficient of the whole section predicted by AS/NZS (2018). 

Keerthan and Mahendran et al. (2015a, b) modified the current shear design rules of AS/NZS 

4600 (2018) using Equations 5.11-5.13, which include the available post-buckling strength in CFS 

channel beams and the additional fixity at the web-flange juncture. The increased shear buckling 

coefficient (kLCB) is included to allow for the additional fixity at the web-flange juncture of CFS 

channel beams, while a post-buckling coefficient of 0.2 in Equations 5.12 and 5.13 includes the 

available post-buckling strength in CFS channel beams. 

v yV V=
    

1 LCB

w y

Ekd

t f


 
(Equation 5.11) 
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(Equation 5.12) 

0.2( )v cr y crV V V V= + −
    

1 1.508 LCB

w y

Ekd

t f


 
(Equation 5.13) 

where kLCB is the increased shear buckling coefficient. 
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5.53 Design rules for CFS channel beams with holes in shear 

Shan et al (1997) found that the major parameter influencing the shear capacity was the ratio of 

the depth of hole to the flat depth of the web (dwh/d1).  Shan et al. (1997) suggested that the nominal 

shear force can be calculated using a reduction factor applied to solid web strength of the shear 

element, and he developed a linear reduction factor for CFS channel members with un-stiffened 

web holes which emphasised the parameter dwh/d1. The reduction factor can be determined by the 

following Equations 5.14 and 5.15. 

1

1.71 3.66( )wh
s

d
q

d
= −

    1

0.38whd

d


 

(Equation 5.14) 

1

0.46 0.38 wh
s

d
q

d
= −

    1

0.38 1whd

d
 

 

(Equation 5.15) 

where qs is the shear capacity reduction factor = Vnl / Vv, Vnl  is nominal shear capacity with web 

hole, Vv is nominal shear capacity without web holes, dwh is the depth of web holes, and d1 is the 

clear height of web.       

The shear capacity reduction factor equations as specified in AISI S100 (2016) and AS/NZS 4600 

(2018) for CFS channel beams with un-stiffened web holes were based on Eiler's (1997) research. 

Eiler et al (1997) suggested that the reduction of shear capacity due to web holes can be estimated 

by applying a reduction factor to the nominal shear capacity of the web. The shear capacity 

reduction factor was developed based on the following Equations 5.16-5.18. 

1sq =
    

54
c

t


 

(Equation 5.16) 
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(Equation 5.17) 

1
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c = −

     

(Equation 5.18) 
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1

0.7whd

d


                                                                                                                            

 

(Equation 5.19) 

1 200
d

t


                                                                                                                             

(Equation 5.20) 

where qs is the shear capacity reduction factor = Vnl/Vv , Vnl  is nominal shear capacity with web 

hole, Vv is nominal shear capacity without web holes, and c is the vertical distance from the point 

of the shear buckle at the edge of the hole to the comer radius at the flat of the web.  

Keerthan and Mahendran (2013b, 2014b) experimentally and numerically studied the shear 

capacity of CFS channel beams with un-stiffened web holes. The shear capacity of CFS channel 

beams with un-stiffened web holes (Vnl) can be calculated using a reduction factor qs applied to 

the shear capacity of CFS plain channel beams (Vv). Equations 5.21-5.23 show the proposed 

design equations for the shear capacity reduction factor of CFS channel beams with web holes. 

1
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d
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(Equation 5.21) 
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(Equation 5.22) 

1
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d
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= −

    1

0.7 0.85whd

d
 

 

(Equation 5.23) 

where qs is the shear capacity reduction factor = Vnl /VV , Vnl  is nominal shear capacity with web 

hole, and Vv is nominal shear capacity without web holes,  

5.54 Comparison of tests and FE results with design strengths 

The test and FE results were compared against the design shear capacities predicted by AISI S100 

(2016), AS/NZS 4600 (2018), Pham and Hancock (2010a, b), and Keerthan and Mahendran et al. 

(2015a, b) for CFS plain channel beams. The results of the comparison are reported in Table 5-9 

and Figure 5-18. The DSM design rules in shear without tension field action as specified in AISI 

S100 (2016) and AS/NZS 4600 (2018) are conservative, as they do not include the post-buckling 
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strength, while DSM design rules in shear with tension field action proposed by Pham and 

Hancock (2010a, b) were close to the experimental results (only 1%). The results obtained from 

the equations proposed by Keerthan and Mahendran et al. (2015a, b) are conservative by 18% 

compared to the experimental results.  

The shear capacities of CFS channel beams with un-stiffened web holes obtained from the 

laboratory tests and FEA are compared with the predictions from the currently available design 

equations as shown in Table 5-10. The comparison shows that the shear capacities predicted by 

Shan et al.’s design equations (1997) are over-conservative by 62% on average. The design 

equations, in accordance with AISI S100 (2016) and AS/NZS 4600 (2018), are conservative for 

CFS channel beams with small web holes in most cases, while they are un-conservative for 

channel beams with larger web holes. This was also reported by Keerthan and Mahendran (2013b, 

2014b). This comparison shows that the shear capacities predicted by Keerthan and Mahendran's 

(2013b, 2014b) design equations are conservative by 7% on average. Figure 5-19 shows the non-

dimensional curve of qs versus dwh/d1. 

For CFS channel beams with edge-stiffened web holes, the shear capacity reduction factors 

obtained from the laboratory tests and FEA were compared with those obtained from the design 

equations of un-stiffened web holes. The comparison results are shown in Table 5-11 and indicate 

that the design equations, in accordance with AISI S100 (2016) and AS/NZS 4600 (2018), are un-

conservative by 7% on average. This is due to the fact that the design rules of CFS channel beams 

with un-stiffened web holes do not include the geometrical parameters of the edge-stiffener, 

highlighting the need to develop new design rules for CFS channel beams with edge-stiffened 

web holes. 
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Table 5-9: Comparison of shear capacity obtained from tests, parametric study and current design formulae for CFS plain channel beams (aspect 

ratio=1.0) 

 

 

 

 

 

 

 

Specimen 

Thickness Ratio Shear capacity (kN) Comparison 

tw (mm) d1/tw VEXP&FEA VDSM-1 VDSM-2 VKM VEXP&FEA/VDSM-1 VEXP&FEA/VDSM-2 VEXP&FEA/VKM 

Experiments          

240-D0-NH-FR 1.81 132.2 53.7 42.7 54.3 49.8 1.26 0.99 1.08 

290-D0-NH-FR 2.10 137.9 73.1 55.1 75.0 66.6 1.33 0.97 1.10 

Parametric study          

240-D0-NH-T1.0 1.0 238.0 22.1 7.2 19.6 14.4 3.07 1.13 1.53 

240-D0-NH-T1.5 1.5 158.0 40.4 24.3 39.4 32.4 1.66 1.03 1.25 

240-D0-NH-T2.0 2.0 118.0 56.5 57.6 64.2 63.4 0.98 0.88 0.89 

240-D0-NH-T2.5 2.5 94.0 86.1 89.1 93.3 93.7 0.97 0.92 0.92 

290-D0-NH-T1.0 1.0 288.0 25.1 5.9 

 
20.9 15.5 

 

4.25 1.20 1.62 

290-D0-NH-T1.5 1.5 191.3 46.2 20.1 42.2 32.1 2.30 1.09 1.44 

290-D0-NH-T2.0 2.0 143.0 66.5 47.6 69.1 59.5 1.40 0.96 1.12 

290-D0-NH-T2.5 2.5 114.0 90.5 92.9 100.8 99.6 0.98 0.90 0.91 

Mean 1.82 1.01 1.18 

COV 0.56 0.10 0.21 
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Table 5-10: Comparison of shear capacity reduction factor obtained from tests, parametric study and current design formulae for CFS channel beams 

with un-stiffened web holes (aspect ratio=1.0) 

 

 

Specimen 

Ratio Shear capacity reduction factor (qs) Comparison 

dwh/d1 qs qs(AISI&AS/NZS) qs(Shan) qs(KM) qs /qs(AISI&AS/NZS) qs/qs(Shan) qs/qs(KM) 

Experiments 

240-D140-UH-FR 0.63 0.56 0.64 0.22 0.39 0.88 2.54 1.43 

240-D90-UH-FR 0.42 0.84 0.81 0.30 0.66 1.04 2.80 1.27 

290-D140-UH-FR 0.52 0.70 0.76 0.26 0.53 0.92 2.69 1.32 

290-D90-UH-FR 0.35 0.87 0.91 0.45 0.76 0.96 1.93 1.14 

Parametric study 

240-D24-UH-T1.0 0.1 1.00 NA 1.00 

 

0.94 

 
NA 1.00 1.06 

240-D72-UH-T1.0 0.3 0.81 NA 0.61 0.81 NA 1.32 1.00 

240-D120-UH-T1.0 0.5 0.53 NA 0.27 0.55 NA 1.96 0.96 

240-D168-UH-T1.0 0.7 0.30 NA 0.19 0.29 NA 1.57 1.03 

290-D29-UH-T1.0 0.1 1.00 NA 1.00 

 

0.94 

 
NA 1.00 1.06 

290-D87-UH-T1.0 0.3 0.82 NA 0.61 

 
0.82 NA 1.35 1.01 

290-D145-UH-T1.0 0.5 0.58 NA 0.27 0.56 NA 2.15 1.04 

290-D203-UH-T1.0 0.7 0.36 NA 0.19 0.29 NA 1.91 1.25 

240-D24-UH-T1.5 0.1 0.94 1.00 1.00 

 

0.94 

 
0.94 0.94 1.00 

240-D72-UH-T1.5 0.3 0.80 1.00 0.61 0.81 0.80 1.31 0.99 

240-D120-UH-T1.5 0.5 0.52 0.94 0.27 0.55 0.55 1.93 0.95 

240-D168-UH-T1.5 0.7 0.30 NA 0.19 0.29 NA 1.58 1.03 

290-D29-UH-T1.5 0.1 0.97 1.00 1.00 

 

0.94 

 
0.97 0.97 1.03 

290-D87-UH-T1.5 0.3 0.81 1.00 0.61 

 
0.82 0.81 1.32 1.00 

290-D145-UH-T1.5 0.5 0.54 1.00 0.27 0.56 0.54 2.00 0.96 

290-D203-UH-T1.5 0.7 0.33 NA 0.19 0.29 NA 1.72 1.14 

240-D24-UH-T2.0 0.1 1.00 1.00 

 

1.00 

 

0.94 

 
1.00 1.00 1.06 

240-D72-UH-T2.0 0.3 0.86 0.85 

 
0.61 0.81 1.01 1.41 1.06 

240-D120-UH-T2.0 0.5 0.57 0.69 0.27 0.55 0.81 2.07 1.02 
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240-D168-UH-T2.0 0.7 0.35 NA 0.19 0.29 NA 1.79 1.17 

290-D29-UH-T2.0 0.1 1.00 1.00 

 

1.00 

 

0.94 

 
1.00 1.00 1.06 

290-D87-UH-T2.0 0.3 0.86 1.00 0.61 

 
0.82 0.86 1.41 1.05 

290-D145-UH-T2.0 0.5 0.56 0.84 0.27 0.56 0.67 2.07 1.00 

290-D203-UH-T2.0 0.7 0.34 NA 0.19 0.29 NA 1.79 1.17 

240-D24-UH-T2.5 0.1 0.99 0.81 1.00 

 

0.94 

 
1.22 1.00 1.06 

240-D72-UH-T2.5 0.3 0.80 0.68 0.61 0.81 1.18 1.31 0.99 

240-D120-UH-T2.5 0.5 0.53 0.55 0.27 0.55 0.96 1.96 0.96 

240-D168-UH-T2.5 0.7 0.31 NA 0.19 0.29 NA 1.63 1.07 

290-D29-UH-T2.5 0.1 0.99 0.98 1.00 

 

0.94 

 
1.01 0.99 1.06 

290-D87-UH-T2.5 0.3 0.82 0.82 0.61 

 
0.82 1.00 1.34 1.00 

290-D145-UH-T2.5 0.5 0.58 0.67 0.27 0.56 0.85 2.11 1.02 

290-D203-UH-T2.5 0.7 0.36 NA 0.19 0.29 NA 1.89 1.24 

Mean 0.91 1.62 1.07 

COV 0.18 0.29 0.10 
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Table 5-11: Comparison of shear capacity reduction factor obtained from tests, parametric study, current design formulae and proposed design 

formulae for channel beams with edge-stiffened web holes (aspect ratio=1.0) 

 

Specimen 

Ratio Shear capacity reduction factor (qs) Comparison 

dwh/d1 qs qs(AISI&AS/NZS) qs(Shan) qs(KM) qs(pr) qs/qs(AISI&AS/NZS) qs/qs(Shan) qs/qs(KM) qs/qs(pr) 

Experiments 

240-D140-EH 0.63 0.66 0.64 0.22 0.39 0.59 1.03 3.00 1.69 1.12 

240-D90-EH 0.41 0.91 0.81 0.30 0.66 0.83 1.12 3.03 1.38 1.10 

290-D140-EH 0.52 0.76 0.76 0.26 0.53 0.79 1.00 2.92 1.43 0.96 

290-D90-EH 0.34 0.88 0.91 0.45 0.76 0.93 0.97 1.96 1.16 0.95 

Parametric study 

240-D24-EH-T1.5-Q0.04 0.1 1.00 1.00 1.00 0.94 1.01 

 
1.00 1.00 1.06 0.99 

240-D72-EH-T1.5-Q0.04 0.3 0.88 1.00 0.61 0.81 0.89 0.88 1.44 1.09 0.99 

240-D120-EH-T1.5-Q0.04 0.5 0.67 0.94 0.27 0.55 0.67 0.71 2.48 1.22 1.00 

240-D168-EH-T1.5-Q0.04 0.7 0.45 NA 0.19 0.29 0.43 NA 2.37 1.55 1.05 

240-D24-EH-T1.5-Q0.06 0.1 1.00 1.00 1.00 0.94 1.02 1.00 1.00 1.06 0.98 

240-D72-EH-T1.5-Q0.06 0.3 0.89 1.00 0.61 0.81 0.90 0.89 1.46 1.10 0.99 

240-D120-EH-T1.5-Q0.06 0.5 0.69 0.94 0.27 0.55 0.69 0.73 2.56 1.25 1.00 

240-D168-EH-T1.5-Q0.06 0.7 0.46 NA 0.19 0.29 0.45 NA 2.42 1.59 1.02 

240-D24-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 

 
1.01 1.01 1.07 1.00 

240-D72-EH-T2.0-Q0.04 0.3 0.87 0.85 0.61 0.81 0.89 1.02 1.43 1.07 0.98 

240-D120-EH-T2.0-Q0.04 0.5 0.70 0.79 0.27 0.55 0.67 0.89 2.59 1.27 1.04 

240-D168-EH-T2.0-Q0.04 0.7 0.45 NA 0.19 0.29 0.43 NA 2.37 1.55 1.05 

240-D24-EH-T2.0-Q0.06 0.1 1.01 1.00 1.00 0.94 1.02 1.01 1.01 1.07 0.99 

240-D72-EH-T2.0-Q0.06 0.3 0.88 0.85 0.61 0.81 0.90 1.04 1.44 1.09 0.98 

240-D120-EH-T2.0-Q0.06 0.5 0.72 0.79 0.27 0.55 0.69 0.91 2.67 1.31 1.04 

240-D168-EH-T2.0-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04 

290-D29-EH-T1.5-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 

 
1.01 1.01 1.07 1.00 

290-D87-EH-T1.5-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02 

290-D145-EH-T1.5-Q0.04 0.5 0.64 1.00 0.27 0.55 0.67 0.64 2.37 1.16 0.96 

290-D203-EH-T1.5-Q0.04 0.7 0.44 NA 0.19 0.29 0.43 NA 2.32 1.52 1.02 
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290-D29-EH-T1.5-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00 

290-D87-EH-T1.5-Q0.06 0.3 0.92 1.00 0.61 0.81 0.90 0.92 1.51 1.14 1.02 

290-D145-EH-T1.5-Q0.06 0.5 0.67 1.00 0.27 0.55 0.69 0.67 2.48 1.22 0.97 

290-D203-EH-T1.5-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04 

290-D29-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 

 
1.01 1.01 1.07 1.00 

290-D87-EH-T2.0-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02 

290-D145-EH-T2.0-Q0.04 0.5 0.68 0.84 0.27 0.55 0.67 0.81 2.52 1.24 1.01 

290-D203-EH-T2.0-Q0.04 0.7 0.44 NA 0.19 0.29 0.43 NA 2.32 1.52 1.02 

290-D29-EH-T2.0-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00 

290-D87-EH-T2.0-Q0.06 0.3 0.93 1.00 0.61 0.81 0.90 0.93 1.52 1.15 1.03 

290-D145-EH-T2.0-Q0.06 0.5 0.71 0.84 0.27 0.55 0.69 0.85 2.63 1.29 1.03 

290-D203-EH-T2.0-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04 

Mean 0.93 1.95 1.27 1.01 

COV 

- 
0.13 0.35 0.16 0.03 
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Figure 5-18: Comparison of test and FEA results with current shear design rules for plain 

channel beams  

 
Figure 5-19: Comparison of test and FEA results with current shear design rules for channel 

beams with un-stiffened web holes (aspect ratio=1.0) 
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5.6 Proposed design equations 

5.61 Development of new design equations 

As mentioned previously, no design rules are available in the literature for calculating the shear 

capacity reduction factor of CFS channel beams with edge-stiffened web holes. Therefore, new 

design equations for CFS channel beams with edge-stiffened web hole are developed based on 

the experimental and parametric study results in this chapter. The effects of ratio rq/tw on the 

capacity of such sections with edge-stiffened web holes are limited. Therefore, the ratio rq/tw was 

not considered in the proposed design equations. Only the primary influencing parameters q/d1 

and dwh/d1 were considered. The design equations for calculating the shear capacity reduction 

factor (qs(pr)) of CFS channel beams with edge-stiffened web holes are given in Equations 5.24-

5.26.   

( )

1 1

1.04 0.67 0.59 wh
s pr

dq
q

d d
= + −  

0.1≤ dwh/d1 ≤0.3 (Equation 5.24) 

( )

1 1

1.42 1.08 1.59 wh
s pr

dq
q

d d
= + −  

0.3﹤dwh/d1 ≤0.5 (Equation 5.25) 

( )

1 1

1.72 1.18 1.91 wh
s pr

dq
q

d d
= + −  

0.5﹤dwh/d1 ≤0.7 (Equation 5.26) 

The validity for the proposed design equations shall apply within the following limits: 

(a)0.1≤dwh/d1≤0.7; (b) 0.04≤q/d1≤0.12; (c) 96≤d1/tw≤290 

In order to assess the accuracy of the proposed design equations for the shear capacity reduction 

factor of CFS channel beams with edge-stiffened web holes (Equations 5.24-5.26), Figure 5-20 

and Table 5-11 compare their predictions with the corresponding laboratory tests and FEA. It 

shows that the shear capacity reduction factor predicted by Equations 5.24-5.26 agree well with 

laboratory tests and FEA. 
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5.62 Reliability analysis 

A reliability analysis was performed to evaluate the accuracy and reliability of proposed design 

equations for such CFS channel beams with edge-stiffened web holes. A target reliability index 

of 2.5 for CFS structural members is recommended as a lower limit in the AISI Specification 

(2016).  A load combination of 1.2DL+1.6LL as specified in the AISI Specification (2016) was 

used in the reliability analysis. In the calculation, DL means the dead load, while LL means the 

live load. The statistical parameters were determined from the AISI Specification (2016) for CFS 

members. These values are the mean values and coefficients of variations for material and 

fabrication properties. Design equations are considered reliable if the reliability index values (β) 

is greater than or equal to 2.5.  

Table 5-12 shows that the values of β are 2.84, 2.80, and 2.80, respectively, indicating that the 

design equations are reliable for calculating the shear capacity reduction factor of CFS channel 

beams with edge-stiffened web holes. 

Table 5-12: Statistical parameters for comparison of shear capacity reduction factor obtained 

from tests and parametric study against the proposed design formulae 

   (a) 0.1≤ dwh/d1 ≤0.3 

Statistical parameters 
( & ) ( )

1 1

/ 1.04 0.67 0.59 wh
s FEA TEST s pr

dq
q q

d d
= + −  

Number of data 80 

Mean, Pm 1.00 

Coefficient of variation, COV 0.02 

Reliability index, β 2.84 

Resistance factor, φ 0.85 
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(b) 0.3﹤dwh/d1 ≤0.5 

Statistical parameters ( & ) ( )

1 1

/ 1.42 1.08 1.59 wh
s FEA TEST s pr

dq
q q

d d
= + −  

Number of data 42 

Mean, Pm 1.00 

Coefficient of variation, COV 0.04 

Reliability index, β 2.80 

Resistance factor, φ 0.85 

(c) 0.5﹤dwh/d1 ≤0.7 

Statistical parameters 
( & ) ( )

1 1

/ 1.72 1.18 1.91 wh
s FEA TEST s pr

dq
q q

d d
= + −  

Number of data 42 

Mean, Pm 1.00 

Coefficient of variation, COV 0.04 

Reliability index, β 2.80 

Resistance factor, φ 0.85 

 
Figure 5-20: Comparison of test and FEA results with proposed reduction factor equations for 

channel beams with edge-stiffened web holes 
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5.7 Concluding remarks 

This chapter has presented the details of an experimental and numerical investigation into the 

shear capacity of CFS channel beams with edge-stiffened web holes, un-stiffened web holes and 

plain webs. A total of 254 results comprising 30 laboratory tests and 224 FE results are presented. 

The following conclusions can be drawn from the outcome of this study: 

(1) The results obtained from the laboratory tests show that for CFS channel beam with edge-

stiffened web holes, the shear capacity increased by 14.5% on average when compared with 

that of channel beam with un-stiffened web holes. Also, CFS channel beams without flange 

restraints had an 11.04% lower shear capacity than their restrained equivalent. The shear 

capacities of specimens with an aspect ratio of 1.5 were reduced by 25.2% on average due to 

this combined action. 

(2) A FE model was presented, which includes non-linear material properties and modelling of 

geometric imperfections. The FE model was validated against the corresponding experimental 

results, which showed good agreement both in terms of ultimate shear capacity and deformed 

shapes. Using the validated FE model, an extensive parametric study comprising 224 FE 

models was performed. 

(3) The design equations in AISI S100 (2016) and AS/NZS 4600 (2018) for un-stiffened web 

holes were demonstrated to be un-conservative by 7% on average when calculating the shear 

capacity reduction factor of CFS channel beams with edge-stiffened web holes. 

(4)  Design equations are therefore proposed using bivariate linear regression analysis for CFS 

channel beams with edge-stiffened web holes.  A reliability analysis was carried out to 

evaluate the accuracy and reliability of proposed design equations, indicating that the 

proposed design equations can closely predict the shear capacity reduction factor of CFS 

channel beams with edge-stiffened web holes.  
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CHAPTER 6. CONCLUSIONS AND FUTURE 

WORKS 

6.1 Introductory remarks 

The aim of this research was to investigate the capacity of CFS channel beams with edge-stiffened 

web holes subjected to bending, shear, and web crippling. The investigation covered both 

laboratory tests and finite element analysis. Using the validated FE model, an extensive parametric 

study was also performed to investigate the effects of different geometrical parameters on the 

structural performance of such CFS channel beams. From the results obtained from the laboratory 

tests and FEA, new design rules in the form of capacity reduction factor were developed to 

determine the shear capacity of CFS channel beams with edge-stiffened web holes. In this chapter, 

the conclusions and future works of this study are reported.  

6.2 Experimental investigation 

In total, 82 laboratory tests were performed under three different loading cases, namely web 

crippling, bending, and shear loading cases.  Thirty-six new web crippling tests were performed 

investigating the web crippling behaviour of CFS channel beams with edge-stiffened web holes 

under restrained support subjected to two-flange loading. Sixteen four-point bending tests were 

performed investigating the flexural behaviour of such CFS channel beams. Thirty shear tests 

were performed investigating the shear behaviour of such CFS channel beams with aspect ratios 

of 1.0 and 1.5, which were loaded at mid-span. 

