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Abstract: Cold-formed steel (CFS) channel beams are an increasingly popular choice as load-9 

carrying members in building structures. Such channel beams often include web holes for 10 

installation of services. Traditional web holes are normally punched and are un-stiffened. This 11 

can restrict the size and spacing of web holes. Recently, a new generation of CFS channel 12 

beams with edge-stiffened web holes has been developed and used widely in New Zealand. 13 

However, no experimental investigation has been reported in the literature for such channel 14 

beams under bending. In this paper, a total of 215 results comprising 16 four-point bending 15 

tests and 199 finite element analysis (FEA) are reported on the moment capacity of CFS 16 

channel beams with both edge-stiffened and un-stiffened web holes. For comparison, channel 17 

beams without web holes were also tested. For all specimens, initial imperfections were 18 

measured using a laser scanner. A nonlinear elasto-plastic finite element (FE) model was also 19 

developed, and the results showed good agreement with the test results. A parametric study 20 

was conducted using the validated FE model to investigate the effects of beam length, hole 21 

diameter, stiffener length and fillet radius on the moment capacity of CFS channel beams. It is 22 

shown that for the case of a channel beam with five edge-stiffened web holes, the moment 23 

capacity increased by as much as 14.5%, compared to that of a plain channel beam. For 24 

comparison, the same section with un-stiffened web holes had a 13.6% reduction in moment 25 
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capacity, compared to that of a plain channel beam. Furthermore, the accuracy of current design 26 

guidelines in accordance with the American Iron and Steel Institute (AISI) and Australia/New 27 

Zealand (AS/NZ) standards were verified by comparing the tests and FEA results against the 28 

design strengths for moment capacity of CFS channel beams without web holes. On the other 29 

hand, for CFS channel beams with web holes, the moment capacity obtained from tests and 30 

FEA were compared against the moment capacity calculated from the design equations of 31 

Moen and Schafer. Upon comparison, it was found that the AISI and AS/NZS can closely 32 

predict the moment capacity of CFS channel beams without web holes. The Moen and Schafer 33 

design equations were found to be over-conservative by around 11% and 28% for moment 34 

capacity of CFS channel beams with un-stiffened and edge-stiffened web holes, respectively.  35 

Keywords: Cold-formed steel, Flexural behaviour, Edge-stiffened web holes, Finite element 36 

analysis 37 
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1. Introduction 38 

The use of cold-formed steel (CFS) channel beams as the primary load-carrying members 39 

in buildings is increasingly popular (Fig. 1). Such channel beams often include web holes that 40 

have been pre-punched for installation of services. Such web holes are usually un-stiffened 41 

(Fig. 2(a)), which can restrict the size and spacing of holes. Recently, a new generation of CFS 42 

channel beams with edge-stiffened web holes (Fig. 2(b)) developed by Howick Ltd. [1] has 43 

been used widely in New Zealand. However, no experimental research is available in the 44 

literature investigating the flexural behaviour of CFS channel beams with edge-stiffened web 45 

holes. Furthermore, current design guidance, i.e. the American Iron and Steel Institute (AISI) 46 

[2] and the Australian and New Zealand Standards (AS/NZS) [3] does not provide guidelines 47 

for determining the moment capacity of such CFS channel beams with edge-stiffened web 48 

holes. 49 

This paper reports the results of 16 new experiments and 199 finite element analyses 50 

(FEA) on CFS channel beams with edge-stiffened web holes, un-stiffened web holes, and plain 51 

webs under four-point bending. The cross-sectional details of the CFS channel beams 52 

investigated in this paper are shown in Fig. 3. 53 

In the literature, limited studies have been reported on CFS channel members with edge-54 

stiffened web holes under different loading conditions. Chen et al. [4-5] conducted 55 

experimental and numerical investigations on the axial strength of CFS channel columns with 56 

edge-stiffened web holes under axial compression and found that the axial strength of CFS 57 

channel columns with edge-stiffened web holes was higher than that of a plain channel column. 58 

For bending tests, Yu et al. [6] studied numerically the effect of edge-stiffened web holes on 59 

the moment capacity. It was found that edge-stiffened web holes can improve the moment 60 
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capacity of CFS channel beams by an average of 14%, when compared to that of a plain channel 61 

beam. However, the numerical models developed by Yu et al. [6] for CFS channel beams with 62 

edge-stiffened web holes were validated against the test results of CFS channel beams with un-63 

stiffened web holes. This is due to the unavailability of test results for CFS channel beams with 64 

edge-stiffened web holes which is addressed in the current paper. In another numerical study, 65 