For comparison, specimens with un-stiffened web holes and plain webs were also tested. The 

material properties of test specimens were determined using tensile coupon tests. The initial 

geometric imperfections of test specimens were recorded using a laser scanner before undertaking 

the laboratory tests. The results obtained from laboratory tests show that CFS channel beams with 
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edge-stiffened web holes performed better than those with un-stiffened web holes in terms of 

ultimate capacity for all three loading cases. 

6.3 Numerical investigation 

Nonlinear finite-element (FE) models were also established, which included non-linear material 

properties and modelling of geometric imperfections. The FE models were validated against the 

experimental results, which showed good agreement both in terms of ultimate capacity and 

deformed shapes. Although most of FE models can closely predict the behaviour of such CFS 

channel beams with edge-stiffened web holes, the limitations and conditions of FE models can be 

summarised as follows: (1) The boundary conditions applied in the FE models may not be exactly 

the same as the boundary condition used in the tests; (2) The friction factor was based on the 

calibration of FE models; (3) The modelling of the bolt connections has been simplified and 

idealized in the FE models, instead of physically modelled 

The validated FE models were then used to perform a parametric study involving 1335 FE models 

to investigate the effects of different parameters on the capacity of such CFS channel beams with 

edge-stiffened web holes in bending, shear, and web crippling. The results obtained from the 

parametric study show that the key parameters q/d1 and dwh/d1 have a significant influence on the 

capacity of such CFS channel beams with edge-stiffened web holes.  

6.4 Development of new design equations 

To evaluate the performance and accuracy of current design guidelines, the test and FE results 

were compared against the design capacities predicted by the current design guidelines such as 

the American Iron and Steel Institute (AISI) (2016) and Australian and New Zealand Standards 

(AS/NZS) (2018). It was shown that design capacities predicted by AISI (2016) and AS/NZS 

(2018) for only un-stiffened web holes are conservative and unsafe for calculating the capacity of 

CFS channel beams with edge-stiffened web holes in most cases. This is due to the fact that the 
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design rules of CFS channel beams with un-stiffened web holes do not include the geometrical 

parameters of the edge-stiffener, indicating the need to develop new design rules for CFS channel 

beams with edge-stiffened web holes. 

Based on the results obtained from test and parametric studies, a suitable design equation in the 

form of capacity reduction factor was developed using bivariate linear regression analysis for 

calculating the shear capacity of CFS channel beams with edge-stiffened web holes.  Only the 

primary influencing parameters q/d1 and dwh/d1 were considered while developing the reduction 

factor equation of CFS channel beams with edge-stiffened web holes in shear. A reliability 

analysis was carried out to evaluate the accuracy and reliability of proposed design equations, 

which confirmed that the proposed design equations can closely predict the shear capacity of CFS 

channel beams with edge-stiffened web holes. 

6.5 Future work 

Future work is needed to improve the performance of CFS channel beams with edge-stiffened 

web holes subjected to web crippling, bending, and shear. The following suggestions are made 

for future research: 

(1) To develop design equations for calculating the capacity of CFS channel beams with edge-

stiffened web holes subjected to web crippling, shear and bending based on the DSM design rules. 

In the current study, the proposed design rules are only for shear capacity of CFS channel beams 

with edge-stiffened web holes and do not provide guidelines for calculating web crippling or 

bending capacity of such CFS channel beams with edge-stiffened web holes. This remains one of 

the key important works to be carried out as part of any future studies.  

(2) To investigate the behaviour of CFS channel beams with edge-stiffened web holes subjected 

to web crippling, bending, and shear at elevated temperatures. The current study only focused on 

the behaviour of such sections at room temperatures. 
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(3) To investigate the behaviour of CFS channel beams with different shapes of edge-stiffened 

web holes such as elongated, slotted, and triangular web holes. In recent times, CFS channel 

beams are commonly perforated with non-circular web holes to allow more access for building 

services. Very recently, a new generation of CFS channel beams with non-circular edge-stiffened 

web holes has been developed, which needs to be investigated under different loading cases.  

(4) To investigate the behaviour of CFS channel beams with edge-stiffened web holes subjected 

to combined loading, such as combined bending and web crippling and combined bending and 

compression. Thin-walled structural channel members as floor joists and bearers can experience 

significant combined loading in practical constructions, therefore, there is significant scope for 

future works.  

(5) The developed FE models in this study can be used for optimisation works, including 

optimisation of cross-section shape of channel beams as well as the shape of web holes. If this 

optimisation work is undertaken as part of a future study, it will lead to the development of 

optimised CFS channel beams with different types of edge-stiffened web holes for energy-

efficient and sustainable solutions.  
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A B S T R A C T

Cold-formed steel (CFS) channels with edge-stiffened web holes are widely used as flooring joists and bearers
in industrial buildings and their flanges are fastened in most cases. This prevents the rotation of flanges and
increases their web crippling capacity. In the literature, no information is available on the web crippling
capacity of such fastened CFS channels with edge-stiffened web holes. This study presents the results of 36
new web crippling tests which were conducted on CFS channels with edge-stiffened web holes under fastened
support subjected to two-flange loading. For comparison, specimens with no hole and un-stiffened web holes
were also tested. Finite element (FE) models were then developed and validated against the experimental
results. Using the validated FE models, an extensive parametric study involving 912 FE models was conducted.
In the parametric study, web thickness, size of the web holes, length of bearing plate and length of edge-
stiffener were varied. Test results indicated that the specimens with fastened flanges have higher ultimate
capacity than those with unfastened flanges. For the case of fastened flanges, the web crippling capacity
increased by 71% and 33% for the end-two-flange (ETF) and interior-two-flange (ITF) loading, respectively.
Finally, the test results were compared with the design strengths predicted by the proposed equations of
Uzzaman et al. (2020) for channels with web holes, and against the design equations of current design
standards (American Iron and Steel Institute (AISI) (2016), Australian and New Zealand Standards (AS/NZS)
(2018), and European Standard (EC3) (2006)) for plain channels. Upon comparison, it was found that the web
crippling capacity reduction factor proposed by Uzzaman’s equations (2020) gave close predictions to the test
results for CFS channels with edge-stiffened web holes.
1. Introduction

In cold-formed steel (CFS) channels, web holes are becoming in-
creasingly popular. Such holes, however, result in the sections becom-
ing more susceptible to web crippling, especially under concentrated
loads applied near the web holes. Traditional web holes are normally
punched or bored and are un-stiffened. Recently, a new generation of
CFS channels with edge-stiffened web holes has been developed by the
CFS industry and is being widely used (see Fig. 1). The flanges of such
CFS channels with edge-stiffened web holes are usually fastened to the
supports. This prevents the rotation of flanges, which increases their
web crippling capacity (see Fig. 2). However, no research is available in
the literature which investigated the enhanced web crippling capacity
of CFS channels with edge-stiffened web holes under fastened supports.
Furthermore, current design guidelines from the American Iron and

∗ Corresponding author.
E-mail address: krishanu.roy@auckland.ac.nz (K. Roy).

Steel Institute Standards (AISI) [1], Australian and New Zealand Stan-
dards (AS/NZS) [2], and European Standard (EC3) [3] do not cover the
web crippling capacity of such CFS channels with edge-stiffened web
holes under fastened supports.

This paper reports the results of 36 new web crippling tests and
912 finite element analyses (FEA) results on CFS channels with un-
stiffened web holes, edge-stiffened web holes and plain webs subjected
to two-flange loading. Twelve tests were on specimens without web
holes (Fig. 3(a)), twelve tests were on specimens with un-stiffened web
holes (Fig. 3(b)) and the remaining twelve tests were on specimens with
edge-stiffened web holes (Fig. 3(c)). In the literature, only Uzzaman
et al. [4–6] reported a combination of experimental and numerical
analysis on the web crippling capacity of CFS channels with edge-
stiffened web holes and found that a CFS channel with edge-stiffened
web holes has an improved web crippling capacity, almost as much as
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Nomenclature

a Diameter of circular web holes
𝑏𝑓 Overall flange width of section
𝑏𝑙 Overall lip width of section
COV Coefficient of variation
CFS Cold-formed steel
E Young’s modulus of elasticity
FEA Finite element analysis
𝑓𝑦 Material yield strength
h Depth of the flat portion of web
L Length of the specimen
LVDTs Linear variable displacement transducers
N Length of the bearing plate
𝑃EXP Experimental ultimate web crippling load

per web
𝑃FEA Web crippling capacity per web predicted

from finite element (FEA)
q Length of stiffener
R Reduction factor
𝑟𝑖 Inside corner radius of section
𝑡𝑤 Thickness of web
𝜎0.2 Static 0.2% proof stress
𝜎𝑢 Static ultimate tensile strength

Fig. 1. CFS channels with edge-stiffened web holes used in buildings.

that of a plain channel. However, they just considered the case of flange
unfastened to bearing plates. This case may not fully represent the real
practice as the flanges are typically fastened to the supports. Therefore,
this study extends the works of Uzzaman et al. [4–6] and considered
the effect of fastened flanges on the enhanced web crippling capacity of
such sections. The cross-sectional details of CFS channels investigated
in this paper are shown in Fig. 4.

In the literature, a series of experiments have been reported which
investigated the web crippling capacity of CFS channels with fastened
support. Bhakta et al. [7] conducted a total of 52 web crippling
tests on fastened and unfastened flanges under EOF and IOF loading
conditions to investigate the influence of flange restraints on the web
crippling capacity of conventional CFS channels. Beshara and Schus-
ter [8] reported improved equations for fastened CFS plain channels
under end-two-flange (ETF) and interior-two-flange (ITF) loading con-
ditions, which was later adopted in the AISI [1] and AS/NZS [2].
Gerges and Schuster [9] investigated the web crippling capacity of
CFS lipped channels with fastened supports. Macdonald et al. [10] and
2

Fig. 2. Web crippling failures at a reaction point.

Janarthanan et al. [11–13] carried out further experimental study and
proposed improved equations to determine the web crippling capacity
of CFS channels under fastened support. However, none of these inves-
tigations considered the effect of fastened flange on the web crippling
capacity of CFS channels with edge-stiffened web holes.

A significant number of studies have been conducted investigating
the web crippling behaviour of CFS channels with unfastened support.
Uzzaman et al. [14–17] proposed web crippling capacity reduction
factor equations for CFS channels with un-stiffened web holes. Sun-
dararajah et al. [18] proposed new design rules for determining the
web crippling capacity of CFS channels without holes under two-flange
loading case. Gunalan and Mahendran [19] proposed design equations
based on the direct strength method to predict the web crippling
capacity of CFS unlipped channels under two-flange loading. Young and
Hancock [20] conducted a series of tests and numerical investigation
on CFS unlipped channels with comparatively stocky webs. Macdonald
et al. [21,22] investigated the web crippling behaviour of lipped chan-
nels under four loading conditions. They suggested that the bearing
length, corner radius and web height influenced the web crippling
capacity. Elilarasi and Janarthanan [23] investigated the web crippling
behaviour of LiteSteel beams having un-stiffened web holes with un-
fastened supports under ETF loading case. Also, a study conducted by
Elilarasi et al. [24] investigated the effects of un-stiffened web holes on
the capacity reduction of unlipped channels with unfastened support
subject to ETF loading case.

In the literature, extensive work has also been reported on the
web crippling capacity of members made from different materials.
For stainless steel members, Bock et al. [25] presented a statistical
study on web crippling design of stainless steel sections. For aluminium
alloys members, Alsanat et al. [26] concluded that the web crippling
capacities of channels can increase up to 88% and 45% due to flange
restraining under the ETF and ITF loading conditions, respectively. In
terms of hot-rolled steel members, Bock et al. [27] reported 12 test
results on proprietary soldier beams subjected to web crippling, and
concluded that the existing design methods cannot provide accurate
prediction for web crippling capacity of proprietary soldier beams.

As mentioned previously, this paper reports the results of 36 new
experiments on the web crippling capacity of fastened CFS channels
with edge-stiffened web holes subjected to two-flange loading. Finite
element (FE) models were also developed and validated against the
experimental results. Using the validated FE models, an extensive para-
metric study involving 912 FE models was conducted. Finally, the
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Table 1
Measured specimen dimensions and experimental ultimate loads.
(a) Fastened support

Specimen
Web Flange Lip Length Bearing length Exp.load Reduction factor
h 𝑏𝑓 𝑏𝑙 L N 𝑃EXP R
(mm) (mm) (mm) (mm) (mm) (kN) (%)

Plain section

ITF190-N50-NH-FR 190.5 44.9 15.0 620.5 50 11.30 –
ITF190-N75-NH-FR 189.5 45.3 14.8 645.5 75 11.82 –
ITF190-N100-NH-FR 190.3 45.5 15.3 670.0 100 12.20 –
ETF190-N50-NH-FR 189.8 45.0 15.0 335.8 50 4.34 –
ETF190-N75-NH-FR 190.2 44.8 14.7 359.5 75 4.72 –
ETF190-N100-NH-FR 190.6 44.9 15.0 385.0 100 5.48 –

Un-stiffened hole

ITF190-N50-UH-FR 189.7 45.3 15.0 620.0 50 8.62 −23.7
ITF190-N75-UH-FR 190.5 44.8 14.8 645.5 75 8.75 −26.0
ITF190-N100-UH-FR 190.0 45.0 15.3 670.3 100 8.92 −26.9
ETF190-N50-UH-FR 189.5 45.5 15.0 334.9 50 3.44 −20.7
ETF190-N75-UH-FR 190.5 44.8 14.9 360.2 75 3.75 −20.6
ETF190-N100-UH-FR 190.0 45.0 15.1 385.5 100 4.31 −21.4

Edge-stiffened hole

ITF190-N50-EH-FR 190.0 45.0 15.0 620.2 50 10.71 −5.2
ITF190-N75-EH-FR 190.5 44.6 15.3 645.3 75 11.23 −5.0
ITF190-N100-EH-FR 189.5 45.5 14.9 669.5 100 11.55 −5.3
ETF190-N50-EH-FR 190.3 45.0 14.8 335.5 50 4.61 +6.2
ETF190-N75-EH-FR 190.0 44.9 15.2 360.0 75 5.03 +6.6
ETF190-N100-EH-FR 189.7 45.3 15.0 385.3 100 5.87 +7.1

(b) Unfastened support

Specimen
Web Flange Lip Length Bearing length Exp.load Reduction factor
h 𝑏𝑓 𝑏𝑙 L N 𝑃EXP R
(mm) (mm) (mm) (mm) (mm) (kN) (%)

Plain section

ITF190-N50-NH-FU 190.5 45.2 14.8 620.5 50 8.27 –
ITF190-N75-NH-FU 190.3 45.0 15.0 645.0 75 8.78 –
ITF190-N100-NH-FU 190.5 44.8 15.1 670.5 100 9.21 –
ETF190-N50-NH-FU 190.0 45.1 15.2 334.7 50 2.56 –
ETF190-N75-NH-FU 189.8 45.5 14.8 360.5 75 2.77 –
ETF190-N100-NH-FU 190.5 44.9 15.0 385.0 100 3.08 –

Un-stiffened hole

ITF190-N50-UH-FU 190.0 45.0 14.9 621.0 50 6.45 −22.0
ITF190-N75-UH-FU 190.2 45.1 15.5 645.5 75 6.64 −24.4
ITF190-N100-UH-FU 190.5 45.5 15.5 670.0 100 6.89 −25.2
ETF190-N50-UH-FU 189.5 44.9 15.2 334.8 50 1.98 −22.7
ETF190-N75-UH-FU 190.3 45.5 15.0 360.5 75 2.20 −20.6
ETF190-N100-UH-FU 189.7 44.8 14.8 384.5 100 2.45 −20.5

Edge-stiffened hole

ITF190-N50-EH-FU 190.5 45.5 15.0 620.5 50 7.88 −4.7
ITF190-N75-EH-FU 190.1 45.0 14.8 645.0 75 8.29 −5.6
ITF190-N100-EH-FU 190.5 45.3 15.3 670.2 100 8.61 −6.5
ETF190-N50-EH-FU 189.8 44.8 14.9 334.5 50 2.72 +6.3
ETF190-N75-EH-FU 190.2 45.2 15.2 360.5 75 3.08 +11.2
ETF190-N100-EH-FU 190.5 45.5 15.0 385.0 100 3.41 +10.7
w
w
f
w
w
d

test results were compared with the design strengths predicted by the
AISI [1], AS/NZS [2] and EC3 [3] for plain channels, and against
the design equations of Uzzaman et al. [5,6,16,17] for channels with
un-stiffened and edge-stiffened web holes.

2. Experimental study

2.1. Test specimens

In this study, a total of 36 CFS channels were tested to failure
under ETF and ITF loading conditions. Twelve tests were on specimens
without web holes (Fig. 3(a)), twelve tests were on specimens with un-
stiffened web holes (Fig. 3(b)) and the remaining twelve tests were on
specimens with edge-stiffened web holes (Fig. 3(c)).

In this study, the length of specimens was designed to be 3 times
the height of channels plus the length of bearing plate for ITF loading
condition, while the length of specimens under ETF loading condition
 1

3

was 1.5 times the height of channels plus the length of bearing plate.
It should be noted that the design of the specimen lengths used in this
paper was based on the definition of AISI S100 standard [1], which was
also adopted in some of the previous studies [5,6,14–17]. However, dif-
ferent specimen lengths can also be used as per the recommendations of
AISI S909 standard [28]. The influence of different specimen lengths on
the web crippling capacity was investigated by Janarthanan et al. [13],
and they found that such use of different specimen lengths might lead
to inaccurate capacities.

All web holes had a nominal diameter (a) of 90 mm and the holes
ere located at mid-length of the sections. The nominal dimension of
eb thickness (𝑡𝑤) was 1.50 mm. The edge-stiffener length (q) was

ixed at 13 mm and the radius (𝑟𝑞) between the web and edge-stiffener
as 3 mm. In order to investigate the effect of bearing lengths (N) on
eb crippling behaviour, for both the ITF and ETF loading cases, three
ifferent lengths of bearing plates (N) were used: 50 mm, 75 mm and
00 mm. Table 1 shows the dimensions of test specimens.
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Fig. 3. CFS channels investigated in this paper.

.2. Section labels

The specimens were labelled such that the loading cases, the height
f web, the length of bearing plate, the type of web holes and the flange
ondition can be identified from the labelling system. For example, the
abel ‘‘ITF190-N50-NH-FR’’ can be explained as given below:

• The symbol ‘‘ITF’’ refers to the loading condition.
• The number ‘‘190’’ refers to the nominal dimension of web height in

millimetres i.e., ℎ = 190 mm.
• The symbol ‘‘N50’’ refers to the length of bearing plate i.e., N

=50 mm.
4

Fig. 4. The cross-sectional details of CFS channels investigated in this paper.

Fig. 5. Testing setup of tensile coupon tests.

• The letter ‘‘NH’’ represents the no web hole case, ‘‘UH’’ represents
a web having an un-stiffened web hole, and ‘‘EH’’ represents a web
having an edge-stiffened web hole.

• The last two letters ‘‘FR’’ represent flanges restrained to the bear-
ing plates and ‘‘FU’’ represents flanges unrestrained to the bearing
plates.

2.3. Material testing

To obtain the material properties of the test specimens, tensile
coupon tests were conducted. All three coupons were extracted from
the web of the channels, which were cut from the untested speci-
men ITF190-N50-EH. All coupons were tested in accordance with the
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Fig. 6. Stress–strain curves.

Fig. 7. Photograph of web crippling tests under two-flange loading case.

Table 2
Material properties obtained from coupon tests.

Section Yield stress Ultimate stress
𝜎0.2 𝜎𝑢
MPa MPa

C190-1 288.03 380.79
C190-2 295.35 379.51
C190-3 294.21 381.23
Mean 292.53 380.51

provisions of EN ISO 6892-1:2019 [29] (Fig. 5). It can be seen from
Table 2 that the average yield stress (𝜎0.2) is 292.53 MPa. The full
stress–strain curves obtained from the tensile coupon tests are shown in
Fig. 6. These measured values of the material properties were included
in the FE model developed for such CFS channels, as described later
in Section 3.2 of this paper. More details of the tensile test-setup and
coupons can be found in similar research studies reported by Chen
et al. [30–32].
5

2.4. Testing-rig and loading procedure

A 100 kN Instron testing machine was used to apply a concen-
trated compressive force to the test specimens at a constant rate of
0.2 mm/min. The load or reaction force was applied by means of two
identical bearing plates in accordance with the AISI standard [1], and
two such bearing plates were positioned at the edge and mid-span of
the test specimens for ETF and ITF loading cases, respectively. Two half
rounds were used to ensure that the supports at the top and bottom
were pinned.

Two linear variable displacement transducers (LVDTs) were used
to measure the vertical and lateral displacements. In the testing, both
sections with unfastened and fastened flanges were considered. For the
test-set up of specimens with fastened flanges, two M16 bolts having
a 16 mm nominal outer diameter were used to fasten the flanges of
the channels with the supports. The bolt location was at the centre
of both the bearing plates and the flange width. A photograph of web
crippling test-setup under two-flange loading case is shown in Fig. 7,
and a schematic front view of testing setup is presented in Figs. 8 and
9.

2.5. Experimental results

The typical failure mode of test specimens is shown in Fig. 10. It can
be found that web crippling failure was observed for all test specimens,
except that a combined web crippling and flange crushing failure mode
was observed for specimen ITF190-N50-NH-FR as shown in Fig. 11. The
experimental web crippling capacity per web (𝑃Exp) are reported in
Table 1.

Table 3 summarizes the web crippling capacity of CFS channels with
flanges unfastened and fastened to supports. The test results indicated
that the specimens with fastened flanges have higher ultimate strength
than those with unfastened flanges. For the case of fastened flanges,
the web crippling capacity increased by 71% and 33% on average for
the ETF and ITF loading, respectively. Fig. 12 plots the web crippling
capacity ratios of the fastened and unfastened sections under ETF and
ITF loading conditions.

Fig. 13 compares the load–deflection curves for fastened and un-
fastened cases for ITF190-N50-NH and ETF190-N50-NH, respectively.
Fastening the flanges to the supports prevented their rotations and
thus provided increased resistance to web crippling. Therefore, load-
vertical displacement curves for fastened and unfastened specimens
were different in terms of initial stiffness and ultimate web crippling
capacity, indicating that the effects of fastened flanges on the initial
stiffness and ultimate web crippling capacity of such specimens were
significant. Such a difference was also observed by Steau et al. [33].

3. Numerical study

3.1. General

ABAQUS [34] was used to develop nonlinear FE models to simulate
the behaviour of CFS channels with and without web holes when
subjected to web crippling. The measured cross-section dimensions as
well as the material properties obtained from the tensile coupon tests
were included in the FE model. Similar modelling techniques were also
adopted by Li et al. [35–38] for modelling of CFS channels under web
crippling. Specific modelling techniques are discussed next.

3.2. Modelling of geometry and material properties

The ABAQUS classical metal plasticity model was used in all the
analyses to define the isotropic yielding and plastic hardening of the
steel. A simplified bilinear stress–strain curve with no strain hardening
was used in the FE models. The material properties were taken from the
tensile coupon tests and included in the FE models. As per the ABAQUS
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Fig. 8. Schematic front view of testing setup.
anual [34], the engineering material curve was converted into a true
aterial curve by using the following equations below:

𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀) (1)

𝑡𝑟𝑢𝑒(𝑝𝑙) = ln(1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒
𝐸

(2)

Where E is the Young’s modulus, 𝜎𝑡𝑟𝑢𝑒 and 𝜀𝑡𝑟𝑢𝑒(𝑝𝑙) are the true stress
and strain used in the numerical modelling, while, 𝜎 and 𝜀 are the
engineering stress and strain, respectively.

3.3. FE meshing

S4R shell elements were used to model the CFS channels. S4R
elements are linear 4-noded quadrilateral thick shell elements which
have six degrees of freedom per node. Loading and support bearing
plates were modelled using rigid elements. Four noded rigid elements
R3D4 were assigned to define the loading and support bearing plates.
The mesh sensitivity analysis was conducted, and the results suggested
that a mesh size between 10 mm to 5 mm was suitable for CFS channels.
For the bearing plate, a mesh size of 10 mm × 10 mm (length by
width) was found to be appropriate. Finer mesh sizes were used near
the rounded corners and around the web holes for accurate FE analysis
(see Fig. 14).
6

Fig. 9. Schematic end view of test set-up: (a) Fastened flanges (b) Unfastened flanges.

3.4. Boundary conditions and loading procedure

The interface between the bearing plate and the CFS channel was
modelled using the surface-to-surface contact. The steel bearing plates
were defined as a master surface, while the CFS channels were defined
as a slave surface. Two contact surfaces were not allowed to penetrate.
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Table 3
Comparison of web crippling capacity of specimens with flanges unfastened and fastened to support.

Specimen Bearing length Web crippling capacity predicted from test, 𝑃EXP Comparison

N (mm) Fastened (kN) Unfastened (kN) Fastened/Unfastened

ITF loading case

ITF190-N50-NH 50 11.30 8.27 1.37
ITF190-N75-NH 75 11.82 8.78 1.35
ITF190-N100-NH 100 12.20 9.21 1.33
ITF190-N50-UH 50 8.62 6.45 1.33
ITF190-N75-UH 75 8.75 6.64 1.31
ITF190-N100-UH 100 8.92 6.89 1.30
ITF190-N50-EH 50 10.71 7.88 1.36
ITF190-N75-EH 75 11.23 8.29 1.35
ITF190-N100-EH 100 11.55 8.61 1.34

Mean 1.33

ETF loading case

ETF190-N50-NH 50 4.34 2.56 1.70
ETF190-N75-NH 75 4.72 2.77 1.70
ETF190-N100-NH 100 5.48 3.08 1.78
ETF190-N50-UH 50 3.44 1.98 1.74
ETF190-N75-UH 75 3.75 2.20 1.70
ETF190-N100-UH 100 4.31 2.45 1.76
ETF190-N50-EH 50 4.61 2.72 1.69
ETF190-N75-EH 75 5.03 3.08 1.63
ETF190-N100-EH 100 5.87 3.41 1.72

Mean 1.71
Fig. 10. Failure mode of test specimens under two-flange loading condition.
Fig. 11. Combined web crippling and flange crushing (ITF190-N50-NH-FR).
The top bearing plate was restrained against all degrees of freedom,
except for the translational degree of freedom in the loading direction.
The similar modelling techniques was reported by Roy et al. [39,40].
The transverse compressive load was applied to the specimens by
specifying a displacement to the reference point of the rigid plate.
7

A displacement of 10 mm was used to apply the load (Fig. 15). For

fastened flange cases, a connector between the flanges and bearing

plates was modelled at the position of the bolts.
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Table 4
Comparison of web crippling capacity predicted from FEA and experiments.

Specimen
Web crippling capacity
predicted from test

Web crippling capacity
predicted from FEA

Comparison

𝑃EXP(kN) 𝑃FEA (kN) 𝑃EXP∕𝑃FEA

Plain section

ITF190-N50-NH-FR 11.30 10.93 1.03
ITF190-N75-NH-FR 11.82 11.03 1.07
ITF190-N100-NH-FR 12.20 11.17 1.09
ETF190-N50-NH-FR 4.34 4.41 0.98
ETF190-N75-NH-FR 4.72 5.06 0.93
ETF190-N100-NH-FR 5.48 5.77 0.95
ITF190-N50-NH-FU 8.27 7.41 1.11
ITF190-N75-NH-FU 8.78 7.65 1.14
ITF190-N100-NH-FU 9.21 7.90 1.16
ETF190-N50-NH-FU 2.56 2.48 1.03
ETF190-N75-NH-FU 2.77 2.79 0.99
ETF190-N100-NH-FU 3.08 3.10 0.99

Un-stiffened hole

ITF190-N50-UH-FR 8.62 7.89 1.09
ITF190-N75-UH-FR 8.75 8.08 1.08
ITF190-N100-UH-FR 8.92 8.49 1.05
ETF190-N50-UH-FR 3.44 3.73 0.92
ETF190-N75-UH-FR 3.75 4.49 0.84
ETF190-N100-UH-FR 4.31 5.15 0.84
ITF190-N50-UH-FU 6.45 5.95 1.08
ITF190-N75-UH-FU 6.64 6.18 1.07
ITF190-N100-UH-FU 6.89 6.42 1.07
ETF190-N50-UH-FU 1.98 2.03 0.98
ETF190-N75-UH-FU 2.20 2.31 0.95
ETF190-N100-UH-FU 2.45 2.60 0.94

Edge-stiffened hole

ITF190-N50-EH-FR 10.71 11.69 0.92
ITF190-N75-EH-FR 11.23 11.72 0.96
ITF190-N100-EH-FR 11.55 11.98 0.96
ETF190-N50-EH-FR 4.61 4.60 1.00
ETF190-N75-EH-FR 5.03 5.21 0.97
ETF190-N100-EH-FR 5.87 6.01 0.98
ITF190-N50-EH-FU 7.88 8.47 0.93
ITF190-N75-EH-FU 8.29 8.70 0.95
ITF190-N100-EH-FU 8.61 9.00 0.95
ETF190-N50-EH-FU 2.72 3.11 0.87
ETF190-N75-EH-FU 3.08 3.41 0.90
ETF190-N100-EH-FU 3.41 3.74 0.91

Mean 0.99

COV 0.07
3.5. Validation of the finite element model

In Table 4, a comparison of test results (𝑃EXP) with the numerical
results (𝑃FEA) is reported. The mean value of the 𝑃EXP∕𝑃FEA ratio is
0.99 with the corresponding coefficient of variation (COV) of 0.07. This
indicates that the FE model developed in this study can closely predict
the ultimate web crippling capacity of CFS channels. Figs. 16 and 17
show the deformed shapes at failure from experiments and FEA. As it
can be seen, the deflected shapes predicted by the FEA are similar to the
deformed shapes from the experiments. Web crippling capacity versus
displacement behaviour obtained from both the FEA and experimental
is plotted in Fig. 18, which showed good agreement between the FEA
and test results.

It should be noted that most of the load–displacement curves ob-
tained from the tests and FEA were in good agreement, except a few,
where the initial stiffness of FE curves was a bit different from the ex-
perimental curves. This is due to the localized slip which was observed
between the bearing plates and test specimens in some experiments.
This explains such differences between the numerical and experimental
results for some curves, particularly at the initial parts of the load–
displacement curves. However, most of the results obtained from the
numerical analysis were in good agreements with the experimental
results, both in terms of web crippling capacity and deformed shapes.
8

4. Parametric study

Following the validation of the FE models, a detailed parametric
study was undertaken using the validated model to develop an exten-
sive web crippling capacity database for such sections. To study the
effect of 𝑡𝑤, a/h, N/h and q/h on the web crippling capacity of channels,
a parametric study including 912 FE models was carried out (Table 5).
The ratio (A) of the diameter of the holes (a) to the depth of the flat
portion of the webs (h) were varied as 0.2, 0.4 and 0.6. Three different
lengths of bearing plates (N) as 50 mm, 75 mm and 100 mm were
considered. The ratio (Q) of stiffener length (q) to the depth of the
flat portion of the webs (h) was considered as 0.02, 0.04, 0.06, 0.08
and 0.10. Four different web thickness of CFS channels (𝑡𝑤) as 1.0 mm,
1.5 mm. 2.0 mm and 2.5 mm were considered in the parametric study.

Tables 6 and 7 summarize the web crippling capacity predicted
from the parametric study for ITF and ETF loading cases, respectively.
Fig. 19 shows the effect of bearing plate length ratio (N/h) on the
web crippling capacity. The results from Fig. 19 show that the web
crippling capacity increases by 18% on average when N/h increases
from 0.22 to 0.44. Fig. 20 shows the effect of a/h ratio on the web
crippling capacity of CFS channels with edge-stiffened web holes. It
can be seen that a slight decrease of the strength is observed when a/h
ratio increases from 0.2 to 0.6. Fig. 21 shows the effect of q/h ratio on
the web crippling capacity, where the results show the web crippling
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Table 5
Details of finite element parametric studies.

Flange condition Load case Thickness, 𝑡𝑤 (mm) Holes diameter ratio Bearing length, 𝑁 (mm) Stiffener length ratio Quantity

Fastened case ETF, ITF 1.0, 1.5, 2.0, 2.5 0.2, 0.4, 0.6 50, 75, 100 0.02, 0.04, 0.06, 0.08, 0.10 456
Unfastened case ETF, ITF 1.0, 1.5, 2.0, 2.5 0.2, 0.4, 0.6 50, 75, 100 0.02, 0.04, 0.06, 0.08, 0.10 456
Fig. 12. Comparison between the web crippling capacity of fastened (FR) and
nfastened (FU) models.

Fig. 13. Load versus vertical displacement responses for fastened(FR) and unfastened
FU) specimens ( ITF190-N50-NH).
9

capacity increases by 15% on average when q/h ratio increases from
0.04 to 0.10. Fig. 22 shows the variation of the web crippling capac-
ity reduction factors for un-stiffened and edge-stiffened web holes. It
can be seen that un-stiffened web holes have more reduction in web
crippling capacity than edge-stiffened web holes.

5. Current design rules for prediction of web crippling capacity

5.1. Design equations for CFS channels without web holes

5.1.1. AISI [1] and AS/NZS [2]
For CFS lipped channels without web holes, the unified web crip-

pling design equations with different specific coefficients are given in
the current AS/NZS [2] (Section 3.3.6.1) and AISI [1] (Section G5). The
bearing coefficients (C, 𝐶𝑟, 𝐶𝑙, 𝐶𝑤) depend on the load cases, support
conditions and flange types, and these coefficients are given in Table 8.
The effect of fastened support has been incorporated within the design
rules of AS/NZS [2] and AISI [1] for CFS lipped channels. The nominal
web crippling capacity should be determined using Eq. (3) as given
below:

𝑅𝑏 = 𝐶𝑡2𝑤𝑓𝑦 sin 𝜃
(

1 − 𝐶𝑤

√

ℎ
𝑡𝑤

)(

1 − 𝐶𝑟

√

𝑟𝑖
𝑡𝑤

)(

1 + 𝐶𝑙

√

𝑁
𝑡𝑤

)

(3)

where C is a coefficient; 𝑡𝑤 is the web thickness; 𝑟𝑖 is the inside bent
radius; N is the bearing length; h is the depth of flat portion of the webs;
𝑓𝑦 is the yield stress; 𝜃 is the angle between the plane of the web and
the plane of bearing surface and 𝐶𝑟, 𝐶𝑙 and 𝐶𝑤 are the coefficients of
inside bent radius, bearing length and web slenderness, respectively.
It should be noted that these design equations are not applicable to
sections with larger 𝑟𝑖∕𝑡𝑤 ratios.

5.1.2. Eurocode 3 [3]
Eurocode 3 (EC3) [3] provide design equations for determining the

web crippling capacity of CFS channels without web holes under ETF
and ITF loading cases. However, they are complicated in comparison
to the unified web crippling design equations given in AISI [1] and
AS/NZS [2]. Importantly, the same design equations are given for the
cases of flange fastened and flange unfastened support conditions, thus
simply ignoring any increase in web crippling capacity, which would be
due to flanges fastened to the supports. These equations are limited to
CFS channels with having dimensional ranges as: 𝑟𝑖∕𝑡𝑤 ≤ 6 and 𝑑𝑤∕𝑡𝑤
≤ 200. Eqs. (4) and (5) show the design formulas given in this code for
specimens under ETF and ITF load cases, respectively.

𝑅𝑏 = (𝑘1𝑘2𝑘3[6.66 −
𝑑𝑤∕𝑡𝑤
64

][1 + 0.01
𝓁𝑏
𝑡𝑤

]𝑡2𝑤𝑓𝑦)∕𝛾𝑀1 (4)

𝑅𝑏 = (𝑘3𝑘4𝑘5[21.0 −
𝑑𝑤∕𝑡𝑤
16.3

][1 + 0.0013
𝓁𝑏
𝑡𝑤

]𝑡2𝑤𝑓𝑦)∕𝛾𝑀1 (5)

Where, 𝑑𝑤 is the web height between mid-lines of the flange; 𝛾𝑀1 is the
partial safety factor (𝛾𝑀1 = 1) and 𝜃 is taken as 90◦.

5.2. Design equations for CFS channels with un-stiffened web holes [16,17]

Uzzaman et al. [16,17] proposed design equations for determining
the strength reduction factor (𝑅𝑝) using bivariate linear regression
analysis for CFS channels with un-stiffened web holes under unfastened
and fastened support conditions subjected to ITF and ETF loading cases.
For ITF loading case,

𝑅 = 1.05 − 0.54( 𝑎 ) + 0.01(𝑁 )
𝑝 ℎ ℎ
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Table 6
Web crippling capacity predicted from FEA of a parametric study for ITF loading cases.
(a) Fastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

1.0 50 0.2 4.12 3.98 4.16 4.18 4.18 4.19 4.19
1.0 50 0.4 4.12 3.63 4.06 4.41 4.43 4.45 4.46
1.0 50 0.6 4.12 3.00 3.48 4.44 4.52 4.54 4.56
1.0 75 0.2 4.27 4.12 4.35 4.39 4.40 4.41 4.41
1.0 75 0.4 4.27 3.76 4.16 4.56 4.60 4.63 4.65
1.0 75 0.6 4.27 3.11 3.61 4.66 4.76 4.79 4.82
1.0 100 0.2 4.39 4.23 4.49 4.53 4.54 4.55 4.55
1.0 100 0.4 4.39 3.87 4.27 4.72 4.76 4.79 4.82
1.0 100 0.6 4.39 3.29 3.74 4.81 4.90 4.94 4.97
1.5 50 0.2 10.50 9.99 10.52 10.04 10.05 10.05 10.05
1.5 50 0.4 10.50 9.05 10.04 10.69 10.72 10.73 10.74
1.5 50 0.6 10.50 7.38 8.43 10.58 10.74 10.76 10.77
1.5 75 0.2 11.13 10.53 11.16 11.31 11.35 11.37 11.39
1.5 75 0.4 11.13 9.32 10.30 11.49 11.67 11.75 11.81
1.5 75 0.6 11.13 7.67 8.79 11.12 11.98 12.16 12.28
1.5 100 0.2 11.43 10.76 11.46 11.65 11.70 11.73 11.74
1.5 100 0.4 11.43 9.61 10.59 11.89 12.09 12.20 12.28
1.5 100 0.6 11.43 8.06 9.11 11.47 12.35 12.53 12.67
2.0 50 0.2 18.85 17.85 19.86 17.88 17.88 17.87 17.87
2.0 50 0.4 18.85 16.89 18.57 18.99 19.04 19.05 19.05
2.0 50 0.6 18.85 13.73 15.52 18.68 18.82 18.85 18.84
2.0 75 0.2 21.50 20.01 21.32 21.50 21.53 21.55 21.56
2.0 75 0.4 21.50 17.42 19.16 21.42 21.75 21.83 21.86
2.0 75 0.6 21.50 14.33 16.24 18.81 22.26 22.77 23.03
2.0 100 0.2 22.00 20.37 21.91 22.33 22.40 22.43 22.45
2.0 100 0.4 22.00 17.99 19.69 22.09 22.79 23.02 23.17
2.0 100 0.6 22.00 15.01 16.81 19.42 22.93 23.58 23.94
2.5 50 0.2 29.16 27.33 27.58 27.64 27.64 27.64 27.63
2.5 50 0.4 29.16 26.79 28.77 29.23 29.27 29.28 29.27
2.5 50 0.6 29.16 21.73 24.54 28.38 28.60 28.65 28.66
2.5 75 0.2 34.42 32.14 33.81 33.81 33.81 33.80 33.80
2.5 75 0.4 34.42 27.75 30.37 33.71 34.00 34.03 34.02
2.5 75 0.6 34.42 22.79 25.74 28.96 35.99 36.32 36.37
2.5 100 0.2 35.61 32.67 35.12 35.94 36.03 36.07 36.09
2.5 100 0.4 35.61 28.64 31.25 34.68 36.43 36.63 36.74
2.5 100 0.6 35.61 23.84 26.62 30.00 36.60 38.07 38.68

(b) Unfastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

1.0 50 0.2 2.54 2.44 2.64 2.66 2.67 2.68 2.68
1.0 50 0.4 2.54 2.25 2.57 2.90 2.93 2.95 2.96
1.0 50 0.6 2.54 1.98 2.29 3.13 3.23 3.26 3.29
1.0 75 0.2 2.64 2.54 2.73 2.76 2.77 2.77 2.78
1.0 75 0.4 2.64 2.34 2.65 2.99 3.03 3.04 3.06
1.0 75 0.6 2.64 2.07 2.38 3.24 3.33 3.36 3.39
1.0 100 0.2 2.73 2.63 2.83 2.85 2.86 2.87 2.87
1.0 100 0.4 2.73 2.43 2.74 3.09 3.13 3.14 3.16
1.0 100 0.6 2.73 2.16 2.47 3.34 3.43 3.46 3.49
1.5 50 0.2 7.42 7.08 7.58 7.73 7.77 7.79 7.81
1.5 50 0.4 7.42 6.32 6.99 8.04 8.22 8.30 8.37
1.5 50 0.6 7.42 5.21 5.93 7.71 8.50 8.68 8.80
1.5 75 0.2 7.67 7.31 7.82 7.98 8.02 8.04 8.05
1.5 75 0.4 7.67 6.54 7.21 8.27 8.46 8.54 8.60
1.5 75 0.6 7.67 5.45 6.19 7.95 8.78 8.98 9.13
1.5 100 0.2 7.91 7.52 8.05 8.22 8.26 8.28 8.29
1.5 100 0.4 7.91 6.77 7.44 8.52 8.72 8.80 8.87
1.5 100 0.6 7.91 5.72 6.43 8.14 9.02 9.24 9.40
2.0 50 0.2 15.08 14.11 15.24 15.52 15.57 15.59 15.60
2.0 50 0.4 15.08 12.26 13.53 15.47 16.07 16.27 16.38
2.0 50 0.6 15.08 9.85 11.14 13.82 16.38 16.81 17.08
2.0 75 0.2 15.47 14.50 15.66 16.00 16.05 16.07 16.08
2.0 75 0.4 15.47 12.71 13.91 15.88 16.52 16.73 16.85
2.0 75 0.6 15.47 10.36 11.68 14.18 16.89 17.41 17.76
2.0 100 0.2 15.84 14.85 16.03 16.42 16.46 16.49 16.50
2.0 100 0.4 15.84 13.14 14.33 16.32 17.00 17.23 17.36
2.0 100 0.6 15.84 10.85 12.11 14.48 17.27 17.83 18.22

(continued on next page)
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Table 6 (continued).
(b) Unfastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

2.5 50 0.2 25.09 23.27 25.03 25.62 25.67 25.70 25.71
2.5 50 0.4 25.09 19.93 21.96 24.86 26.48 26.76 26.90
2.5 50 0.6 25.09 16.00 17.95 21.45 27.20 27.82 27.95
2.5 75 0.2 25.71 23.89 25.70 26.53 26.60 26.63 26.64
2.5 75 0.4 25.71 20.71 22.58 25.54 27.25 27.65 27.85
2.5 75 0.6 25.71 16.85 18.85 21.96 28.18 29.22 29.82
2.5 100 0.2 26.23 24.40 26.22 27.13 27.22 27.25 27.27
2.5 100 0.4 26.23 21.37 23.23 26.24 28.01 28.45 28.66
2.5 100 0.6 26.23 17.59 19.51 22.46 28.68 29.82 30.48
Fig. 14. Mesh type of different regions.
Fig. 15. Boundary condition used in the FE models.
≤ 1 in case of flange unfastened condition (6)

𝑅𝑝 = 1.01 − 0.51( 𝑎
ℎ
) + 0.06(𝑁

ℎ
)

≤ 1 in case of flange fastened condition (7)

For ETF loading case,

𝑅𝑝 = 0.95 − 0.49( 𝑎
ℎ
) + 0.17(𝑥

ℎ
)

≤ 1 in case of flange unfastened condition (8)

𝑅 = 0.96 − 0.36( 𝑎 ) + 0.14(𝑥 )
𝑝 ℎ ℎ

11
≤ 1 in case of flange fastened condition (9)

The dimensional limits for the reduction factors in Eqs. (6)–(9) are:
h/𝑡𝑤 ≤ 156, 𝑁∕𝑡𝑤 ≤ 84, N/h ≤ 0.63, a/h ≤ 0.8.

5.3. Design equations for CFS channels with edge-stiffened web holes [5,6]

The values of the strength reduction factor (𝑅𝑝) for specimens
with edge-stiffened web holes proposed by Uzzaman et al. [5,6] were
calculated using Eqs. (10) and (11) as given below.
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Table 7
Web crippling capacity predicted from FEA of a parametric study for ETF loading cases.
(a) Fastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

1.0 50 0.2 1.68 1.62 1.76 1.77 1.78 1.79 1.79
1.0 50 0.4 1.68 1.51 1.86 1.87 1.89 1.90 1.90
1.0 50 0.6 1.68 1.36 1.69 1.88 1.89 1.90 1.91
1.0 75 0.2 1.93 1.87 2.00 2.01 2.02 2.03 2.03
1.0 75 0.4 1.93 1.75 2.08 2.16 2.17 2.18 2.17
1.0 75 0.6 1.93 1.61 1.95 2.13 2.14 2.15 2.15
1.0 100 0.2 2.18 2.12 2.26 2.27 2.28 2.29 2.28
1.0 100 0.4 2.18 2.01 2.34 2.43 2.43 2.44 2.44
1.0 100 0.6 2.18 1.87 2.23 2.44 2.45 2.45 2.46
1.5 50 0.2 4.41 4.30 4.52 4.54 4.54 4.55 4.55
1.5 50 0.4 4.41 3.99 4.43 4.57 4.59 4.61 4.63
1.5 50 0.6 4.41 3.56 4.02 4.46 4.52 4.56 4.61
1.5 75 0.2 5.09 4.95 5.20 5.22 5.23 5.24 5.24
1.5 75 0.4 5.09 4.63 5.13 5.28 5.31 5.33 5.35
1.5 75 0.6 5.09 4.21 4.71 5.20 5.27 5.32 5.36
1.5 100 0.2 5.77 5.62 5.90 5.93 5.94 5.95 5.96
1.5 100 0.4 5.77 5.30 5.84 6.05 6.07 6.10 6.12
1.5 100 0.6 5.77 4.90 5.44 6.01 6.08 6.13 6.18
2.0 50 0.2 8.38 8.25 8.51 8.55 8.57 8.59 8.61
2.0 50 0.4 8.38 7.68 8.29 8.50 8.57 8.63 8.69
2.0 50 0.6 8.38 6.89 7.59 8.26 8.40 8.50 8.59
2.0 75 0.2 9.66 9.49 9.82 9.87 9.90 9.92 9.94
2.0 75 0.4 9.66 8.89 9.57 9.88 9.95 10.02 10.08
2.0 75 0.6 9.66 8.21 8.83 9.70 9.87 9.98 10.09
2.0 100 0.2 11.03 10.83 11.22 11.28 11.31 11.33 11.35
2.0 100 0.4 11.03 10.18 10.96 11.36 11.45 11.51 11.58
2.0 100 0.6 11.03 9.65 10.18 11.29 11.48 11.60 11.71
2.5 50 0.2 13.55 13.41 13.70 13.74 13.78 13.82 13.84
2.5 50 0.4 13.55 12.54 13.33 13.61 13.72 13.80 13.88
2.5 50 0.6 13.55 11.57 12.24 13.16 13.39 13.55 13.69
2.5 75 0.2 15.72 15.49 15.89 15.96 16.01 16.05 16.09
2.5 75 0.4 15.72 14.48 15.45 15.92 16.05 16.16 16.26
2.5 75 0.6 15.72 14.01 14.42 15.58 15.88 16.06 16.23
2.5 100 0.2 18.00 17.68 18.23 18.34 18.40 18.44 18.48
2.5 100 0.4 18.00 17.02 17.67 18.40 18.56 18.69 18.80
2.5 100 0.6 18.00 16.49 17.06 18.16 18.56 18.77 18.95

(b) Unfastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

1.0 50 0.2 0.83 0.79 0.89 0.90 0.90 0.90 0.91
1.0 50 0.4 0.83 0.71 0.93 1.03 1.03 1.04 1.05
1.0 50 0.6 0.83 0.62 0.90 1.22 1.23 1.23 1.24
1.0 75 0.2 0.93 0.89 0.99 1.00 1.00 1.00 1.01
1.0 75 0.4 0.93 0.80 1.03 1.14 1.14 1.14 1.15
1.0 75 0.6 0.93 0.71 1.00 1.33 1.34 1.34 1.35
1.0 100 0.2 1.04 0.99 1.09 1.10 1.11 1.11 1.12
1.0 100 0.4 1.04 0.90 1.14 1.25 1.25 1.25 1.26
1.0 100 0.6 1.04 0.80 1.10 1.44 1.45 1.45 1.46
1.5 50 0.2 2.49 2.36 2.61 2.65 2.66 2.67 2.68
1.5 50 0.4 2.49 2.13 2.58 2.93 2.96 2.97 2.98
1.5 50 0.6 2.49 1.85 2.34 3.04 3.14 3.16 3.17
1.5 75 0.2 2.79 2.66 2.91 2.95 2.97 2.97 2.98
1.5 75 0.4 2.79 2.41 2.88 3.23 3.26 3.27 3.29
1.5 75 0.6 2.79 2.12 2.64 3.37 3.46 3.48 3.50
1.5 100 0.2 3.10 2.97 3.22 3.27 3.28 3.29 3.30
1.5 100 0.4 3.10 2.71 3.20 3.55 3.59 3.60 3.61
1.5 100 0.6 3.10 2.42 2.95 3.72 3.81 3.83 3.86
2.0 50 0.2 5.26 5.03 5.42 5.52 5.54 5.56 5.57
2.0 50 0.4 5.26 4.55 5.23 5.80 5.87 5.91 5.95
2.0 50 0.6 5.26 3.98 4.68 5.78 6.03 6.11 6.18
2.0 75 0.2 5.92 5.68 6.07 6.17 6.19 6.21 6.22
2.0 75 0.4 5.92 5.19 5.90 6.45 6.53 6.58 6.62
2.0 75 0.6 5.92 4.60 5.35 6.49 6.75 6.84 6.91
2.0 100 0.2 6.63 6.40 6.81 6.92 6.94 6.96 6.98
2.0 100 0.4 6.63 5.88 6.63 7.23 7.32 7.38 7.43
2.0 100 0.6 6.63 5.25 6.06 7.35 7.62 7.73 7.82

(continued on next page)
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Table 7 (continued).
(b) Unfastened support

Thickness Bearing length Holes diameter ratio Web crippling capacity per web predicted from FEA, 𝑃FEA (kN)

𝑡𝑤 (mm) 𝑁 (mm) 𝐴(𝑎∕ℎ) Without hole With un-stiffened hole With edge-stiffened hole

𝑄(𝑞∕ℎ) = 0.02 𝑄(𝑞∕ℎ) = 0.04 𝑄(𝑞∕ℎ) = 0.06 𝑄(𝑞∕ℎ) = 0.08 𝑄(𝑞∕ℎ) = 0.10

2.5 50 0.2 9.21 8.93 9.40 9.54 9.59 9.62 9.65
2.5 50 0.4 9.21 8.15 9.06 9.76 9.92 10.02 10.11
2.5 50 0.6 9.21 7.16 8.13 9.63 10.06 10.25 10.40
2.5 75 0.2 10.45 10.16 10.65 10.80 10.85 10.89 10.92
2.5 75 0.4 10.45 9.35 10.31 11.07 11.26 11.36 11.45
2.5 75 0.6 10.45 8.31 9.37 11.03 11.52 11.74 11.90
2.5 100 0.2 11.80 11.48 12.02 12.19 12.25 12.29 12.32
2.5 100 0.4 11.80 10.59 11.65 12.53 12.75 12.86 12.96
2.5 100 0.6 11.80 9.47 10.63 12.59 13.17 13.41 13.58
Table 8
Web crippling coefficients for specimens without holes under ITF and ETF cases.