Grey and Moen [7] presented procedures for approximating the elastic critical buckling load 66 

of CFS channel beams due to the presence of edge-stiffened web holes. In terms of web 67 

crippling tests, Uzzaman et al. [8-9] found that a CFS channel beam with edge-stiffened web 68 

holes has an improved web crippling strength, almost as much as that of a plain channel beam. 69 

For CFS channel beams with un-stiffened web holes, significant research is available in 70 

the literature. In terms of bending tests, Zhao et al. [10] investigated experimentally the flexural 71 

behaviour of CFS channel beams with un-stiffened web holes. The latter indicated how the 72 

direct strength method (DSM) in AISI [2] provides unconservative predictions for CFS channel 73 

beams with un-stiffened web holes. Moen et al. [11-13] conducted bending tests on CFS 74 

channel beams with web holes; however, these were for un-stiffened web holes. Based upon 75 

this research [11-13], they proposed a modification to the DSM equations considering the 76 

effects of un-stiffened web holes on the flexural behaviour of CFS channel beams. Yu et al. 77 

[14-15] proposed an analytical method for distortional buckling strength of CFS channel beams 78 

with un-stiffened web holes. For compression tests, the effects of un-stiffened circular and 79 

elongated web holes on the buckling behaviour of CFS channel columns were studied by 80 

Kulatunga et al. [16-17]. Moen and Schafer [18-19] have investigated the applicability of the 81 

DSM approach for calculating the axial strength of CFS columns with un-stiffened web holes. 82 

In terms of CFS channel beams without web holes, extensive research is available in the 83 

literature. For distortional and local buckling, distortional buckling tests on CFS channel 84 
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sections were conducted by Yu and Schafer [20-23] under four-point bending. On the other 85 

hand, Yu et al. [24] proposed a design method, based on the Effective Width Method (EWM), 86 

for determining the nominal distortional buckling strength of typical CFS channel beams 87 

subjected to bending. Wang and Young [25] conducted a total of 16 bending tests to investigate 88 

the flexural behaviour of CFS channel beams. The latter found that the design strengths 89 

predicted by the DSM are conservative for both cases where local and distortional buckling 90 

failure occurs. For interactive buckling, Anbarasu [26] investigated the behaviour and design 91 

of CFS channel beams affected by local-distortional buckling interaction behaviour subjected 92 

to uniform bending. A simplified FE model was developed by Haidarali and Nethercot [27] to 93 

investigate the local-distortional interactive buckling behaviour of CFS channel beams without 94 

web holes. However, all of the above-mentioned investigations were either for CFS channel 95 

members without web holes or for CFS channel members with un-stiffened web holes. No 96 

experimental research is available in the literature for CFS channel beams with edge-stiffened 97 

web holes under four-point bending.  98 

As mentioned previously, this paper reports the results of 16 new experiments on the 99 

moment capacity of CFS channel beams without and with web holes under four-point loading. 100 

8 tests focus upon specimens with edge-stiffened web holes, 6 are on specimens with un-101 

stiffened web holes and the remaining 2 tests are on specimens without web holes. A non-linear 102 

elasto-plastic FE model including material non-linearity and geometric imperfections was also 103 

developed and validated against the experimental results. Using the validated FE model, an 104 

extensive parametric study involving 199 models was carried out to study the effects of beam 105 

length, diameter of hole, stiffener length and fillet radius for edge-stiffened holes. Moment 106 

capacities determined from the FEA or tests were compared with those predicted by the AISI 107 
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[2] and AS/NZS [3] for CFS channel beams without web holes and against the design equations 108 

of Moen and Schafer [11-13] for CFS channel beams with web holes. 109 

2. Experimental investigation 110 

2.1 Test specimens 111 

A total of 16 bending tests were conducted on the flexural behaviour of CFS channel 112 

beams with edge-stiffened, un-stiffened web holes and plain webs. To avoid out-of-plane 113 

failure, two single channel beams were connected to the load transfer blocks during the tests. 114 

Table 1 shows the measured specimen dimensions for all test specimens.  115 

The length of CFS channel beams was 4000 mm. Two different section sizes were 116 

considered in this study: namely, section 240 and section 290. It can be found from Fig. 4 that 117 

the holes were located in the constant moment span and the diameter of holes (a) was fixed as 118 