Support conditions Load cases Coefficients Limitations

C 𝐶𝑟 𝐶𝑙 𝐶𝑤 𝑟𝑖∕𝑡𝑤 𝑑𝑙∕𝑡𝑤 N/𝑡𝑤 N/𝑑𝑙
Flange fastened to support ITF 20 0.10 0.08 0.031 ≤ 12

≤ 200 ≤ 210 ≤ 2ETF 7.5 0.08 0.12 0.048 ≤ 12

Flange unfastened to support ITF 24 0.52 0.15 0.001 ≤ 1
ETF 13 0.32 0.05 0.04 ≤ 1
Table 9
Comparison of web crippling capacity obtained from test and design prediction for those specimens without holes.

Specimen Bearing length Web crippling capacity P (kN) Comparison

Test AS/NZS&AISI [1,2] Eurocode [3] Test/AS/NZS&AISI [1,2] Test/Eurocode [3]
N (mm) kN kN kN – –

ITF loading case

ITF190-N50-NH-FR 50 11.30 10.80 8.24 1.05 1.37
ITF190-N75-NH-FR 75 11.82 11.58 8.44 1.02 1.40
ITF190-N100-NH-FR 100 12.20 12.21 8.59 1.00 1.42
ITF190-N50-NH-FU 50 8.27 7.71 8.24 1.07 1.00
ITF190-N75-NH-FU 75 8.78 8.52 8.42 1.03 1.04
ITF190-N100-NH-FU 100 9.21 9.20 8.58 1.00 1.07

Mean 1.03 1.22

ETF loading case

ETF190-N50-NH-FR 50 4.34 3.44 3.19 1.26 1.36
ETF190-N75-NH-FR 75 4.72 3.75 3.58 1.26 1.32
ETF190-N100-NH-FR 100 5.48 4.01 3.98 1.37 1.38
ETF190-N50-NH-FU 50 2.56 3.34 3.19 0.77 0.80
ETF190-N75-NH-FU 75 2.77 3.51 3.59 0.79 0.77
ETF190-N100-NH-FU 100 3.08 3.65 3.98 0.84 0.77

Mean 1.05 1.07
Fig. 16. Comparison of deformed shapes at failure from experiment and FEA for ETF loading case.
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Table 10
Comparison of strength reduction factor obtained from test and design prediction for specimens with holes.

Specimen Bearing length Strength reduction factor R Comparison

N (mm) Test Uzzaman et al. [3] Uzzaman et al. [5] Test/Uzzaman et al. [3] Test/ Uzzaman et al. [5]

Un-stiffened hole

ITF190-N50-UH-FR 50 0.76 0.78 – 0.97 –
ITF190-N75-UH-FR 75 0.74 0.79 – 0.94 –
ITF190-N100-UH-FR 100 0.73 0.80 – 0.91 –
ITF190-N50-UH-FU 50 0.77 0.80 – 0.96 –
ITF190-N75-UH-FU 75 0.76 0.80 – 0.95 –
ITF190-N100-UH-FU 100 0.75 0.80 – 0.94 –
ETF190-N50-UH-FR 50 0.79 0.84 – 0.94 –
ETF190-N75-UH-FR 75 0.79 0.83 – 0.95 –
ETF190-N100-UH-FR 100 0.79 0.82 – 0.96 –
ETF190-N50-UH-FU 50 0.77 0.78 – 0.99 –
ETF190-N75-UH-FU 75 0.79 0.77 – 1.03 –
ETF190-N100-UH-FU 100 0.80 0.76 – 1.05 –

Edge-stiffened hole

ITF190-N50-EH-FR 75 0.95 – 0.98 – 0.97
ITF190-N75-EH-FR 100 0.95 – 0.98 – 0.97
ITF190-N100-EH-FR 50 0.95 – 0.99 – 0.96
ITF190-N50-EH-FU 75 0.95 – 0.98 – 0.97
ITF190-N75-EH-FU 100 0.94 – 0.98 – 0.96
ITF190-N100-EH-FU 50 0.93 – 0.99 – 0.94
ETF190-N50-EH-FR 75 1.06 – 1.10 – 0.96
ETF190-N75-EH-FR 100 1.07 – 1.10 – 0.97
ETF190-N100-EH-FR 50 1.07 – 1.10 – 0.97
ETF190-N50-EH-FU 75 1.06 – 1.10 – 0.96
ETF190-N75-EH-FU 100 1.11 – 1.10 – 1.01
ETF190-N100-EH-FU 50 1.11 – 1.10 – 1.01

Mean 0.97 0.97
For ITF loading case,

𝑅𝑝 = 1.02 − 0.39( 𝑎
ℎ
) + 0.02(𝑁

ℎ
) + 0.04(

𝑟𝑞
𝑡
) + 0.49(

𝑞
ℎ
) ≤ 1 (10)

For ETF loading case,

𝑅𝑝 = 0.98 − 0.11( 𝑎
ℎ
) + 0.01(𝑥

ℎ
) + 0.05(

𝑟𝑞
𝑡
) + 0.41(

𝑞
ℎ
) ≤ 1 (11)

However, it should be mentioned that the effect of fastened support
was not incorporated within the design equations (Eqs. (10) and (11))
of Uzzaman et al. [5,6]. The dimensional limits of the reduction factor
equations of Uzzaman et al. [5,6] (Eqs. (10) and (11)) are: h/𝑡𝑤 ≤ 118,
x/h ≤ 0.6, N/h ≤ 0.44, q/h ≤ 0.08.

6. Comparison of test results with the design strength

For specimens without web holes, the web crippling capacity ob-
tained from the tests were compared with the design strengths calcu-
lated from AISI [1], AS/NZS [2] and Eurocode 3 [3]. These comparisons
are reported in Table 9. As can be seen the mean value of test to
predicted web crippling capacity by AISI [1] and AS/NZS [2] is 1.05
and 1.03, respectively for the ETF and ITF loading cases. In comparison
to AISI [1] and AS/NZS [2] equations, the web crippling capacity
predicted by the Eurocode [3] are conservative by 22% on average,
when compared to the test results for ITF loading case.

For those specimens with un-stiffened web holes, tests results were
compared against the web crippling capacity calculated from proposed
equations of Uzzaman et al. [16,17] for CFS channels with un-stiffened
web holes. It can be found from Table 10 that the mean value of test
to predicted strength reduction factor by design equations of Uzzaman
et al. [16,17] is 1.05.

The current design standards [1–3] did not provide any design
guidelines for determining the web crippling capacity of CFS chan-
nels with edge-stiffened web holes under fastened support. The test
results were compared with the web crippling capacity predicted by
the proposed equations of Uzzaman et al. [5,6] for channels with
edge-stiffened web holes, although they were proposed for the case of
unfastened flange only. It can be found from Table 10 that the Uzza-
man’s unfastened flange web crippling equations are un-conservative
14
by only 3% on average for predicting web crippling capacity of fastened
CFS channels with edge-stiffened web holes. Fig. 23 shows the compar-
ison of strength reduction factors obtained from the FEA and tests with
the strength reduction factor using Uzzaman’s equations [5,6] for CFS
channels with edge-stiffened web holes.

7. Concluding remarks

This paper presents the results of 36 new experiments on the
web crippling capacity of fastened CFS channels with edge-stiffened
web holes, un-stiffened web holes and plain webs. The ultimate web
crippling capacity and failure modes were reported and discussed in
this paper. Following conclusions can be drawn from the outcome of
this study:

(1) The test results indicated that those specimens with fastened
flanges have higher web crippling capacity than those with unfas-
tened flanges. For the case of fastened flanges, the web crippling
capacity increased by 71% and 33% on average for the ETF and
ITF loading, respectively.

(2) FE models were also established and validated against the results
obtained from the laboratory tests, which showed good agreement
both in terms of ultimate strength and failure modes. Using the val-
idated FE models, an extensive parametric study comprising 912
FE models was conducted to study the effects of web thickness, size
of the holes, length of bearing plate and length of edge-stiffener on
web crippling capacity of such sections.

(3) Finally, the test results were compared with the design strengths
predicted by the proposed equations of Uzzaman et al. for channels
with web holes and against the design equations of current design
standards (American Iron and Steel Institute Standards (AISI),
Australian and New Zealand Standards (AS/NZS), and European
Standard (EC3)) for plain channels. Upon comparison, it was
found that the web crippling capacity reduction factor proposed
by Uzzaman’s equations gave close predictions to the test results
for CFS channels with edge-stiffened web holes.
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Fig. 17. Comparison of deformed shapes at failure from experiment and FEA for ETF loading case.
Fig. 18. Load versus vertical displacement curves from experiments and FEA (specimen
ETF190-N50-NH-FR). 15
8. Future work

The current study only focused on the web crippling capacity of
fastened CFS channels with edge-stiffened web holes, un-stiffened web
holes and plain webs under ITF and ETF loading cases. However, the
authors of this paper are planning to extend this work by performing
a range of experiments to investigate the web crippling capacity of
perforated CFS channels under IOF and EOF loading cases. Based on
the results of this future study, the authors aim to develop a calcula-
tion procedure for accurately predicting the web crippling capacity of
fastened CFS channels with edge-stiffened web holes, un-stiffened web
holes and plain webs under all four loading cases.
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Fig. 19. Effects of 𝑁∕ℎ ratio on the web crippling capacity.

Fig. 20. Effects of 𝑎∕ℎ ratio on the web crippling capacity.
16
Fig. 21. Effects of 𝑞∕ℎ ratio on the web crippling capacity.
Fig. 22. Variation in reduction factors with 𝑎∕ℎ.
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Fig. 23. Comparison of reduction factors obtained from the FEA and test with the
Uzzaman’s equations [5,6] for specimens with edge-stiffened holes.
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Moment capacity of cold-formed channel beams with edge-stiffened web 
holes, un-stiffened web holes and plain webs 
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A B S T R A C T   

Cold-formed steel (CFS) channel beams are an increasingly popular choice as load-carrying members in building 
structures. Such channel beams often include web holes for installation of services. Traditional web holes are 
normally punched and are un-stiffened. This can restrict the size and spacing of web holes. Recently, a new 
generation of CFS channel beams with edge-stiffened web holes has been developed and used widely in New 
Zealand. However, no experimental investigation has been reported in the literature for such channel beams 
under bending. In this paper, a total of 215 results comprising 16 four-point bending tests and 199 finite element 
analysis (FEA) are reported on the moment capacity of CFS channel beams with both edge-stiffened and un- 
stiffened web holes. For comparison, channel beams without web holes were also tested. For all specimens, 
initial imperfections were measured using a laser scanner. A nonlinear elasto-plastic finite element (FE) model 
was also developed, and the results showed good agreement with the test results. A parametric study was 
conducted using the validated FE model to investigate the effects of beam length, hole diameter, stiffener length 
and fillet radius on the moment capacity of CFS channel beams. It is shown that for the case of a channel beam 
with five edge-stiffened web holes, the moment capacity increased by as much as 14.5%, compared to that of a 
plain channel beam. For comparison, the same section with un-stiffened web holes had a 13.6% reduction in 
moment capacity, compared to that of a plain channel beam. Furthermore, the accuracy of current design 
guidelines in accordance with the American Iron and Steel Institute (AISI) and Australia/New Zealand (AS/NZ) 
standards were verified by comparing the tests and FEA results against the design strengths for moment capacity 
of CFS channel beams without web holes. On the other hand, for CFS channel beams with web holes, the moment 
capacity obtained from tests and FEA were compared against the moment capacity calculated from the design 
equations of Moen and Schafer. Upon comparison, it was found that the AISI and AS/NZS can closely predict the 
moment capacity of CFS channel beams without web holes. The Moen and Schafer design equations were found 
to be over-conservative by around 11% and 28% for moment capacity of CFS channel beams with un-stiffened 
and edge-stiffened web holes, respectively.   

1. Introduction 

The use of cold-formed steel (CFS) channel beams as the primary 
load-carrying members in buildings is increasingly popular (Fig. 1). 
Such channel beams often include web holes that have been pre- 
punched for installation of services. Such web holes are usually un- 
stiffened (Fig. 2(a)), which can restrict the size and spacing of holes. 
Recently, a new generation of CFS channel beams with edge-stiffened 
web holes (Fig. 2(b)) developed by Howick Ltd [1]. Has been used 
widely in New Zealand. However, no experimental research is available 

in the literature investigating the flexural behaviour of CFS channel 
beams with edge-stiffened web holes. Furthermore, current design 
guidance, i.e. the American Iron and Steel Institute (AISI) [2] and the 
Australian and New Zealand Standards (AS/NZS) [3] does not provide 
guidelines for determining the moment capacity of such CFS channel 
beams with edge-stiffened web holes. 

This paper reports the results of 16 new experiments and 199 finite 
element analyses (FEA) on CFS channel beams with edge-stiffened web 
holes, un-stiffened web holes, and plain webs under four-point bending. 
The cross-sectional details of the CFS channel beams investigated in this 
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paper are shown in Fig. 3. 
In the literature, limited studies have been reported on CFS channel 

members with edge-stiffened web holes under different loading condi-
tions. Chen et al. [4,5] conducted experimental and numerical in-
vestigations on the axial strength of CFS channel columns with 
edge-stiffened web holes under axial compression and found that the 
axial strength of CFS channel columns with edge-stiffened web holes was 
higher than that of a plain channel column. For bending tests, Yu et al. 
[6] studied numerically the effect of edge-stiffened web holes on the 
moment capacity. It was found that edge-stiffened web holes can 
improve the moment capacity of CFS channel beams by an average of 
14%, when compared to that of a plain channel beam. However, the 
numerical models developed by Yu et al. [6] for CFS channel beams with 

edge-stiffened web holes were validated against the test results of CFS 
channel beams with un-stiffened web holes. This is due to the unavail-
ability of test results for CFS channel beams with edge-stiffened web 
holes which is addressed in the current paper. In another numerical 
study, Grey and Moen [7] presented procedures for approximating the 
elastic critical buckling load of CFS channel beams due to the presence of 
edge-stiffened web holes. In terms of web crippling tests, Uzzaman et al. 
[8,9] found that a CFS channel beam with edge-stiffened web holes has 
an improved web crippling strength, almost as much as that of a plain 
channel beam. 

For CFS channel beams with un-stiffened web holes, significant 
research is available in the literature. In terms of bending tests, Zhao 
et al. [10] investigated experimentally the flexural behaviour of CFS 
channel beams with un-stiffened web holes. The latter indicated how the 
direct strength method (DSM) in AISI [2] provides unconservative pre-
dictions for CFS channel beams with un-stiffened web holes. Moen et al. 
[11–13] conducted bending tests on CFS channel beams with web holes; 
however, these were for un-stiffened web holes. Based upon this 
research [11–13], they proposed a modification to the DSM equations 
considering the effects of un-stiffened web holes on the flexural 
behaviour of CFS channel beams. Yu et al. [14,15] proposed an 
analytical method for distortional buckling strength of CFS channel 
beams with un-stiffened web holes. For compression tests, the effects of 
un-stiffened circular and elongated web holes on the buckling behaviour 
of CFS channel columns were studied by Kulatunga et al. [16,17]. Moen 
and Schafer [18,19] have investigated the applicability of the DSM 
approach for calculating the axial strength of CFS columns with 
un-stiffened web holes. 

In terms of CFS channel beams without web holes, extensive research 
is available in the literature. For distortional and local buckling, 
distortional buckling tests on CFS channel sections were conducted by 
Yu and Schafer [20–23] under four-point bending. On the other hand, 
Yu et al. [24] proposed a design method, based on the Effective Width 
Method (EWM), for determining the nominal distortional buckling 
strength of typical CFS channel beams subjected to bending. Wang and 
Young [25] conducted a total of 16 bending tests to investigate the 
flexural behaviour of CFS channel beams. The latter found that the 
design strengths predicted by the DSM are conservative for both cases 
where local and distortional buckling failure occurs. For interactive 
buckling, Anbarasu [26] investigated the behaviour and design of CFS 
channel beams affected by local-distortional buckling interaction 
behaviour subjected to uniform bending. A simplified FE model was 
developed by Haidarali and Nethercot [27] to investigate the 
local-distortional interactive buckling behaviour of CFS channel beams 
without web holes. However, all of the above-mentioned investigations 
were either for CFS channel members without web holes or for CFS 
channel members with un-stiffened web holes. No experimental 
research is available in the literature for CFS channel beams with 
edge-stiffened web holes under four-point bending. 

As mentioned previously, this paper reports the results of 16 new 
experiments on the moment capacity of CFS channel beams without and 
with web holes under four-point loading. 8 tests focus upon specimens 
with edge-stiffened web holes, 6 are on specimens with un-stiffened web 
holes and the remaining 2 tests are on specimens without web holes. A 
non-linear elasto-plastic FE model including material non-linearity and 
geometric imperfections was also developed and validated against the 
experimental results. Using the validated FE model, an extensive para-
metric study involving 199 models was carried out to study the effects of 
beam length, diameter of hole, stiffener length and fillet radius for edge- 
stiffened holes. Moment capacities determined from the FEA or tests 
were compared with those predicted by the AISI [2] and AS/NZS [3] for 
CFS channel beams without web holes and against the design equations 
of Moen and Schafer [11–13] for CFS channel beams with web holes. 

Fig. 1. Cold-formed steel beams as the primary load-carrying members in 
floor systems. 

Fig. 2. CFS channel beams with web holes considered in this study.  
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Fig. 3. Nominal cross-sections of the CFS channel beams considered in this paper.  

B. Chen et al.                                                                                                                                                                                                                                    



Thin-Walled Structures 157 (2020) 107070

4

2. Experimental investigation 

2.1. Test specimens 

A total of 16 bending tests were conducted on the flexural behaviour 
of CFS channel beams with edge-stiffened, un-stiffened web holes and 

plain webs. To avoid out-of-plane failure, two single channel beams 
were connected to the load transfer blocks during the tests. Table 1 
shows the measured specimen dimensions for all test specimens. 

The length of CFS channel beams was 4000 mm. Two different sec-
tion sizes were considered in this study: namely, section 240 and section 
290. It can be found from Fig. 4 that the holes were located in the 

Table 1 
Measured specimen dimensions and experimental moment capacity.  

Specimen Web Flange Lip Length Thickness Hole 
size 

Hole 
spacing 

Moment capacity obtained from 
test 

Percentage of strength change due to 
holes 

d bf bl L t A S MExp 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN⋅m) (%) 

Plain section 
240-L4000-NH 239.5 44.5 15.1 4002.5 1.83 – – 11.9 – 
290-L4000-NH 290.3 45.2 15.5 4001.5 2.11 – – 18.0 – 
Edge-stiffened holes 
240-L4000-EH1- 

1 
240.5 44.5 15.5 4001.5 1.86 139.5 – 12.8 +7.5 

240-L4000-EH1- 
2 

239.5 45.2 15.0 4000.5 1.83 140.8 – 12.9 +8.4 

240-L4000-EH1- 
3 

240.8 45.5 14.8 4002.3 1.85 140.6 – 12.9 +8.4 

240-L4000-EH3 240.2 44.9 14.9 4001.9 1.80 141.6 100 13.3 +11.7 
240-L4000-EH5 240.6 44.7 15.7 4000.5 1.81 141.0 50 13.7 +15.1 
290-L4000-EH1 290.8 45.8 15.2 4001.8 2.13 139.5 – 19.3 +7.2 
290-L4000-EH3 290.3 45.9 14.9 4001.5 2.15 139.6 100 19.8 +10.0 
290-L4000-EH5 291.2 46.0 15.8 4000.8 2.10 140.5 50 20.5 +13.9 
Un-stiffened holes 
240-L4000-UH1 241.6 45.6 15.6 4002.3 1.82 141.5 – 11.0 − 7.5 
240-L4000-UH3 239.8 45.3 15.3 4000.7 1.80 140.8 100 10.6 − 10.9 
240-L4000-UH5 239.6 44.9 15.9 4000.1 1.81 140.6 50 10.2 − 14.3 
290-L4000-UH1 290.9 45.9 14.9 4001.8 2.16 141.5 – 16.7 − 7.2 
290-L4000-UH3 290.0 45.3 15.1 4001.5 2.11 141.9 100 16.3 − 9.4 
290-L4000-UH5 290.5 44.8 15.7 4000.7 2.10 140.2 50 15.7 − 12.8  

Fig. 4. Location of web hole.  

Fig. 5. Specimen labelling.  
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Fig. 6. Test setup of tensile coupon test.  
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Fig. 7. Stress-strain curves.  
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constant moment span and the diameter of holes (a) was fixed as 140 
mm. Two different hole spacings were considered:100 mm and 50 mm. 
The edge-stiffener length (q) was fixed as 13 mm. 

2.2. Section labelling 

The test specimens were labelled so that the depth of web, length of 
beam, and the type of hole was defined (Fig. 5). For example, the label 
“240- L4000-EH1-1” can be explained as follows:  

• “240” means the nominal depth of web in millimetres (dw = 240 
mm).  

• “L4000” indicates the nominal length of specimens in millimetres (L 
= 4000 mm).  

• “EH1” identifies a web with one edge-stiffened hole.  
• “1” indicates the specimen number for a repeated group. 

2.3. Material testing 

To obtain the material properties of the test specimens, tensile 
coupon tests were conducted. In total, 6 flat coupons were prepared 
from the flat portion of the channel beams, which were cut from both 
sections 240 and 290 (Fig. 6(a)). All flat coupons were tested in accor-
dance with the British Standard for Testing and Materials [28] (Fig. 6 
(b)). To consider the effect of the cold-working, A total of 6 corner 
coupons were prepared from the rounded corner zones between web and 
flange (Fig. 6(a)), which were also cut from both sections 240 and 290. 
All corner coupons were tested in pairs to avoid eccentric loading (Fig. 6 
(c)) [29,30]. 

The full stress-strain curves of both the flat and corner regions for 
sections 240 and 290 obtained from tensile coupon tests are shown in 
Fig. 7(a) and (b). It can be seen from Table 2 that, for section 240, the 
average yield stresses (σ0.2) are 332.8 MPa and 363.4 MPa for the flat 
and corner coupons, respectively. On the other hand, for section 290, the 
average yield stress (σ0.2) are 330.7 MPa and 362.2 MPa for flat and 
corner coupons. These measured values of the material properties were 
included in the FE model developed for such CFS channel beams, as 
described later in section 3.2. 

2.4. Initial geometric imperfections 

Initial geometric imperfections significantly affect the behaviour of 
CFS channel beams in bending. Therefore, the initial geometric imper-
fections of all test specimens were recorded using a laser scanner before 
undertaking the bending tests (Fig. 8(a)). 

As seen in Fig. 8(b), a laser scanner was used to measure imperfec-
tions along six longitudinal lines on CFS channel beams. The local 
imperfection was determined from subtracting the average reading of 
W-1 and W-4 from the readings of W-2 and W-3. The overall 

Table 2 
Material properties obtained from coupon tests.  

Coupons Coupon 
type 

Thickness Young’s 
modulus 

Yield 
stress 

Ultimate 
stress 

t/mm E/MPa σ0.2/ 
MPa 

σ u/MPa 

F240 Flat coupon 1.83 192,057 332.8 420.5 
C240 Corner 

coupon 
1.82 210,052 363.4 431.8 

F290 Flat coupon 2.11 196,136 330.7 415.8 
C290 Corner 

coupon 
2.13 211,003 362.2 430.5  

Fig. 8. Initial geometric imperfection using laser scanner.  
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Fig. 9. Typical imperfection profile (240-L4000-NH).  
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imperfections were determined from the average value of the readings of 
W-1 and W-4 at mid-height of the CFS channel beams. The distortional 
imperfection was determined from the maximum reading of F-1 and F-2. 
A similar procedure was used to measure the initial imperfections of CFS 
channel beams by Chen et al. [4] and Ye et al. [29,30]. A typical 
imperfection profile of 240-L4000-NH is plotted in Fig. 9. Table 3 shows 

the maximum local, distortional and overall imperfections of all test 
specimens. 

2.5. Testing-rig and loading procedure 

An MTS machine with a capacity of 500 kN was used to apply the 

Table 3 
Maximum amplitude of local, distortional and overall imperfections.  

Specimen ID 
Specimen 

Local Distortional Global Specimen ID Local Distortional Global 

(mm) (mm) (mm) (mm) (mm) (mm) 

240-L4000-NH 0.55 1.20 1.53 290-L4000-EH3 0.60 1.21 1.31 
290-L4000-NH 0.67 0.98 1.49 290-L4000-EH5 0.62 1.15 1.39 
240-L4000-EH1-1 0.57 1.28 1.58 240-L4000-UH1 0.51 1.10 1.56 
240-L4000-EH1-2 0.49 1.21 1.30 240-L4000-UH3 0.48 1.18 1.53 
240-L4000-EH1-3 0.37 1.19 1.32 240-L4000-UH5 0.42 1.15 1.35 
240-L4000-EH3 0.61 1.17 1.43 290-L4000-UH1 0.56 1.03 1.31 
240-L4000-EH5 0.55 1.09 1.55 290-L4000-UH3 0.62 1.23 1.40 
290-L4000-EH1 0.59 1.02 1.50 290-L4000-UH5 0.43 1.25 1.49  

Fig. 10. Photograph of test loading rig.  

B. Chen et al.                                                                                                                                                                                                                                    



Thin-Walled Structures 157 (2020) 107070

10

four-point loading. As can be seen from Fig. 10, the CFS channel beams 
were simply supported by two rollers at the ends of the channels. A total 
of eight stiffening plates were positioned at the loading point and end 
supports to avoid web crippling failure. The bending tests were loaded 
symmetrically at two points to the load transfer blocks using a spreader 
beam to avoid any possible local failure. The distance between the two 
loading points was designed to be 1200 mm and the distance between 
the end supports and the adjacent loading points was also 1200 mm. 

Three displacement transducers (LVDTs) were positioned along the 
center line of the tension face of each specimen at the two loading points 
and at the mid-span of the specimen to capture the vertical deflections. A 
displacement-controlled loading scheme with a constant rate of 0.01 
mm/s was used for all test specimens. A data acquisition system was 
used to record the displacement transducers and load readings at regular 
intervals during the tests. Fig. 10(a) and (b) show overall view and side 
view of the test rig, respectively. Fig. 11 shows a schematic drawing of 
the loading rig. 

2.6. Results and discussion 

In this section, the results from the experiments are presented. 
Fig. 12 shows the deformed shapes of the CFS channel beams with un- 
stiffened and edge-stiffened web holes. From the results, it can be seen 
how distortional buckling failure occurred for most of the test specimens 
with edge-stiffened web holes (Fig. 12(a)), while for test specimens with 
un-stiffened web holes, local-distortional buckling interactions were 
observed (Fig. 12(b)). The ultimate moments capacity (MExp) obtained 
from the tests are summarized in Table 1 for all specimens. 

It was found from Table 1 that the results of repeated tests are very 
close to their corresponding first test values. Therefore, the reliability of 
the test results was demonstrated by the small differences between the 
repeated test values. 

Fig. 13 shows the influence of edge-stiffened web holes on the 
moment capacity of CFS channel beams. It was found that for section 
240, the moment capacity was slightly reduced (up to 12.8%) due to the 

presence of five un-stiffened holes. The use of five edge-stiffened holes 
could increase the moment capacity up to 13.9%, when compared with 
that of a plain channel beam. In terms of section 290, the moment ca-
pacity increased by as much as 15.1%, when compared with that of a 
plain channel beam. For comparison, the same section with un-stiffened 
web holes had a reduction in moment capacity of around 14.3%, when 
compared with that of a plain channel beam. 

Fig. 14 plots the moment capacity against the mid-span deflections 
for all test specimens. The moment capacity per channel was determined 
using a quarter of the ultimate static load multiplied by the lever arm for 
the beam specimens. It should be noted that no shear failure and out-of- 
plane bending failure was observed in any of bending tests. 

3. Numerical investigation 

3.1. General 

The FE program ABAQUS [31] was used to develop a numerical 
model to determine the moment capacity of CFS channel beams without 
and with web holes (edge-stiffened and un-stiffened). The measured 
cross-section dimensions, initial geometric imperfections as well as the 
material properties obtained from the coupon tensile tests were included 
in the FE model. Specific modelling techniques are discussed next. 

3.2. Material model 

The incremental plasticity model was used to model the CFS channel 
beams with edge-stiffened web holes, which included the nonlinear 
material properties from true stress-logarithmic plastic strain curves. 
The true stress-strain relationship was obtained from the engineering 
stress-strain curves by using the equations given next. 

σtrue = σ(1+ ε) (1)  

εtrue(pl) = ln(1+ ε) − σtrue

E
(2) 

Fig. 11. Schematic drawing of loading rig.  
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Fig. 12. Failure modes of CFS channel beams with holes under bending.  
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Fig. 13. Comparison of moment versus deflection response for specimens with and without holes.  
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where E is the Young’s modulus, σ true and εtrue(pl) is the true stress and 
strain used in numerical modelling, σ and ε are the engineering stress 
and strain, respectively. 

The measured values of material properties obtained from the tensile 
coupon tests as reported in section 2.3 of the current paper were used in 
the FE model. Fig. 15(a) plots the measured engineering stress-strain 
curves and the calculated true stress-strain curves of flat and corner 
coupons. The corner material properties were assigned to the corner 
regions, while the flat material properties of the CFS channel beams 
were assigned to the flat regions in the FE model (Fig. 15(b)). In the FE 
models, the value of yield strength was defined as 600 MPa and the value 
of Young’s modulus was defined as 200 GPa for the load transfer blocks. 

3.3. Element type and mesh size 

S4R shell elements were used to model the CFS channel beams, as the 
S4R elements are linear 4-noded quadrilateral thick shell elements 
which have six degrees of freedom per node. The mesh sensitivity 
analysis was conducted, and the results suggested that a mesh size of 5 
mm × 5 mm (length by width) was suitable for CFS channel beams with 
and without web holes. Also, for the load transfer blocks, a mesh size of 
10 mm × 10 mm (length by width) was used. Mesh refinement was 
performed around the web holes for accurate FE analysis, and finer mesh 
sizes were used near the rounded corners (Fig. 16(a)). 

3.4. Boundary conditions and loading procedure 

In the bending tests, the concentrated loads and reaction forces were 
transferred from the U-shaped load transfer blocks to the specimens. 
Therefore, in the FE model, contact pairs were defined between the webs 
of each CFS channel beam and load transfer blocks using a surface-to- 
surface interaction. In the normal direction of the contact pairs, a 
“hard” surface was used while in the tangent direction between the two 
channels, a “frictionless” surface was assigned. A coupling constraint 
was used to simulate the connection between the beams and load 
transfer blocks. A multi-point constraint (MPC) beam connector element 
available in ABAQUS [31] library was used to model the connection 
between the beams and load transfer blocks instead of physically 
modelling the bolts and bolt holes. 

To simulate the experimental boundary conditions, the supported 
boundary condition was modelled by releasing both the in-plane rota-
tion and axial displacement along the specimen at the roller support. 
Two reference points were established at the top of load transfer block 
and the translations of U1 and U3 were fixed at these reference points. 
The loading was applied via a displacement control method by 

specifying a vertical displacement at the two reference loading points. In 
the FE model, the loading was applied by a static RIKS step available in 
the ABAQUS library [31]. The nonlinear geometric parameter 
(*NLGEOM) was included to deal with the large displacement analysis. 
Details of the boundary conditions applied in the FE model are shown in 
Fig. 16(b) for 290-L4000-EH1. 

3.5. Modelling of initial geometric imperfections 

Initial geometric imperfections were considered in the FE model. 
Superimposition of local and overall geometric imperfections was 
considered for accurate FE analysis. For all channel beams, eigenvalue 
analyses were performed. For local buckling, very small channel thick-
ness was considered. However, for overall buckling, large channel 
thickness was used. For local and overall buckling modes, the lowest 
eigenmode was used in ABAQUS [31]. The magnitude of overall and 
local imperfections used in the FE models of CFS channel beams was 
scaled to the values obtained from the experimental measurements of 
geometric imperfections. Similar modelling techniques were also used 
by past researchers [32–35] to model local and overall imperfections of 
CFS members. It should be noted that when distortional imperfections 
were included in the FE models, it was found that they have negligible 
effects on the failure load and deformed shapes of CFS channel beams 
with edge-stiffened holes [4]. The contours of local and overall buckling 
model are shown in Fig. 16 (c). 

3.6. Analysis methods 

Two different methods of analysis were used to model the CFS 
channel beams with web holes (edge-stiffened and unstiffened) and 
without web holes: elastic buckling and implicit dynamic analysis. 
Elastic buckling analysis was used to obtain the eigenvectors for 
modelling the initial geometric imperfections. Dynamic analysis with 
implicit time integration was used for calculating the quasi-static 
response of CFS channel beams under four-point bending. It was found 
that the use of dynamic analysis in the FE models can lead to better 
comparisons of initial stiffness and post-buckling behaviour of CFS 
beams, when compared against the test results. Therefore, in this study, 
dynamic analysis was preferred over static-risk analysis. 

3.7. Validation of the FE model 

The FE model was validated against the test results, as presented in 
section 2.6 of this paper. In Table 4, a comparison of the test results 
(MEXP) with the numerical results (MFEA) is shown for section 240 and 
290. The mean value of the MEXP/MFEA ratio is 0.96 with the corre-
sponding coefficient of variation (COV) of 0.04. Fig. 17 shows the failure 
mode obtained from FEA and tests for all test specimens with un- 
stiffened and edge-stiffened web holes. Moment versus displacement 
relationship obtained from both the FEA and test is shown in Fig. 18. As 
can be seen, the FE results have a good agreement with experimental 
results in terms of moment capacity and deformed shapes. 

4. Parametric study 

4.1. General 

The FE model developed in this study (described in section 3) could 
closely predict the flexural behaviour of CFS channel beams without and 
with web holes (edge-stiffened and un-stiffened). Using the validated FE 
model, a parametric study comprising 199 models was conducted to 
investigate the effects of beam length, diameter of holes, stiffener length 
and fillet radius on the moment capacity of such CFS channel beams. The 
dimensions as well as the moment capacities predicted from the para-
metric study (MFEA) are summarized in Tables 5 and 6. 

The same section 240 and 290 as used in the experimental and 

Fig. 14. Moment versus mid-span deflection.  
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numerical investigations was considered in the parametric study. The 
beam length (L) was varied from 1000 mm to 6000 mm. Table 6 shows 
the ratio (A) of the hole diameter to the depth of webs, which was varied 
as 0.1, 0.3 and 0.5. The ratio (R) of edge-stiffener fillet radius to the 
thickness were considered as 1, 2 and 3. The ratio (Q) of the length of 
stiffener to the depth of webs was varied as 0.04, 0.06 and 0.08. 

4.2. Specimens labelling 

The CFS channel beams analysed in the parametric study were 
labelled so that the nominal web height, nominal beam length, hole 
type, the ratio of hole diameter to web height, the ratio of stiffener 
length to web height and the ratio of edge-stiffener fillet radius to the 
thickness were defined. For example, the label “240-L4000-EH1-A0.1- 
Q0.04-R1” can be interpreted as follows:  

• The number “240” refers to the height of web in millimetres i.e. 240 
mm;  

• The notation “L4000” refers to the nominal length of the specimen in 
millimetres i.e. 4000 mm;  

• The notation “EH1′ identifies specimens with one edge-stiffened web 
hole;  

• The notation “A0.1” refers to the ratio of hole diameter to web height 
i.e. a/d = 0.1;  

• The notation “Q0.04” refers to the ratio of stiffener length to web 
height i.e. q/d = 0.04;  

• The notation “R1” means the ratio of edge-stiffener fillet radius to the 
thickness i.e. rq/t = 1; 

5. Results and discussion 

The effect of hole diameter on moment capacity was investigated in 

Fig. 15. Modelling of material properties.  
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Fig. 16. Details of the FE model.  
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the parametric study and it is shown in Table 6 and Fig. 19. It should be 
noted that an increase of 2.7% in bending strength occurred, when a/ 
d ratio was increased from 0.1 to 0.5. This is due to the better perfor-
mance of local buckling around the holes. 

In terms of edge-stiffener length, the effect of q/d on moment ca-
pacity was investigated and the results are shown in Table 6 and Fig. 20. 
As can be seen, the moment capacity was increased by only 1.2% when 
q/d was changed from 0.04 to 0.08, indicating that the influence of q/ 
d on the moment capacity is negligible. 

The effect of stiffener fillet radius was also investigated in this study. 
An increase in moment capacity by only 1.4% was observed, when the 
rq/t ratio was increased from 1.0 to 3.0, indicating that the effects of rq/t 
ratio is limited when determining the moment capacity of CFS channel 
beams with edge-stiffened web holes (Fig. 21). 

6. Current design rules 

6.1. Design formulae for CFS channel beams without web holes [2,3] 

The un-factored design moment capacity of CFS channel beams 
without holes can be predicted from the AISI [2] and AS/NZS [3]. The 
nominal moment capacity (Mnl) for local buckling shall be calculated by 
using the following Equations (3) and (4): 

For, λ1 ≤ 0.776 Mnl = Mne (3)  

For, λ> 0.776 Mnl =

(

1 − 0.15
Mcrl

Mne

)0.4(Mcrl

Mne

)0.4

Mne (4)  

where Mne is the nominal flexural strength for lateral-torsional buckling; 
Mcrl is the critical elastic local moment. 

The nominal moment capacity (Mnd) for distortional buckling shall 

be calculated using the following Equations (5) and (6): 

For, λd ≤ 0.673 Mnd = My (5)  

For, λd > 0.673 Mnd =

(

1 − 0.22
Mcrd

My

)0.5(Mcrd

My

)0.5

My (6)  

where Mcrd is the critical elastic distortional buckling moment; My is the 
member yield moment (My = Sf × Fy). 

6.2. Design formulae for CFS channel beams with un-stiffened web holes 
[11–13] 

6.2.1. Distortional buckling moment prediction 
The DSM formulas for flexural members with un-stiffened web holes 

were proposed by Moen and Schafer [11–13]. The nominal moment 
capacity for distortional buckling (Mnd) of CFS channel beams with 
un-stiffened web holes was calculated using the following Equations 
(7)–(13): 

For λd ≤ λd1 Mnd = Mynet (7)  

For λd1 < λd ≤ λd2 Mnd =Mynet −

(
Mynet − Md2

λd2 − λd1

)

(λd − λd1) (8)  

For λd > λd2 Mnd =

[

1 − 0.22
(

Mcrd

My

)0.5](Mcrd

My

)0.5

My (9)  

λd =

̅̅̅̅̅̅̅̅̅
My

Mcrd

√

(10)  

Table 4 
Comparisons of moment capacity between numerical, experimental, and theoretical investigations.  

Specimen ID Moment capacity obtained 
from test 

Moment capacity obtained 
from FEA 

Moment capacity obtained from equations of Moen 
and Schafer [11–13] 

Comparison Failure mode 

MExp (kN⋅m) MFEA (kN⋅m) MMS (kN⋅m) MExp/ 
MFEA 

MExp/ 
MMS 

(a) Section 240 
240-L4000-NH 11.9 13.2 – 0.90 – Distortional 
240-L4000- 

EH1-1 
12.9 13.4 10.2 0.96 1.26 Distortional 

240-L4000- 
EH1-2 

12.9 13.4 10.2 0.96 1.26 Distortional 

240-L4000- 
EH1-3 

12.8 13.4 10.2 0.96 1.25 Distortional 

240-L4000- 
EH3 

13.3 13.8 10.0 0.96 1.33 Distortional 

240-L4000- 
EH5 

13.7 13.9 9.7 0.99 1.41 Distortional 

240-L4000- 
UH1 

11.0 12.2 10.2 0.90 1.07 Distortional- 
local 

240-L4000- 
UH3 

10.6 11.7 10.0 0.91 1.06 Distortional- 
local 

240-L4000- 
UH5 

10.2 11.5 9.7 0.89 1.05 Distortional- 
local 

(b) Section 290 
290-L4000-NH 18.0 20.30 – 0.89 – Distortional 
290-L4000- 

EH1 
19.3 19.65 14.9 0.98 1.29 Distortional 

290-L4000- 
EH3 

19.8 20.24 14.7 0.98 1.34 Distortional 

290-L4000- 
EH5 

20.5 20.64 14.5 0.99 1.41 Distortional 

290-L4000- 
UH1 

16.7 18.60 14.9 0.90 1.12 Distortional- 
local 

290-L4000- 
UH3 

16.3 18.10 14.7 0.90 1.10 Distortional- 
local 

290-L4000- 
UH5 

15.7 17.48 14.5 0.90 1.08 Distortional- 
local  
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Fig. 17. Deformed shapes at failure from experiments and FEA.  
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Fig. 17. (continued). 
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Fig. 18. Comparison of FEA and experimental moment versus displacement curves.  
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λd1 = 0.673
(

Mynet

My

)3

(11)  

λd2 = 0.673
(

1.7
(

My

Mynet

)2.7

− 0.7
)

(12)  

Md2 =

(

1 − 0.22
(

1
λd2

))(
1

λd2

)

My (13)  

where Mcrd is the critical elastic distortional buckling moment including 
the influence of holes; My is the member yield moment (My = Sf × Fy); 
Mynet is the member yield moment of net cross section (Mynet = Sfnet ×

Fy). 
The elastic distortional buckling moment of CFS channel beams with 

un-stiffened web holes can be calculated using Equation (14), as given 
next. 

Mcrd =min
(
Mcrdg,Mcrdn

)
(14)  

where Mcrdg is the critical elastic buckling moment for a distortional 

buckling half-wave occurring in the gross cross section (without a hole), 
and Mcrdn is the critical buckling moment for a distortional buckling 
half-wave at a hole. Mcrdn can be determined from the finite strip 
analysis software (e.g. THIN-WALL-2 or CUFSM) [36], where web 
thickness t is replaced by reduced web thickness tr calculated using 
Equation (15). 

tr =

(

1 −
Lh

Lcrd

)1/3

t (15)  

where t is the thickness of web; Lh is the hole length; Lcrd is the distor-
tional buckling half-wavelength of the member with gross cross-section, 
determined from the finite strip analysis software (e.g. THIN-WALL-2 or 
CUFSM), as described by Moen and Schafer [11–13]. 

6.2.2. Local buckling moment prediction 
The nominal moment capacity for local buckling (Mnl) of beams with 

un-stiffened web holes was calculated using Equations (16) and (17), as 
given next. 

Table 5 
Comparison of moment capacity obtained from the FEA and design equations for CFS channel beams with no hole, un-stiffened holes and edge-stiffened holes with 
varying beam lengths.  

Specimen Beam 
length 

Moment capacity predicted 
from the FEA 

Moment capacity predicted from the 
AISI [2] and AS/NZS [3] 

Moment capacity predicted from equations of 
Moen and Schafer [11–13] 

Comparison 

L MFEA MAISI&AS/NZS MMS MFEA/ 
MAISI&AS/NZS 

MFEA/ 
MMS mm kN⋅m kN⋅m kN⋅m 

Plain section 
240-L4000- 

NH 
4000 11.90 10.93 – 1.09 – 

240-L4500- 
NH 

4500 10.02 9.16 – 1.09 – 

240-L5000- 
NH 

5000 9.05 8.23 – 1.10 – 

240-L5500- 
NH 

5500 7.30 6.82 – 1.07 – 

240-L6000- 
NH 

6000 6.21 5.76 – 1.08 – 

240-L6500- 
NH 

6500 5.21 4.95 – 1.05 – 

240-L7000- 
NH 

7000 4.52 4.29 – 1.05 – 

Edge-stiffened hole 
240-L4000- 

EH1 
4000 13.40 – 10.20 – 1.31 

240-L4500- 
EH1 

4500 11.22 – 8.51 – 1.32 

240-L5000- 
EH1 

5000 9.93 – 7.65 – 1.30 

240-L5500- 
EH1 

5500 8.31 – 6.32 – 1.31 

240-L6000- 
EH1 

6000 6.56 – 5.20 – 1.26 

240-L6500- 
EH1 

6500 5.67 – 4.57 – 1.24 

240-L7000- 
EH1 

7000 4.82 – 3.91 – 1.23 

Un-stiffened hole 
240-L4000- 

UH1 
4000 10.9 – 10.20 – 1.07 

240-L4500- 
UH1 

4500 9.52 – 8.51 – 1.12 

240-L5000- 
UH1 

5000 8.62 – 7.65 – 1.13 

240-L5500- 
UH1 

5500 6.96 – 6.32 – 1.10 

240-L6000- 
UH1 

6000 5.78 – 5.20 – 1.11 

240-L6500- 
UH1 

6500 5.12 – 4.57 – 1.12 

240-L7000- 
UH1 

7000 4.43 – 3.91 – 1.13  
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λl ≤ 0.776 Mnl = Mne ≤ Mynet (16)  

λl > 0.776 Mnl =

[

1 − 0.15
(

Mcrl

Mne

)0.4](Mcrl

Mne

)0.4

Mne ≤ Mynet (17)  

where Mnl is the nominal flexural strength of local buckling; Mne is the 
nominal flexural strength for lateral-torsional buckling; Mcrl is the crit-
ical elastic local moment considering the influence of holes; Mynet is the 
member yield moment of net cross section (Mynet = Sfnet × Fy). 

Moen and Schafer [11–13] proposed a calculation procedure for 
elastic local buckling moment (Mcrl) which considers the influence of 
holes, as given in Equation (18): 

Mcrl =min
(
Mcrlg,Mcrlh

)
(18)  

where Mcrℓg is the critical elastic local buckling moment at the gross 
cross section, and Mcrℓh is the critical local buckling moment of the 
compressed portion of the net section above a hole. More details 
regarding the calculation procedure can be found in Moen and Schafer 
[11–13]. 

7. Comparison of tests and FE results with design strengths 

Fig. 22(a) compares the moment capacity of CFS channel beams 
without web holes predicted from the FEA and design standards [2,3]. 
These comparison results are also shown in Table 5, where the mean 
value of MFEA/MAISI&AS/NZS ratio is 1.08. Therefore, the AISI [2] and 
AS/NZ [3] standards are conservative by only 8% when determining the 
moment capacity of CFS channel beams without web holes. 

For CFS channel beams with un-stiffened web holes, it can be found 
that the moment capacity obtained from the design equations proposed 
by Moen and Schafer [11–13] are lower than the moment capacity ob-
tained from FE analysis and tests by 11% on average (Fig. 22(b)). 

In terms of CFS channel beams with edge-stiffened web holes, the 
moment capacity obtained from the tests and FEA were compared with 
the moment capacity obtained from the design equations of un-stiffened 
web holes proposed by Moen and Schafer [11–13]. This is due to the 
unavailability of design equations for moment capacity of CFS channel 
beams with edge-stiffened web holes. The comparison results are shown 
in Tables 5 and 6 It can be seen that the design moment capacity of CFS 
channel beams with edge-stiffened web holes are over-conservative by 
28% on average (Fig. 22(c)) when compared to design strength 

determined from Moen and Schafer’s [11–13] design equations. This is 
due to the fact that Moen and Schafer’s [11–13] design equations are for 
un-stiffened holes and do not include the geometrical parameters of the 
edge-stiffener when applied to CFS channel beams with edge-stiffened 
holes. 

8. Conclusions 

This paper presents an experimental and numerical investigation 
into the flexural behaviour of CFS channel beams with edge-stiffened 
web holes. A total of 16 four-point bending tests was reported. Prior 
to bending tests, initial geometrical imperfections were measured for all 
specimens. Tensile coupon tests were also carried out to determine the 
material properties of flat and corner regions of the CFS channels. The 
ultimate moment capacity and failure modes were recorded for each of 
the test specimens and discussed in this paper. 

A FE model is then presented, which includes non-linear material 
properties and modelling of geometric imperfections. The FE model was 
validated against the corresponding experimental results, which showed 
good agreement both in terms of ultimate moment capacity and failure 
modes. Using the validated FE model, an extensive parametric study 
comprising 199 FE models was conducted to study the effects of beam 
length, hole diameter, stiffener lengths and stiffener fillet radius on 
moment capacity of CFS channel beams with edge-stiffened web holes. 

The moment capacity of the CFS channel beams obtained from the 
tests and FE analysis was compared against the design moment capacity 
determined from the AISI & AS/NZS design rules for CFS channel beams 
without web holes and from the proposed design equations of Moen and 
Schafer for CFS channel beams with un-stiffened web holes. From the 
comparison, it was found that the design moment capacities calculated 
from the AISI and AS/NZS for CFS channel beams without web holes, are 
conservative by only 8%. The moment capacity of CFS channel beams 
with un-stiffened and edge-stiffened web holes, as calculated from the 
proposed design equations of Moen and Schaffer, are over-conservative 
by around 11% and 28%, respectively. 
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Table 6 
Moment capacity predicted from FEA of a parametric study for varying stiffener length, fillet radius, and hole diameter.  

Specimen Hole number Hole diameter Holes diameter ratio Moment capacity predicted from the FEA, MFEA (kN.m) 

n A A (a/d) R (rq/t) = 1 R (rq/t) = 2 R (rq/t) = 3 

– Mm  Q0.04 Q0.06 Q0.08 Q0.04 Q0.06 Q0.08 Q0.04 Q0.06 Q0.08 

(a) Section 290 
290-L4000-EH1-A0.1 1 29 0.1 19.59 19.59 19.62 19.59 19.60 19.63 19.60 19.60 19.67 
290-L4000-EH1-A0.3 1 87 0.3 19.61 19.66 19.72 19.63 19.69 19.72 19.63 19.70 19.78 
290-L4000-EH1-A0.5 1 145 0.5 19.62 19.65 19.74 19.64 19.70 19.75 19.65 19.72 19.75 
290-L4000-EH3-A0.1 3 29 0.1 19.90 19.95 19.99 19.92 19.98 19.99 19.99 19.99 20.10 
290-L4000-EH3-A0.3 3 87 0.3 20.01 20.07 20.13 20.03 20.12 20.15 20.13 20.12 20.19 
290-L4000-EH3-A0.5 3 145 0.5 20.10 20.15 20.19 20.12 20.18 20.20 20.15 20.19 20.25 
290-L4000-EH5-A0.1 5 29 0.1 20.05 20.09 20.15 20.08 20.12 20.17 20.09 20.12 20.23 
290-L4000-EH5-A0.3 5 87 0.3 20.36 20.41 20.47 20.39 20.45 20.49 20.40 20.49 20.52 
290-L4000-EH5-A0.5 5 145 0.5 20.55 20.65 20.70 20.58 20.69 20.72 20.59 20.72 20.78 
(b) Section 240 
240-L4000-EH1-A0.1 1 24 0.1 13.10 13.10 13.12 13.12 13.11 13.15 13.18 13.25 13.28 
240-L4000-EH1-A0.3 1 72 0.3 13.18 13.19 13.23 13.20 13.20 13.27 13.23 13.29 13.35 
240-L4000-EH1-A0.5 1 120 0.5 13.23 13.25 13.28 13.25 13.27 13.29 13.29 13.33 13.39 
240-L4000-EH3-A0.1 3 24 0.1 13.45 13.48 13.49 13.47 13.49 13.50 13.53 13.67 13.72 
240-L4000-EH3-A0.3 3 72 0.3 13.51 13.54 13.55 13.52 13.57 13.59 13.60 13.78 13.85 
240-L4000-EH3-A0.5 3 120 0.5 13.62 13.65 13.67 13.63 13.69 13.70 13.70 13.79 13.89 
240-L4000-EH5-A0.1 5 24 0.1 13.70 13.72 13.76 13.73 13.75 13.77 13.80 13.85 13.95 
240-L4000-EH5-A0.3 5 72 0.3 13.83 13.85 13.89 13.84 13.88 13.90 13.89 13.95 13.99 
240-L4000-EH5-A0.5 5 120 0.5 13.90 13.95 13.99 13.91 13.99 14.05 13.99 14.11 14.25  
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Fig. 19. Effect of a/d ratio on moment capacity.  
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Fig. 20. Effect of q/d ratio on moment capacity.  
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Fig. 21. Effect of rq/t ratio on moment capacity.  
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Fig. 22. Comparison of moment capacity obtained from FEA or Test and the design equations.  
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We hope that these results are of interest to readers of Thin-Walled 
Structures. 
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Notations 

a: Diameter of web holes 
A: Ratio of the hole diameter to the depth of webs 
Ag: Gross cross-sectional area 
bf: Overall flange width of section 
bl: Overall lip width of section 
CFS: Cold-formed steel 
COV: Coefficient of variation 
d: Overall web depth of section 
DSM: Direct strength method 
E: Young’s modulus of elasticity 
EWM: Effective Width Method 
FEA: Finite element analysis 
L: Total length of the CFS channel beams 
LVDT: Linear variable displacement transducers 
MAISI&AS/NZS: Moment capacity from the AISI and AS/NZS standards 
Mcrd: Elastic distortional buckling moment 
Mcrl: Elastic local buckling moment 
MExp: Moment capacity from experiments 
MFEA: Moment capacity from finite element analysis 
MMS: Moment capacity from the design equations of Moen and Schafer 
Mnd: Nominal moment capacity for distortional buckling 
Mnd: Nominal moment capacity for local buckling 
n: Number of web holes 
q: Length of edge-stiffener 
Q: Ratio of the length of stiffener to the depth of webs 
r: Radius of gyration of full unreduced cross-section axis of buckling 
R: Ratio of edge-stiffener fillet radius to the thickness 
rq: Edge-stiffener fillet radius 
s: Hole spacing 
t: Thickness of section 
σ0.2: Static 0.2% proof stress 
σu: Static ultimate tensile strength 
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2 Shear Capacity of Cold-Formed Steel Channels
3 with Edge-Stiffened Web Holes,
4 Unstiffened Web Holes, and Plain Webs
5 Boshan Chen1; Krishanu Roy2; Zhiyuan Fang3; Asraf Uzzaman4; Cao Hung Pham5;
6 Gary M. Raftery6; and James B. P. Lim71

7 Abstract: In this paper, a total of 254 results comprising 30 shear tests and 224 finite element (FE) analysis results are reported. Simply
8 supported test specimens of cold-formed steel (CFS) channels with aspect ratios of 1.0 and 1.5 were tested. For comparison, specimens with
9 unstiffened web holes and plain webs were also tested. A nonlinear elastoplastic FE model was then developed and validated against the

10 experimental results. Using the validated FE model, a parametric study was conducted to investigate the effect of various influential param-
11 eters on the shear capacity of such CFS channels. The test and FE results show that for a channel with edge-stiffened web holes, the shear
12 capacity increased by 13.6% on average when compared with that of a channel with unstiffened web holes. The test and FE results were
13 compared against the design predictions. Upon comparison, it was found that the design rules of CFS channels with unstiffened web holes in
14 accordance with the5 AISI (2016) and AS/NZS (2018) can be unconservative by 7% while calculating the shear capacity of CFS channels with
15 edge-stiffened web holes. Therefore, a suitable design formula in the form of a shear capacity reduction factor was proposed for CFS channels
16 with edge-stiffened web holes. DOI: 10.1061/(ASCE)ST.1943-541X.0003250. © 2021 American Society of Civil Engineers.

17 Author keywords: Cold-formed steel; Channels; Shear capacity; Edge-stiffened web holes; Experiments; Finite element analysis.

18 Introduction

19 In recent times, a new6 generation of7 cold-formed steel (CFS) chan-
20 nels with edge-stiffened web holes developed by Howick Ltd.
21 (2013) are being widely used in New Zealand (8 Fig. 1). Such CFS
22 channel members when used as floor joists and bearers are often
23 subjected to concentrated loads, hence experiencing shear failure.
24 However, no work was reported in the literature investigating
25 the shear capacity of CFS channels with edge-stiffened web holes.
26 Furthermore, current design codes, i.e., the American Iron and
27 Steel Institute (AISI) (2016) and the Australian and New Zealand
28 Standards (AS/NZS) (2018) do not provide any design guidance for
29 CFS channels with edge-stiffened web holes.

30This paper presents the results of 30 new laboratory tests and
31224 finite element analyses (FEA) on CFS channels with edge-
32stiffened web holes, unstiffened web holes, and plain webs when
33subjected to shear. Fig. 2. shows the details of the CFS channels
34studied in this paper.
35Limited work has been reported in the literature studying CFS
36channels with edge-stiffened web holes under different loading
37cases (Chen et al. 2020a, c, 2021a; Chi et al. 2021). For compres-
38sion tests, Chen et al. (2019) experimentally and numerically
39studied the axial capacity of CFS channels with edge-stiffened
40web holes and the results suggested that the axial capacity of
41CFS channels with edge-stiffened web holes performs better than
42that of a plain channel. Fang et al. (2021a, b) proposed a frame-
43work of deep belief network (DBN) for studying the axial capac-
44ity of CFS channels with edge-stiffened web holes subject to
45axial compression. For bending tests, Yu (2012) and Chen et al.
46(2020b) studied the influence of edge-stiffened web holes on the
47moment capacity, and the results suggested that edge-stiffened
48web holes can improve the moment capacity of such channels.
49In terms of web crippling tests, a recent study by Uzzaman et al.
50(2017, 2020a, b) and Chen et al. (2021a) suggested that edge-
51stiffened web holes can also improve the web crippling strength
52of such channels.
53In terms of CFS plain channels, significant work has been re-
54ported in the literature. The shear behavior of CFS plain channels
55was first studied by LaBoube and Yu (1978), and they first pro-
56posed suitable design formulas for calculating the shear capacity
57of CFS plain channels. A study by Keerthan and Mahendran
58(2015) found that design shear capacity for CFS plain channels de-
59termined from AISI (2016) and AS/NZS (2018) are conservative as
60they did not include the postbuckling strength. Hence, Keerthan
61and Mahendran (2015) proposed improved shear capacity formulas
62on the basis of their test and FEA results. Pham and Hancock
63(2010a, b) experimentally and numerically studied the shear behav-
64ior of high-strength CFS channels with and without flange straps.
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65 They found that the shear capacities of CFS channels with angle
66 straps are higher than those without flange straps. Also, Pham
67 and Hancock (2009) found that flanges can have a significant effect
68 on the shear buckling capacity of CFS channels.
69 Regarding CFS channels with unstiffened web holes, extensive
70 work has been reported on the reduced shear capacity of CFS chan-
71 nels with unstiffened web holes by many researchers. Shan et al.
72 (1997) found that the key parameter for the shear capacity of CFS
73 channels with unstiffened web holes is the ratio of the depth of web
74 hole (dwh) to clear height of web (d1) and thus developed shear
75 capacity reduction factors in terms of dwh=d1. Eiler (1997) ex-
76 tended the research work of Shan et al. (1997) to include the
77 effects of web elements with holes when subjected to varying shear
78 force, which have been adopted in AISI (2016) and AS/NZS
79 (2018). Keerthan and Mahendran (2013a, 2014) experimentally
80 and numerically studied the shear capacity of CFS channels with
81 unstiffened web holes. They also used the reduction factor and
82 proposed improved design formulas for such sections. To extend

83the direct strength method (DSM) to CFS channels with unstiffened
84web holes in shear, an experimental study was conducted by Pham
85et al. (2017, 2020a, b, c) to study the shear capacity of CFS chan-
86nels with unstiffened web holes having an aspect ratio up to 3.0,
87and they proposed a DSM design approach for CFS members with
88holes in shear. However, no previous research has studied the shear
89capacity of CFS channels with edge-stiffened web holes. The issue
90is addressed in this paper.
91As mentioned previously, this paper reports in relation to 30
92new laboratory tests on the shear capacity of CFS channels with
93edge-stiffened web holes, unstiffened web holes, and plain webs.
94A nonlinear FE model was then developed and validated against the
95results obtained from laboratory tests in terms of ultimate strength
96and deformed shapes. A parametric study involving 224 models
97was conducted based on the validated FE models. To verify the
98accuracy of current design procedures found in the literature for
99CFS channels with unstiffened web holes, the results obtained from

100laboratory tests and FEAwere compared against design predictions
101of AISI (2016), AS/NZS (2018), Keerthan and Mahendran (2014),
102and Shan et al. (1997). Finally, a suitable design formula in the
103form of shear capacity reduction factor was proposed for determin-
104ing the shear capacity of such CFS channels.

105Experimental Study

106Test Specimens

107A total of 30 CFS channels in shear were studied in laboratory
108tests. Six experiments were conducted on specimens without
109web holes [Fig. 3(a)], 12 experiments were on specimens with
110unstiffened web holes [Fig. 3(b)] and the remaining 12 experi-
111ments were conducted on specimens with edge-stiffened web
112holes [Fig. 3(c)].
113To simulate shear boundary conditions, relatively short test
114beams having two aspect ratios (shear span /clear web height (d1))
115of 1.0 and 1.5 were selected. This paper mainly focused on the
116shear behavior of such CFS channel sections with a shear span-
117to-clear web height ratio of 1.0. However, the influence of

F1:1 Fig. 1. The use of cold-formed steel beams with edge-stiffened holes.
F1:2 (Data from Howick Ltd. 2013.)

F2:1 Fig. 2. Nominal cross sections of the CFS channels considered in this paper: (a) Section 240; and (b) Section 290.

© ASCE 2 J. Struct. Eng.
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118 combined shear and bending behavior on the strength and failure
119 modes of such sections were also experimentally investigated (as-
120 pect ratios of 1.5).
121 The test specimens comprised two different section sizes,
122 namely, section 240 and section 290. To study the influence of hole
123 sizes on the shear capacity of CFS channels, two different hole
124 diameters (dwh) of 90 and 140 mm were selected.
125 It should be noted that the web holes are strengthened through
126 a continuous lip around the perimeter of the hole (i.e., with an
127 edge-stiffened web hole). As can be seen from Fig. 2, the length
128 of the edge-stiffener was fixed at 13 mm. Tables 1 and 2 summarize
129 the measured dimensions of test specimens.

130 Section Labels

131 The test specimens were labeled in such a way that the nominal
132 dimensions of web depth, aspect ratio, diameter of holes, type
133 of web holes, and flange conditions were identified by the label.
134 For example, the label “240-A1.0-D90-EH-FR” can be interpreted
135 as follows:
136 • “240” means the nominal dimensions of web depth in milli-
137 meters i.e., d ¼ 240 mm.
138 • “A1.0” is the aspect ratio of the channel beams i.e., a=d1 ¼ 1.0.
139 • “D90” means the nominal diameter of web holes in millimeters
140 i.e., dwh ¼ 90 mm.
141 • “EH” identifies a web with an edge-stiffened hole, “NH” iden-
142 tifies a plain web, and “UH” means a web with an unstiffened
143 hole.
144 • “FR” represents the flanges restrained by flange straps.

145Material Testing

146To obtain the material properties of the test specimens, a total of 6
147coupons were prepared, which were cut from the flat portion of the
148channels, and tested using an Instron tensile testing machine in
149accordance with the test procedure mentioned in the ISO 6892-1
150(ISO 2009) (Fig. 4). The stress-strain curves obtained from the
151tensile coupon tests for sections 240 and 290 are presented in
152Figs. 5(a and b), respectively. Table 3 shows that the average yield
153stresses (σ0.2) for section 240 and 290 are 301.6 MPa and
154308.5 MPa, respectively.

155Testing-Rig and Loading Procedure

156The concentrated loads were applied using an MTS machine with a
157capacity of 300 kN at a constant rate of 0.7 mm=min. Two single
158channels were connected back-to-back by using three numbers of
15930 mm thick T-shaped stiffeners. The use of twelve 100-mm-wide
160stiffening plates during the tests was to provide the required simply
161supported boundary conditions at the supports and at the loading
162point while also eliminating the possibility of web crippling fail-
163ure. A 30-mm gap was incorporated between the two specimens to
164allow the test beams to buckle independently. To study the influ-
165ence of flange straps on the shear behavior and strength, 20 tests
166were conducted on restrained supports, which were ensured by us-
167ing eight angle straps at the loading and support points. Addition-
168ally, 10 tests were conducted without using any angle strap. Three
169linear variable differential transformers (LVDTs) were selected to
170record the vertical displacement of the test specimens. One LVDT
171was placed under the loading point, while the remaining two

F3:1 Fig. 3. CFS channels studied in this paper: (a) CFS channels without holes; (b) CFS channels with unstiffened web holes; and (c) CFS channels with
F3:2 edge-stiffened web holes.
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172 LVDTs were placed at the support point. The photograph and
173 schematic drawing of the experimental setup are presented in
174 Figs. 6 and 7, respectively.

175 Experimental Results

176 Fig. 8. plotted the shear capacity versus displacement curves of all
177 test specimens. The shear capacity was determined as the applied
178 load (P) divided by four, as two back-to-back CFS channels
179 were used. Fig. 9. shows the deformed shapes of the CFS chan-
180 nels with flange straps. From the failure modes, it can be clearly
181 seen that shear failure occurred for all test specimens. The ulti-
182 mate shear capacity (Vv) obtained from the laboratory tests are
183 summarized in Tables 1 and 2 for fastened flange and unfas-
184 tened flange cases, respectively. As shown in Tables 1 and 2,

185for a channel with edge-stiffened web holes, the shear capacity
186increased by 13.6% on average, when compared with that of a
187channel with unstiffened web holes.
188Table 4 summarizes the shear capacity of CFS channels with
189and without flange straps (i.e., with and without flange restraints).
190From the results reported in Table 4, it can be confirmed that there
191is a reduction in the shear capacity of CFS channels by 11.04% on
192average when the straps were not attached to their flanges. Fig. 10
193shows the failure modes of CFS plain channels when the flanges
194were not restrained (without flange straps). It can be seen that the
195flange distortions occurred due to the distortional buckling of
196unbalanced shear flow in these sections.
197The combined shear and bending behavior can significantly af-
198fect the shear capacity for those longer specimens having higher
199aspect ratios. Table 5 shows the comparison of the shear capacity

Table 2. Measured dimensions and shear capacity for specimens with flanges unrestrained by straps

T2:1 Specimen
Web height,
d1 (mm)

Total length,
L (mm)

Web
thickness,
tw (mm)

Stiffener
length,
q (mm)

Hole
diameter,
dwh (mm)

Aspect
ratio,
a=d1

Ratio,
d1=tw

Ratio,
dwh=d1

Shear capacity
obtained
from test,
VEXP (kN)

Reduction
factor,
qs

T2:2 Plain section
T2:3 240-A1.0-D0-NH-FU 235.3 672.6 1.85 — — 1.0 127.1 — 46.9 1.00
T2:4 240-A1.5-D0-NH-FU 236.3 908.9 1.85 — — 1.5 127.7 — 35.0 1.00
T2:5 Edge-stiffened holes
T2:6 240-A1.0-D140-EH-FU 237.3 672.6 1.86 13 148.9 1.0 127.6 0.63 31.7 0.67
T2:7 240-A1.5-D140-EH-FU 238.3 908.9 1.85 13 147.5 1.5 128.8 0.62 28.7 0.82
T2:8 240-A1.0-D90-EH-FU 235.5 672.6 1.87 13 96.5 1.0 125.9 0.41 41.0 0.87
T2:9 240-A1.5-D90-EH-FU 237.3 908.9 1.85 13 93.5 1.5 128.3 0.39 35.2 1.01

T2:10 Unstiffened holes
T2:11 240-A1.0-D140-UH-FU 237.3 672.6 1.86 — 148.5 1.0 127.6 0.63 26.0 0.55
T2:12 240-A1.5-D140-UH-FU 238.0 908.9 1.86 — 147.0 1.5 128.0 0.62 22.8 0.65
T2:13 240-A1.0-D90-UH-FU 237.5 672.6 1.87 — 98.0 1.0 127.0 0.41 36.0 0.78
T2:14 240-A1.5-D90-UH-FU 238.9 908.9 1.85 — 97.5 1.5 129.1 0.41 30.7 0.88

Table 1. Measured dimensions and shear capacity for specimens with flanges restrained by straps

T1:1 Specimen
Web height,
d1 (mm)

Total
length,
L (mm)

Web
thickness,
tw (mm)

Stiffener
length,
q (mm)

Hole
diameter,
dwh (mm)

Aspect
ratio,
a=d1

Ratio,
d1=tw

Ratio,
dwh=d1

Shear capacity
obtained
from test,
VEXP (kN)

Reduction
factor,
qs

T1:2 Plain section
T1:3 240-A1.0-D0-NH-FR 239.3 672.6 1.81 — — 1.0 132.2 — 53.7 1.00
T1:4 240-A1.5-D0-NH-FR 239.3 908.9 1.81 — — 1.5 132.2 — 37.5 1.00
T1:5 290-A1.0-D0-NH-FR 289.6 771.2 2.10 — — 1.0 137.9 — 73.1 1.00
T1:6 290-A1.5-D0-NH-FR 285.6 1,056.8 2.11 — — 1.5 135.4 — 49.1 1.00
T1:7 Edge-stiffened holes
T1:8 240-A1.0-D140-EH-FR 236.5 672.6 1.86 13 148.5 1.0 127.2 0.63 35.3 0.66
T1:9 240-A1.5-D140-EH-FR 238.3 908.9 1.86 13 147.5 1.5 128.1 0.62 31.2 0.83

T1:10 240-A1.0-D90-EH-FR 239.3 672.6 1.85 13 98.0 1.0 129.4 0.41 49.1 0.91
T1:11 240-A1.5-D90-EH-FR 238.5 908.9 1.85 13 97.5 1.5 128.9 0.41 37.5 1.00
T1:12 290-A1.0-D140-EH-FR 287.6 771.2 2.15 13 148.3 1.0 133.8 0.52 55.9 0.76
T1:13 290-A1.5-D140-EH-FR 288.5 1,056.8 2.13 13 147.5 1.5 135.4 0.51 50.0 0.92
T1:14 290-A1.0-D90-EH-FR 285.6 771.2 2.16 13 98.5 1.0 132.2 0.34 64.8 0.88
T1:15 290-A1.5-D90-EH-FR 287.0 1,056.8 2.16 13 99.0 1.5 132.9 0.34 51.3 0.94
T1:16 Unstiffened holes
T1:17 240-A1.0-D140-UH-FR 235.5 672.6 1.86 — 149.5 1.0 126.6 0.63 30.4 0.56
T1:18 240-A1.5-D140-UH-FR 235.1 908.9 1.85 — 148.2 1.5 127.1 0.63 24.9 0.66
T1:19 240-A1.0-D90-UH-FR 235.5 672.6 1.88 — 98.0 1.0 125.3 0.42 45.3 0.84
T1:20 240-A1.5-D90-UH-FR 235.5 908.9 1.88 — 98.5 1.5 125.3 0.42 33.4 0.89
T1:21 290-A1.0-D140-UH-FR 285.0 771.2 2.18 — 148.5 1.0 130.7 0.52 51.2 0.70
T1:22 290-A1.5-D140-UH-FR 286.5 1,056.8 2.17 — 149.5 1.5 132.0 0.52 42.1 0.86
T1:23 290-A1.0-D90-UH-FR 285.0 771.2 2.18 — 99.5 1.0 130.7 0.35 63.9 0.87
T1:24 290-A1.5-D90-UH-FR 285.6 1,056.8 2.17 — 99.0 1.5 131.6 0.35 48.1 0.98
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200 of specimens having aspect ratios of 1.0 and 1.5. This comparison
201 indicates that the shear capacities of those specimens having an
202 aspect ratio of 1.5 were reduced by 24.9% on average due to this
203 combined shear and bending action.

204Numerical Study

205General

206ABAQUS software was used to develop a nonlinear FE model to
207simulate the CFS channels with and without holes in shear. The
208measured cross section dimensions as well as material properties
209obtained from the tensile coupon tests were incorporated in the FE
210model. Specific modeling techniques are discussed next.

F4:1 Fig. 4. Experimental setup of tensile coupon test.

Table 3. Material properties of specimens obtained from tensile coupon
tests

T3:1Section Coupon ID
Thickness
tw=mm

Yield stress
σ0.2=MPa

Ultimate stress
σu=MPa

T3:2Section 240 240-1 1.81 302.3 372.8
T3:3240-2 1.82 300.9 380.1
T3:4240-3 1.81 301.2 383.9
T3:5Mean 1.81 301.6 378.9

T3:6Section 290 290-1 2.11 310.2 383.1
T3:7290-2 2.10 308.6 387.4
T3:8290-3 2.13 306.5 390.6
T3:9Mean 2.11 308.5 387.0

F6:1Fig. 6. Photograph of test loading rig.

F5:1 Fig. 5. Stress-strain curves: (a) Section 240; and (b) Section 290.

© ASCE 5 J. Struct. Eng.
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211 Modeling of Geometry and Material Properties

212 The ABAQUS classical metal plasticity model was selected to
213 define the isotropic yielding and plastic hardening of the steel.
214 The material properties obtained from the tensile coupon tests
215 were incorporated in the FE models. A similar modeling tech-
216 nique was used by Roy et al. (2020) and Li and Young (2019).
217 As per the ABAQUS manual, the engineering material curve was
218 converted into a true material curve by using the following
219 formulas:

σtrue ¼ σð1þ εÞ ð1Þ
220 9

εtrueðplÞ ¼ lnð1þ εÞ − σtrue

E
ð2Þ

221 FE Meshing

222 S4R shell elements were selected to model the CFS channels. The
223 mesh sensitivity analysis indicated that a mesh size between 5 mm
224 to 10 mm was selected for modeling the CFS channels with and
225 without web holes. For the T-shaped stiffeners, a mesh size of
226 10 mm × 10 mm was selected. Mesh refinement was selected
227 around the web holes and rounded corners to enable an accurate
228 FE analysis (Fig. 11).

229Boundary Conditions and Loading Procedure

230The simply supported boundary conditions were modeled by re-
231leasing both the in-plane rotation and axial displacement. The
232reference points were placed at the top of T-shaped stiffeners.
233The vertical translation was not restrained at the loading point.
234The vertical loading was applied by specifying the displacement
235at the reference loading points. In the FE model, surface-to-
236surface interaction was used between the webs of each CFS chan-
237nel. It should be noted that the modeling of bolting connections
238was simplified to eliminate any possible slippage of the bolts. The
239experimental results confirmed that the failure of angle straps
240did not occur when they were used in the tests. Therefore, the
241angle straps were simulated using suitable boundary conditions.
242The applied boundary conditions in the FE model are presented in
243Fig. 12 for the specimen 290-A1.5-D140-EH-FR.

244Modeling of Initial Geometric Imperfections and
245Residual Stresses

246It should be noted that a value of 0.006d1 was taken as the
247magnitude of imperfections in the numerical modeling of CFS
248channels (Keerthan and Mahendran 2014). The imperfect initial
249geometries were simulated using the *IMPERFECTION option
250in the ABAQUS library. From analyzing a limited number of

F7:1 Fig. 7. Schematic drawing of loading rig.
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F8:1 Fig. 8. Shear capacity versus displacement curves of all specimens: (a) section 240 with flange straps; (b) section 240 without flange straps; and
F8:2 (c) section 290 with flange straps.

© ASCE 7 J. Struct. Eng.
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F8:1 Fig. 8. (Continued.)

F9:1 Fig. 9. Failure modes of CFS channels with flange straps (aspect ratio ¼ 1.0): (a) 240-A1.0-D0-NH-FR; (b) 240-A1.0-D140-UH-FR; and
F9:2 (c) 240-A1.0-D140-EH-FR.

© ASCE 8 J. Struct. Eng.
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251 FE models, a decrease of only 1.2% in shear capacity was found
252 when the effects of residual stresses were considered in the FE
253 models, indicating that residual stresses have a negligible effect
254 on the shear capacity of CFS channels (Fig. 13). Therefore, the

255influence of residual stresses on the shear capacity of CFS channels
256was not considered in the FE models.

257Validation of the Finite Element Model

258Table 6 reports the comparison of the laboratory test results (VEXP)
259with the numerical results (VFEA). The mean value of the VEXP=
260VFEA ratio is 1.01 with the corresponding coefficient of variation
261(COV) of 0.07. Fig. 14 presents the deformed shapes at failure from
262both the laboratory tests and FEA. It can be clearly seen that the
263deformed shapes determined from the FEA are similar to those de-
264termined from the laboratory tests. Fig. 15 plotted shear capacity
265versus displacement behavior obtained from both the FEA and
266laboratory tests for specimens 240-A1.5-D90-UH-FR and 240-
267A1.5-D90-UH-FU, showing good agreement between FEA and
268laboratory test results.

269Parametric Study

270A parametric study comprising 224 FE models was undertaken to
271develop an extensive shear capacity database for CFS channels with
272edge-stiffened web holes, unstiffened web holes, and plain webs. It
273should be noted that only aspect ratios of 1.0 were considered in the
274parametric study section, as the parametric study section only con-
275sidered the shear behavior of such sections.
276To investigate the influence of web height to web thickness ratio
277(d1=tw) on the shear capacity of such sections, the same FE model
278was selected with varying web thickness (tw). The d1=tw ratio was
279thus varied from 96 to 290 by varying the web thickness from
2801.0 mm to 2.5 mm, as listed in Table 7. For specimens with holes,
281the ratio of dwh=d1 was varied between 0.1 and 0.7 to investigate
282the influences of hole diameter on the shear capacity of such sec-
283tions. The ratio of stiffener length to web height (q=d1) was
284changed from 0.04 to 0.12. The FE models in the parametric study
285were coded in such a way that all the geometric parameters could be
286automatically varied.
287Fig. 16(a) and Table 7 show the influence of the q=d1 ratio on
288the shear capacity of CFS channels with edge-stiffened web holes.
289The comparison showed that an increase in shear capacity of 11.6%
290was noticed when the q=d1 ratio was increased from 0.04 to 0.12. It
291was found that the influence of stiffener length on the shear capac-
292ity of such CFS channels cannot be ignored. Fig. 16(b) and Table 7
293show the influence of the ratio dwh=d1 on the shear capacity of CFS
294channels with edge-stiffened web holes. The comparison results
295indicated that the ultimate shear capacities were decreased by
29653% on average when the dwh=d1 ratio was changed from 0.1
297to 0.7, indicating that the influence of the dwh=d1 ratio on the shear
298capacity of CFS channels was significant.

299Current Shear Design Rules

300General

301Current design rules for calculating the shear capacity of CFS chan-
302nels with holes are designed on the basis of a reduction factor (qs),
303which can be defined as the ratio of nominal shear capacity of CFS
304channels with holes (Vnl) to the nominal shear capacity of
305CFS channels without holes (Vv). In this section, the currently
306available design rules for calculating the nominal shear capacity
307of CFS without holes (Vv) as well as reduction factor (qs) are dis-
308cussed next.

Table 4. Comparison of shear capacity of specimens with and without
flange restraints

T4:1 Specimen

Shear capacity predicted from test Capacity
reduction

(%)
T4:2 With straps

(kN)
Without straps

(kN)

T4:3 240-A1.0-D0-NH 53.7 46.9 12.6
T4:4 240-A1.5-D0-NH 37.5 35.0 6.7
T4:5 240-A1.0-D140-EH 35.3 31.7 10.2
T4:6 240-A1.5-D140-EH 31.2 28.7 8.0
T4:7 240-A1.0-D90-EH 49.1 41.0 16.5
T4:8 240-A1.5-D90-EH 37.5 35.2 6.1
T4:9 240-A1.0-D140-UH 30.4 26.0 13.3

T4:10 240-A1.5-D140-UH 24.9 22.8 8.4
T4:11 240-A1.0-D90-UH 45.3 36.0 20.5
T4:12 240-A1.5-D90-UH 33.4 30.7 8.1
T4:13 Mean 11.04

F10:1 Fig. 10. Failure mode of CFS channels without flange straps (240-
F10:2 A1.5-D0-NH-FU).

Table 5. Comparison of shear capacity of specimens having aspect ratios
of 1.0 and 1.5

T5:1 Specimen

Shear capacity predicted from test
Capacity
reduction

(%)

T5:2 a=d1 ¼ 1.0 a=d1 ¼ 1.5

T5:3 VEXP-1.0 (kN) VEXP-1.5 (kN)

T5:4 240-D0-NH-FR 53.7 37.5 43.2
T5:5 290-D0-NH-FR 73.1 49.1 48.9
T5:6 240-D0-NH-FU 46.9 35.0 34.0
T5:7 240-D140-EH-FR 35.3 31.2 13.1
T5:8 240-D90-EH-FR 49.1 37.5 30.9
T5:9 290-D140-EH-FR 55.9 50.0 11.8

T5:10 290-D90-EH-FR 64.8 51.3 26.3
T5:11 240-D140-EH-FU 31.7 28.7 10.5
T5:12 240-D90-EH-FU 41.0 35.2 16.5
T5:13 240-D140-UH-FR 30.4 24.9 18.1
T5:14 240-D90-UH-FR 45.3 33.4 35.6
T5:15 290-D140-UH-FR 51.2 42.1 21.6
T5:16 290-D90-UH-FR 63.9 48.1 32.8
T5:17 240-D140-UH-FU 26.0 22.8 14.0
T5:18 240-D90-UH-FU 36.0 30.7 17.3
T5:19 Mean 24.9
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309Design Rules for CFS Channels without Web Holes
310in Shear

311DSM Design Rules in Shear without Tension Field Action
312According to Section G2.2 of AISI (2016) and Clause 7.2.3 of
313AS/NZS (2018), the nominal shear capacity (VDSM−1) of unperfo-
314rated CFS channel beams without web stiffeners can be calculated
315using the following Eqs. (3)–(8)

Vv ¼ Vy For λv ≤ 0.815 ð3Þ

Vv ¼ 0.815
ffiffiffiffiffiffiffiffiffiffiffiffi
VcrVy

p
For 0.815 < λv ≤ 1.227 ð4Þ

Vv ¼ Vcr For λv > 1.227 ð5Þ

Vy ¼ 0.6AwFy ð6Þ

F11:1 Fig. 11. Mesh type for specimen 290-A1.5-D140-EH-FR.

F12:1 Fig. 12. Boundary conditions within the FE model for specimen 290-A1.5-D140-EH-FR.

F13:1 Fig. 13. Effects of residual stresses (240-A1.5-D140-UH-FR).
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Vcr ¼
0.904Ekvt3w

d1
ð7Þ

λv ¼
ffiffiffiffiffiffiffi
Vy

Vcr

s
ð8Þ

316 DSM Design Rules in Shear with Tension Field Action
317 Pham and Hancock (2010a, b) conducted both experimental and
318 numerical investigations to propose design formulas for the shear
319 capacity of unperforated CFS channel beams with tension field ac-
320 tion [Eqs. (9) and (10)], which have been adopted in Section G2.2
321 of AISI (2016) and in Clause 7.2.3 of AS/NZS (2018) standards.
322 These formulas (VDSM−2) can closely predict the shear capacity of
323 CFS lipped channels without holes, accounting for their postbuck-
324 ling strength and includes the influence of additional fixity on the
325 web-flange junction point

Vv ¼ Vy For; λv ≤ 0.776 ð9Þ

Vv ¼
�
1 − 0.15

�
Vcr

Vy

�
0.4
��

Vcr

Vy

�
0.4
Vy For; λv > 0.776 ð10Þ

326Design Rules Proposed by Keerthan and Mahendran (2015)
327Keerthan and Mahendran (2015) modified the current shear design
328rules of AS/NZS 4600 (2018) and proposed new formulas, as
329demonstrated in Eqs. (11)–(13), which include the available post-
330buckling strength of CFS channels and the additional fixity on the
331web-flange junction point. The shear buckling coefficient (kLCB)
332was included to allow for the additional fixity at the web-flange
333junction of CFS channels, while a postbuckling coefficient of
3340.2 was selected in Eqs. (12) and (13)

Vv ¼ Vy For;
d1
tw

≤
ffiffiffiffiffiffiffiffiffiffiffiffiffi
EkLCB
fy

s
ð11Þ

Vv ¼ Vi þ 0.2ðVy − ViÞ For;

ffiffiffiffiffiffiffiffi
Ekv
fy

s
<
d1
tw

≤ 1.508

ffiffiffiffiffiffiffiffiffiffiffiffiffi
EkLCB
fy

s

ð12Þ

Vv ¼ Vcr þ 0.2ðVy − VcrÞ For;
d1
tw

≥ 1.508

ffiffiffiffiffiffiffiffiffiffiffiffiffi
EkLCB
fy

s
ð13Þ

335Design Rules for CFS Channels with Unstiffened Web
336Holes in Shear

337Design Rules Proposed by Shan et al. (1997)
338Shan et al. (1997) concluded that the main parameter influencing
339the shear capacity is the ratio of the depth of the hole to the flat
340depth of the web (dwh=d1), and they developed a linear reduction
341factor for CFS channels with unstiffened web holes that incorpo-
342rated parameter dwh=d1. The reduction factor proposed by Shan
343et al. (1997) can be determined by using Eqs. (14) and (15)

qs ¼ 1.71 − 3.66

�
dwh
d1

�
For

dwh
d1

< 0.38 ð14Þ

qs ¼ 0.46 − 0.38
dwh
d1

For 0.38 <
dwh
d1

≤ 1 ð15Þ

344Design Rules in Accordance with the Design Rules of AISI
345(2016) and AS/NZS (2018)
346The formulas for determining the shear capacity reduction factor
347are presented in AISI (2016) and AS/NZS (2018) for CFS channels
348with unstiffened web holes on the basis of the research findings of
349Eiler et al. (1997), who suggested that the reduction of shear capac-
350ity due to the presence of web holes can be estimated by applying a
351reduction factor to the nominal shear capacity of the plain web. The
352shear capacity reduction factor formulas developed by Eiler et al.
353(1997), which are available in AISI (2016) and AS/NZS (2018),
354can be determined by using Eqs. (16)–(20)

qs ¼ 1 For
c
t
> 54 ð16Þ

qs ¼
c
54t

For 5 <
c
t
< 54 ð17Þ

c ¼ d1
2
− dwh
2.83

ð18Þ

dwh
d1

≤ 0.7 ð19Þ

d1
t
≤ 200 ð20Þ

Table 6. Comparison of shear capacity obtained from tests and FEA for all
test specimens

T6:1 Specimen

Aspect
ratio,
a=d1

Ratio,
d1=tw

Ratio,
dwh=d1

Shear
capacity

Test/FEA
T6:2 Test

(kN)
FEA
(kN)

T6:3 Plain section
T6:4 240-A1.0-D0-NH-FR 1.0 132.2 — 53.7 50.6 1.06
T6:5 240-A1.5-D0-NH-FR 1.5 132.2 — 37.5 38.3 0.98
T6:6 240-A1.0-D0-NH-FU 1.0 132.2 — 46.9 49.5 0.95
T6:7 240-A1.5-D0-NH-FU 1.5 127.7 — 35.0- 38.0 0.92
T6:8 290-A1.0-D0-NH-FR 1.0 137.9 — 73.1 70.7 1.03
T6:9 290-A1.5-D0-NH-FR 1.5 135.4 — 49.1 53.5 0.92

T6:10 Edge-stiffened holes
T6:11 240-A1.0-D140-EH-FR 1.0 127.2 0.63 35.3 32.1 1.10
T6:12 240-A1.5-D140-EH-FR 1.5 128.1 0.62 31.2 30.3 1.03
T6:13 240-A1.0-D90-EH-FR 1.0 129.4 0.41 49.1 46.0 1.07
T6:14 240-A1.5-D90-EH-FR 1.5 128.9 0.41 37.5 40.1 0.94
T6:15 240-A1.0-D140-EH-FU 1.0 127.6 0.63 31.7 31.3 1.01
T6:16 240-A1.5-D140-EH-FU 1.5 128.8 0.62 28.7 29.1 0.99
T6:17 240-A1.0-D90-EH-FU 1.0 125.9 0.41 41.0 44.4 0.92
T6:18 240-A1.5-D90-EH-FU 1.5 128.3 0.39 35.2 37.9 0.93
T6:19 290-A1.0-D140-EH-FR 1.0 133.8 0.52 55.9 51.5 1.09
T6:20 290-A1.5-D140-EH-FR 1.5 135.4 0.51 50.0 44.9 1.11
T6:21 290-A1.0-D90-EH-FR 1.0 132.2 0.34 64.8 68.2 0.95
T6:22 290-A1.5-D90-EH-FR 1.5 132.9 0.34 51.3 55.3 0.93
T6:23 Unstiffened holes
T6:24 240-A1.0-D140-UH-FR 1.0 126.6 0.63 30.4 28.3 1.07
T6:25 240-A1.5-D140-UH-FR 1.5 127.1 0.63 24.9 22.7 1.10
T6:26 240-A1.0-D90-UH-FR 1.0 125.3 0.42 45.3 43.1 1.05
T6:27 240-A1.5-D90-UH-FR 1.5 125.3 0.42 33.4 34.0 0.98
T6:28 240-A1.0-D140-UH-FU 1.0 127.6 0.63 26.0 24.0 1.08
T6:29 240-A1.5-D140-UH-FU 1.5 128.0 0.62 22.8 21.4 1.07
T6:30 240-A1.0-D90-UH-FU 1.0 127.0 0.41 36.0 38.3 0.94
T6:31 240-A1.5-D90-UH-FU 1.5 129.1 0.41 30.7 32.0 0.96
T6:32 290-A1.0-D140-UH-FR 1.0 130.7 0.52 51.2 43.2 1.18
T6:33 290-A1.5-D140-UH-FR 1.5 132.0 0.52 42.1 38.0 1.11
T6:34 290-A1.0-D90-UH-FR 1.0 130.7 0.35 63.9 63.9 1.00
T6:35 290-A1.5-D90-UH-FR 1.5 131.6 0.35 48.1 51.9 0.93
T6:36 Mean 1.01
T6:37 COV 0.07

© ASCE 11 J. Struct. Eng.
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F14:1 Fig. 14. Deformed shapes at failure from experiments and FEA for those specimens with an aspect ratio of 1.0: (a) 240-A1.0-D0-NH-FR;
F14:2 (b) 240-A1.0-D90-UH-FR; (c) 240-A1.0-D140-EH-FR; (d) 240-A1.0-D140-UH-FR; (e) 240-A1.0-D0-NH-FU; (f) 240-A1.0-D90-UH-FU;
F14:3 (g) 240-A1.0-D140-EH-FU; and (h) 240-A1.0-D140-UH-FU.

© ASCE 12 J. Struct. Eng.
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355 Design Rules Proposed by Keerthan and Mahendran
356 (2013a, 2014)
357 Keerthan and Mahendran (2013a, 2014) experimentally and
358 numerically studied the shear capacity of CFS channels with

359unstiffened web holes. From the outcome of their research, they
360proposed shear capacity reduction factors due to the presence of
361web holes. Based on their recommendation, the shear capacity
362of CFS channels with unstiffened web holes (Vnl) can be calculated

Table 7. Shear capacity predicted from the parametric study for varying thickness, hole diameter ratio, and stiffener length ratio (aspect ratio ¼ 1.0)

T7:1 Height
of web,
d1 (mm)

Thickness,
tw (mm)

Hole ratio,
A (dwh=d1)

Shear capacity obtained from the parametric study, VFEA (kN)

T7:2 Without
hole

With
unstiffened

hole

With edge-stiffened hole

T7:3Q0.04 Q0.06 Q0.08 Q0.10 Q0.12

T7:4 240 1.0 0.1 22.1 22.0 22.3 22.6 22.8 23.1 23.6
T7:5 240 1.0 0.3 22.1 17.8 19.1 19.4 19.9 20.1 20.4
T7:6 240 1.0 0.5 22.1 11.7 14.2 14.6 15.3 15.9 16.2
T7:7 240 1.0 0.7 22.1 6.6 9.4 9.7 10.2 11.1 11.8
T7:8 240 1.5 0.1 40.4 38.1 40.2 40.6 41.0 41.8 42.8
T7:9 240 1.5 0.3 40.4 32.4 35.5 35.8 36.1 37.1 37.9

T7:10 240 1.5 0.5 40.4 21.0 27.0 28.0 29.0 29.7 30.5
T7:11 240 1.5 0.7 40.4 12.1 18.0 18.7 19.7 20.2 20.9
T7:12 240 2.0 0.1 56.5 56.4 56.9 57.3 58.0 58.3 58.8
T7:13 240 2.0 0.3 56.5 48.3 49.1 49.9 50.6 51.5 52.5
T7:14 240 2.0 0.5 56.5 32.2 39.7 40.7 41.9 42.6 43.5
T7:15 240 2.0 0.7 56.5 19.6 25.4 26.3 27.4 28.6 29.5
T7:16 240 2.5 0.1 86.1 85.6 86.9 87.7 88.6 89.4 90.4
T7:17 240 2.5 0.3 86.1 69.2 73.1 74.4 75.9 77.2 78.8
T7:18 240 2.5 0.5 86.1 45.5 54.4 56.1 57.7 59.3 60.8
T7:19 240 2.5 0.7 86.1 27.0 36.7 38.3 39.6 41.1 42.7
T7:20 290 1.0 0.1 25.1 24.7 25.5 25.7 26.1 26.6 26.8
T7:21 290 1.0 0.3 25.1 20.7 22.5 22.7 23.2 23.7 24.0
T7:22 290 1.0 0.5 25.1 14.6 17.2 17.6 18.0 18.6 19.0
T7:23 290 1.0 0.7 25.1 9.1 11.1 11.7 12.4 13.3 13.8
T7:24 290 1.5 0.1 46.2 44.7 46.8 47.2 47.7 48.3 48.9
T7:25 290 1.5 0.3 46.2 37.4 42.0 42.5 43.2 43.8 44.6
T7:26 290 1.5 0.5 46.2 24.9 29.5 30.9 32.3 33.7 35.1
T7:27 290 1.5 0.7 46.2 15.1 20.3 21.5 22.8 24.1 25.5
T7:28 290 2.0 0.1 66.5 66.0 67.3 68.0 68.8 69.6 70.5
T7:29 290 2.0 0.3 66.5 56.7 60.8 61.6 62.6 63.5 64.5
T7:30 290 2.0 0.5 66.5 37.4 45.5 47.2 48.7 50.3 52.1
T7:31 290 2.0 0.7 66.5 22.7 29.5 31.5 33.3 35.5 37.5
T7:32 290 2.5 0.1 90.5 89.7 91.5 92.5 93.3 94.5 95.5
T7:33 290 2.5 0.3 90.5 74.0 82.0 83.2 84.2 85.3 86.5
T7:34 290 2.5 0.5 90.5 52.1 61.1 63.2 65.1 66.8 68.9
T7:35 290 2.5 0.7 90.5 32.3 39.2 41.6 43.7 46.2 48.5

F15:1 Fig. 15. Comparison of FEA and experimental shear capacity versus displacement curves: (a) 240-A1.5-D90-UH-FR; and (b) 240-A1.5-D90-UH-FU.

© ASCE 13 J. Struct. Eng.
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363using a reduction factor qs, which is normally applied to the shear
364capacity of plain channels (Vv). Eqs. (21)–(23) present the pro-
365posed design formulas for the shear capacity reduction factor of
366perforated CFS channel sections

qs ¼ 1 − 0.6

�
dwh
d1

�
For 0 <

dwh
d1

< 0.3 ð21Þ

qs ¼ 1.215 − 1.316

�
dwh
d1

�
For 0.3 <

dwh
d1

< 0.7 ð22Þ

qs ¼ 0.732 − 0.625

�
dwh
d1

�
For 0.7 <

dwh
d1

< 0.85 ð23Þ

367Comparison of Tests and FE Results with Design
368Strengths

369The results obtained from laboratory tests and FEA were in
370comparison with the design shear capacities determined from

F16:1 Fig. 16. Effect of dwh=d1 and q=d1 ratios on the shear capacity reduction factor of channels with edge-stiffened web holes: (a) the effects of the q=d1
F16:2 ratio; and (b) the effects of the dwh=d1 ratio.

Table 8. Comparison of shear capacity obtained from tests, parametric study, and current design formulas for CFS plain channels (aspect ratio ¼ 1.0)

T8:1 Specimen
Thickness,
tw (mm)

Ratio,
d1=tw

Shear capacity (kN) Comparison

T8:2 VEXP&FEA VDSM−1 VDSM−2 VKM VEXP&FEA=VDSM−1 VEXP&FEA=VDSM−2 VEXP&FEA=VKM

T8:3 Experiments
T8:4 240-D0-NH-FR 1.81 132.2 53.7 42.7 54.3 49.8 1.26 0.99 1.08
T8:5 290-D0-NH-FR 2.10 137.9 73.1 55.1 75.0 66.6 1.33 0.97 1.10
T8:6 Parametric study
T8:7 240-D0-NH-T1.0 1.0 238.0 22.1 7.2 19.6 14.4 3.07 1.13 1.53
T8:8 240-D0-NH-T1.5 1.5 158.0 40.4 24.3 39.4 32.4 1.66 1.03 1.25
T8:9 240-D0-NH-T2.0 2.0 118.0 56.5 57.6 64.2 63.4 0.98 0.88 0.89

T8:10 240-D0-NH-T2.5 2.5 94.0 86.1 89.1 93.3 93.7 0.97 0.92 0.92
T8:11 290-D0-NH-T1.0 1.0 288.0 25.1 5.9 20.9 15.5 4.25 1.20 1.62
T8:12 290-D0-NH-T1.5 1.5 191.3 46.2 20.1 42.2 32.1 2.30 1.09 1.44
T8:13 290-D0-NH-T2.0 2.0 143.0 66.5 47.6 69.1 59.5 1.40 0.96 1.12
T8:14 290-D0-NH-T2.5 2.5 114.0 90.5 92.9 100.8 99.6 0.98 0.90 0.91
T8:15 Mean 1.82 1.01 1.18
T8:16 COV 0.56 0.10 0.21

F17:1 Fig. 17. Comparison of test and FEA results with current shear design
F17:2 strengths for plain channels.

© ASCE 14 J. Struct. Eng.
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371 the design rules of AISI (2016), AS/NZS (2018), Pham and
372 Hancock (2010a, b), and Keerthan and Mahendran (2015) for
373 CFS plain channels. The comparison results are reported in
374 Table 8 and plotted in Fig. 17. The DSM design rules in shear
375 without tension field action as per the AISI (2016) and AS/
376 NZS (2018) are overly conservative, as they do not include the
377 influence of postbuckling strength. However, the DSM design
378 rules in shear with tension field action proposed by Pham and
379 Hancock (2010a, b) were close to the results obtained from labo-
380 ratory tests. The results obtained from the formulas proposed by
381 Keerthan and Mahendran (2015) are conservative by 18% on
382 average when compared with the results obtained from the labo-
383 ratory tests.
384 The shear capacities of CFS channels with unstiffened web
385 holes obtained from the laboratory tests and FEA are in comparison
386 with the predictions from the currently available design rules, as
387 shown in Table 9. The comparison results show that the shear

388capacities determined from Shan et al.’s (1997) design formulas
389are overconservative by 62% on average. The design formulas
390in accordance with the AISI (2016) and AS/NZS (2018) are
391conservative mostly for CFS channels with small web holes, while
392they are unconservative for channels with larger web holes,
393which was also reported by Keerthan and Mahendran (2013a,
3942014). This comparison shows that the shear capacities determined
395from Keerthan and Mahendran’s (2013a, 2014) design formulas are
396conservative by 7% on average. Fig. 18 shows the nondimensional
397curve of qs versus dwh=d1.
398For CFS channels with edge-stiffened web holes, the shear
399capacity reduction factors obtained from laboratory tests and
400FEAwere in comparison with those obtained from the design for-
401mulas of CFS channels with unstiffened web holes. The compari-
402son results are presented in Table 10, indicating that the design
403formulas in accordance with the AISI (2016) and AS/NZS
404(2018) are unconservative by 7% on average. This is due to

Table 9. Comparison of shear capacity reduction factor obtained from tests, parametric study, and current design formulas for CFS channels with unstiffened
web holes (aspect ratio ¼ 1.0)

T9:1 Specimen
Ratio,
dwh=d1

Shear capacity reduction factor (qs) Comparison

T9:2 qs qsðAISI&AS=NZSÞ qsðShanÞ qsðKMÞ qs=qsðAISI&AS=NZSÞ qs=qsðShanÞ qs=qsðKMÞ
T9:3 Experiments
T9:4 240-D140-UH-FR 0.63 0.56 0.64 0.22 0.39 0.88 2.54 1.43
T9:5 240-D90-UH-FR 0.42 0.84 0.81 0.30 0.66 1.04 2.80 1.25
T9:6 290-D140-UH-FR 0.52 0.70 0.76 0.26 0.53 0.92 2.29 1.34
T9:7 290-D90-UH-FR 0.35 0.87 0.91 0.45 0.76 0.96 1.93 1.14
T9:8 Parametric study
T9:9 240-D24-UH-T1.0 0.1 1.00 N/A 1.00 0.94 N/A 1.00 1.06

T9:10 240-D72-UH-T1.0 0.3 0.81 N/A 0.61 0.81 N/A 1.32 1.00
T9:11 240-D120-UH-T1.0 0.5 0.53 N/A 0.27 0.55 N/A 1.96 0.96
T9:12 240-D168-UH-T1.0 0.7 0.30 N/A 0.19 0.29 N/A 1.57 1.03
T9:13 290-D29-UH-T1.0 0.1 1.00 N/A 1.00 0.94 N/A 1.00 1.06
T9:14 290-D87-UH-T1.0 0.3 0.82 N/A 0.61 0.82 N/A 1.35 1.01
T9:15 290-D145-UH-T1.0 0.5 0.58 N/A 0.27 0.56 N/A 2.15 1.04
T9:16 290-D203-UH-T1.0 0.7 0.36 N/A 0.19 0.29 N/A 1.91 1.25
T9:17 240-D24-UH-T1.5 0.1 0.94 1.00 1.00 0.94 0.94 0.94 1.00
T9:18 240-D72-UH-T1.5 0.3 0.80 1.00 0.61 0.81 0.80 1.31 0.99
T9:19 240-D120-UH-T1.5 0.5 0.52 0.94 0.27 0.55 0.55 1.93 0.95
T9:20 240-D168-UH-T1.5 0.7 0.30 N/A 0.19 0.29 N/A 1.58 1.03
T9:21 290-D29-UH-T1.5 0.1 0.97 1.00 1.00 0.94 0.97 0.97 1.03
T9:22 290-D87-UH-T1.5 0.3 0.81 1.00 0.61 0.82 0.81 1.32 1.00
T9:23 290-D145-UH-T1.5 0.5 0.54 1.00 0.27 0.56 0.54 2.00 0.96
T9:24 290-D203-UH-T1.5 0.7 0.33 N/A 0.19 0.29 N/A 1.72 1.14
T9:25 240-D24-UH-T2.0 0.1 1.00 1.00 1.00 0.94 1.00 1.00 1.06
T9:26 240-D72-UH-T2.0 0.3 0.86 0.85 0.61 0.81 1.01 1.41 1.06
T9:27 240-D120-UH-T2.0 0.5 0.57 0.69 0.27 0.55 0.81 2.07 1.02
T9:28 240-D168-UH-T2.0 0.7 0.35 N/A 0.19 0.29 N/A 1.79 1.17
T9:29 290-D29-UH-T2.0 0.1 1.00 1.00 1.00 0.94 1.00 1.00 1.06
T9:30 290-D87-UH-T2.0 0.3 0.86 1.00 0.61 0.82 0.86 1.41 1.05
T9:31 290-D145-UH-T2.0 0.5 0.56 0.84 0.27 0.56 0.67 2.07 1.00
T9:32 290-D203-UH-T2.0 0.7 0.34 N/A 0.19 0.29 N/A 1.79 1.17
T9:33 240-D24-UH-T2.5 0.1 0.99 0.81 1.00 0.94 1.22 1.00 1.06
T9:34 240-D72-UH-T2.5 0.3 0.80 0.68 0.61 0.81 1.18 1.31 0.99
T9:35 240-D120-UH-T2.5 0.5 0.53 0.55 0.27 0.55 0.96 1.96 0.96
T9:36 240-D168-UH-T2.5 0.7 0.31 N/A 0.19 0.29 N/A 1.63 1.07
T9:37 290-D29-UH-T2.5 0.1 0.99 0.98 1.00 0.94 1.01 0.99 1.06
T9:38 290-D87-UH-T2.5 0.3 0.82 0.82 0.61 0.82 1.00 1.34 1.00
T9:39 290-D145-UH-T2.5 0.5 0.58 0.67 0.27 0.56 0.85 2.11 1.02
T9:40 290-D203-UH-T2.5 0.7 0.36 N/A 0.19 0.29 N/A 1.89 1.24
T9:41 Mean 0.91 1.62 1.07
T9:42 COV 0.18 0.29 0.10

Note: N/A: h=tw ratio or dwh exceeds the limit of AS/NZS (2018).

© ASCE 15 J. Struct. Eng.
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405the fact that the current design rules of CFS channels with web
406holes do not consider the effects of edge-stiffener. Therefore, new
407design rules for CFS channels with edge-stiffened web holes
408should be developed.

409Proposed Design Formulas

410New design rules in the form of a reduction factor were proposed
411in this paper to determine the shear capacity of CFS channels with
412edge-stiffened web holes based on the experimental and numeri-
413cal results presented herein. It should be noted that a previous
414study reported by the same authors (Chen et al. 2020b) indicated
415that the influences of the rq=tw ratio on the capacity of such CFS
416channels are limited. Therefore, the ratio rq=tw was not consid-
417ered in the proposed design formulas. Only the primary influenc-
418ing parameters such as q=d1 and dwh=d1 ratios were considered.
419The design formulas for calculating the shear capacity reduction
420factors (qsðprÞ) of CFS channels with edge-stiffened web holes are
421given next

Table 10. Comparison of shear capacity reduction factor obtained from tests, parametric study, current design formulas, and proposed design formulas for
channels with edge-stiffened web holes (aspect ratio ¼ 1.0)

T10:1 Specimen
Ratio,
dwh=d1

Shear capacity reduction factor (qs) Comparison

T10:2 qs qsðAISI&AS=NZSÞ qsðShanÞ qsðKMÞ qsðprÞ qs=qsðAISI&AS=NZSÞ qs=qsðShanÞ qs=qsðKMÞ qs=qsðprÞ
T10:3 Experiments
T10:4 240-D140-EH 0.63 0.66 0.64 0.22 0.39 0.59 1.03 3.00 1.69 1.12
T10:5 240-D90-EH 0.41 0.91 0.81 0.30 0.66 0.83 1.12 3.03 1.38 1.10
T10:6 290-D140-EH 0.52 0.76 0.76 0.26 0.53 0.79 1.00 2.92 1.43 0.96
T10:7 290-D90-EH 0.34 0.88 0.91 0.45 0.76 0.93 0.97 1.96 1.16 0.95
T10:8 Parametric study
T10:9 240-D24-EH-T1.5-Q0.04 0.1 1.00 1.00 1.00 0.94 1.01 1.00 1.00 1.06 0.99

T10:10 240-D72-EH-T1.5-Q0.04 0.3 0.88 1.00 0.61 0.81 0.89 0.88 1.44 1.09 0.99
T10:11 240-D120-EH-T1.5-Q0.04 0.5 0.67 0.94 0.27 0.55 0.67 0.71 2.48 1.22 1.00
T10:12 240-D168-EH-T1.5-Q0.04 0.7 0.45 N/A 0.19 0.29 0.43 N/A 2.37 1.55 1.05
T10:13 240-D24-EH-T1.5-Q0.06 0.1 1.00 1.00 1.00 0.94 1.02 1.00 1.00 1.06 0.98
T10:14 240-D72-EH-T1.5-Q0.06 0.3 0.89 1.00 0.61 0.81 0.90 0.89 1.46 1.10 0.99
T10:15 240-D120-EH-T1.5-Q0.06 0.5 0.69 0.94 0.27 0.55 0.69 0.73 2.56 1.25 1.00
T10:16 240-D168-EH-T1.5-Q0.06 0.7 0.46 N/A 0.19 0.29 0.45 N/A 2.42 1.59 1.02
T10:17 240-D24-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
T10:18 240-D72-EH-T2.0-Q0.04 0.3 0.87 0.85 0.61 0.81 0.89 1.02 1.43 1.07 0.98
T10:19 240-D120-EH-T2.0-Q0.04 0.5 0.70 0.79 0.27 0.55 0.67 0.89 2.59 1.27 1.04
T10:20 240-D168-EH-T2.0-Q0.04 0.7 0.45 N/A 0.19 0.29 0.43 N/A 2.37 1.55 1.05
T10:21 240-D24-EH-T2.0-Q0.06 0.1 1.01 1.00 1.00 0.94 1.02 1.01 1.01 1.07 0.99
T10:22 240-D72-EH-T2.0-Q0.06 0.3 0.88 0.85 0.61 0.81 0.90 1.04 1.44 1.09 0.98
T10:23 240-D120-EH-T2.0-Q0.06 0.5 0.72 0.79 0.27 0.55 0.69 0.91 2.67 1.31 1.04
T10:24 240-D168-EH-T2.0-Q0.06 0.7 0.47 N/A 0.19 0.29 0.45 N/A 2.47 1.62 1.04
T10:25 290-D29-EH-T1.5-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
T10:26 290-D87-EH-T1.5-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02
T10:27 290-D145-EH-T1.5-Q0.04 0.5 0.64 1.00 0.27 0.55 0.67 0.64 2.37 1.16 0.96
T10:28 290-D203-EH-T1.5-Q0.04 0.7 0.44 N/A 0.19 0.29 0.43 N/A 2.32 1.52 1.02
T10:29 290-D29-EH-T1.5-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00
T10:30 290-D87-EH-T1.5-Q0.06 0.3 0.92 1.00 0.61 0.81 0.90 0.92 1.51 1.14 1.02
T10:31 290-D145-EH-T1.5-Q0.06 0.5 0.67 1.00 0.27 0.55 0.69 0.67 2.48 1.22 0.97
T10:32 290-D203-EH-T1.5-Q0.06 0.7 0.47 N/A 0.19 0.29 0.45 N/A 2.47 1.62 1.04
T10:33 290-D29-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
T10:34 290-D87-EH-T2.0-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02
T10:35 290-D145-EH-T2.0-Q0.04 0.5 0.68 0.84 0.27 0.55 0.67 0.81 2.52 1.24 1.01
T10:36 290-D203-EH-T2.0-Q0.04 0.7 0.44 N/A 0.19 0.29 0.43 N/A 2.32 1.52 1.02
T10:37 290-D29-EH-T2.0-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00
T10:38 290-D87-EH-T2.0-Q0.06 0.3 0.93 1.00 0.61 0.81 0.90 0.93 1.52 1.15 1.03
T10:39 290-D145-EH-T2.0-Q0.06 0.5 0.71 0.84 0.27 0.55 0.69 0.85 2.63 1.29 1.03
T10:40 290-D203-EH-T2.0-Q0.06 0.7 0.47 N/A 0.19 0.29 0.45 N/A 2.47 1.62 1.04
T10:41 Mean 0.93 1.95 1.27 1.01
T10:42 COV 0.13 0.35 0.16 0.03

F18:1 Fig. 18. Comparison of test and FEA results with current shear design
F18:2 rules for channels with unstiffened web holes (aspect ratio ¼ 1.0).
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qsðprÞ ¼ 1.04þ 0.67
q
d1

− 0.59
dwh
d1

For; 0.1 ≤ dwh=d1 ≤ 0.3 ð24Þ

qsðprÞ ¼ 1.42þ 1.08
q
d1

− 1.59
dwh
d1

For; 0.3 < dwh=d1 ≤ 0.5 ð25Þ

qsðprÞ ¼ 1.72þ 1.18
q
d1

− 1.91
dwh
d1

For; 0.5 < dwh=d1 ≤ 0.7 ð26Þ

422 The validity for the proposed design formulas shall apply within
423 the following limits: (a) 0.1≤ dwh=d1 ≤ 0.7; (b) 0.04≤ q=d1 ≤ 0.12;
424 (c) 96 ≤ d1=tw ≤ 290.
425 In order to assess the accuracy of the proposed design formulas
426 for a shear capacity reduction factor of CFS channels with edge-
427 stiffened web holes [Eqs. (24)–(26)], Fig. 19 and Table 10 com-
428 pare their predictions with the corresponding results obtained
429 from laboratory tests and FEA. From the comparison results, it
430 was found that the shear capacity reduction factor determined
431 from Eqs. (24)–(26) agree well with the results obtained from lab-
432 oratory tests and FEA.

433Reliability Analysis

434A reliability analysis was carried out to assess the reliability of the
435proposed design formulas for determining the shear capacity reduc-
436tion factors of CFS channels with edge-stiffened web holes. A tar-
437get reliability index of 2.5 for CFS structural members is
438recommended as a lower limit in the AISI Specification (2016).
439Design formulas are considered reliable if the value of the reliabil-
440ity index (β) is greater than or equal to 2.5 (AISI 2016). A load
441combination of 1.2DLþ 1.6LL as specified in the AISI Specifica-
442tion (2016) was used in the reliability analysis. In the calculation,
443DL means the dead load, while LL means the live load. The stat-
444istical parameters were determined from the AISI Specification
445(2016) for CFS members, where Mm ¼ 1.10, Fm ¼ 1.00, VM ¼
4460.10, and VF ¼ 0.05. These values are the mean values and coef-
447ficients of variations for material and fabrication properties.
448Table 11 confirms that the values of β are 2.84, 2.80, and 2.80,
449for Eqs. (24)–(26), respectively, indicating that the proposed design
450formulas are reliable for determining the shear capacity reduction
451factor of CFS channels with edge-stiffened web holes.

452Concluding Remarks

453This paper presents the details of an experimental and numerical
454investigation into the shear capacity of CFS channels with edge-
455stiffened web holes, unstiffened web holes, and plain webs. A total
456of 254 results comprising 30 laboratory tests and 224 FE results are
457reported.
458The results obtained from laboratory tests indicate that for a
459channel with edge-stiffened web holes, the shear capacity increased
460by 13.6% on average when compared with that of a channel with
461unstiffened web holes. Also, CFS channels without flange restraints
462had an 11.04% lower shear capacity than its restrained equivalent.
463The shear capacities of those specimens with an aspect ratio of 1.5
464were reduced by 24.9% on average due to this combined action.
465A numerical model is then developed and validated against
466the corresponding results obtained from laboratory tests, which
467showed good agreement both in terms of ultimate strength and fail-
468ure modes. A parametric study comprising 224 FE models was con-
469ducted based on the validated FE models.
470The current design formulas in AISI (2016) and AS/NZS (2018)
471for web holes are demonstrated to be unconservative by 7% on
472average when determining the shear capacity reduction factor of
473such CFS channels with edge-stiffened web holes.
474Modified design formulas are therefore proposed using bivariate
475linear regression analysis. A reliability analysis was carried out to
476assess the proposed design formulas, indicating that the proposed
477design formulas can closely determine the shear capacity reduction
478factor of CFS channels with edge-stiffened web holes.

Table 11. Statistical parameters for comparison of shear capacity reduction factor obtained from tests and parametric study against the proposed design
formulas

T11:1 Statistical parameters

qsðFEA&TESTÞ=qsðprÞ

¼ 1.04þ 0.67
q
d1

− 0.59
dwh
d1

qsðFEA&TESTÞ=qsðprÞ

¼ 1.42þ 1.08
q
d1

− 1.59
dwh
d1

qsðFEA&TESTÞ=qsðprÞ

¼ 1.72þ 1.18
q
d1

− 1.91
dwh
d1

T11:2 Number of data 80 42 42
T11:3 Mean, Pm 1.00 1.00 1.00
T11:4 Coefficient of variation, COV 0.02 0.04 0.04
T11:5 Reliability index, β 2.84 2.80 2.80
T11:6 Resistance factor, φ 0.85 0.85 0.85

F19:1 Fig. 19. Comparison of test and FEA results with proposed reduction
F19:2 factor equations for channels with edge-stiffened web holes.
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486 Notation

487 The following symbols are used in this paper:
488 a = shear span;
489 bf = width of flange;
490 bl = width of lip;
491 d1 = clear height of web;
492 dwh = diameter of web hole;
493 E = young’s modulus of elasticity;
494 fy = yield strength;
495 L = total length of test specimen;
496 LVDTs = linear variable displacement transducers;
497 q = length of stiffener;
498 qs = reduction factor;
499 qsðAISI&AS=NZSÞ = reduction factor predicted from AISI (2016) and
500 AS/NZS (2018);
501 qsðKMÞ = reduction factor predicted from design rules
502 proposed by Keerthan and Mahendran (2013a,
503 2014);
504 qsðShanÞ = reduction factor predicted from design rules
505 proposed by Shan et al. (1997);
506 ri = inside corner radius of section;
507 tw = thickness of web;
508 VDSM−1 = shear capacity predicted from the DSM design
509 rules in shear without TFA;
510 VDSM−2 = shear capacity predicted from the DSM design
511 rules in shear with TFA;
512 VEXP = shear capacity predicted from laboratory tests;
513 VEXP−1.0 = experimental shear capacity of specimens with
514 aspect ratios of 1.0;
515 VEXP−1.5 = experimental shear capacity of specimens with
516 aspect ratios of 1.5;
517 VFEA = shear capacity predicted from finite element
518 (FEA);
519 VKM = shear capacity predicted from the design
520 equations proposed by Keerthan and Mahendran
521 (2015);
522 σ0.2 = static 0.2% proof stress;
523 σu = static ultimate tensile strength;
524 σtrue = true stress; and
525 εtrueðplÞ = true strain.
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