140 mm. Two different hole spacings were considered:100 mm and 50 mm. The edge-stiffener 119 

length (q) was fixed as 13 mm.  120 

2.2 Section labelling  121 

The test specimens were labelled so that the depth of web, length of beam, and the type 122 

of hole was defined (Fig. 5). For example, the label “240- L4000-EH1-1” can be explained as 123 

follows: 124 

• “240” means the nominal depth of web in millimetres (dw = 240 mm). 125 

•  “L4000” indicates the nominal length of specimens in millimetres (L = 4000 mm). 126 

• “EH1” identifies a web with one edge-stiffened hole.  127 

• “1” indicates the specimen number for a repeated group. 128 

2.3 Material testing   129 

To obtain the material properties of the test specimens, tensile coupon tests were 130 

conducted. In total, 6 flat coupons were prepared from the flat portion of the channel beams, 131 
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which were cut from both the sections 240 and 290 (Fig.6(a)). All flat coupons were tested in 132 

accordance with the British Standard for Testing and Materials [28] (Fig. 6(b)). To consider 133 

the effect of the cold-working, A total of 6 corner coupons were prepared from the rounded 134 

corner zones between web and flange (Fig.6(a)), which were also cut from both the sections 135 

240 and 290. All corner coupons were tested in pairs to avoid eccentric loading (Fig. 6(c)) [29-136 

30]. 137 

The full stress-strain curves of both the flat and corner regions for sections 240 and 290 138 

obtained from tensile coupon tests are shown in Figs. 7(a) and (b). It can be seen from Table 2 139 

that, for section 240, the average yield stresses (σ0.2) are 332.8 MPa and 363.4 MPa for the flat 140 

and corner coupons, respectively. On the other hand, for section 290, the average yield stress 141 

(σ0.2) are 330.7MPa and 362.2 MPa for flat and corner coupons. These measured values of the 142 

material properties were included in the FE model developed for such CFS channel beams, as 143 

described later in section 3.2.  144 

2.4. Initial geometric imperfections 145 

Initial geometric imperfections significantly affect the behaviour of CFS channel beams 146 

in bending. Therefore, the initial geometric imperfections of all test specimens were recorded 147 

using a laser scanner before undertaking the bending tests (Fig. 8(a)). 148 

As seen in Fig. 8(b), a laser scanner was used to measure imperfections along six 149 

longitudinal lines on CFS channel beams. The local imperfection was determined from 150 

subtracting the average reading of W-1 and W-4 from the readings of W-2 and W-3. The overall 151 

imperfections were determined from the average value of the readings of W-1 and W-4 at mid-152 

height of the CFS channel beams. The distortional imperfection was determined from the 153 

maximum reading of F-1 and F-2. A similar procedure was used to measure the initial 154 

imperfections of CFS channel beams by Chen et.al [4] and Ye et al. [29-30].  A typical 155 
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imperfection profile of 240-L4000-NH is plotted in Fig. 9. Table 3 shows the maximum local, 156 

distortional and overall imperfections of all test specimens. 157 

2.5 Testing-rig and loading procedure 158 

An MTS machine with a capacity of 500 kN was used to apply the four-point loading. 159 

As can be seen from Fig. 10, the CFS channel beams were simply supported by two rollers at 160 

the ends of the channels. A total of eight stiffening plates were positioned at the loading point 161 

and end supports to avoid web crippling failure. The bending tests were loaded symmetrically 162 

at two points to the load transfer blocks using a spreader beam to avoid any possible local 163 

failure. The distance between the two loading points was designed to be 1200 mm and the 164 

distance between the end supports and the adjacent loading points was also 1200 mm. 165 

Three displacement transducers (LVDTs) were positioned along the center line of the 166 

tension face of each specimen at the two loading points and at the mid-span of the specimen to 167 

capture the vertical deflections. A displacement-controlled loading scheme with a constant rate 168 

of 0.01 mm/s was used for all test specimens. A data acquisition system was used to record the 169 

displacement transducers and load readings at regular intervals during the tests. Figs. 10(a) and 170 

10(b) show overall view and side view of the test rig, respectively. Fig. 11 shows a schematic 171 

drawing of the loading rig. 172 

2.6 Results and discussion 173 

In this section, the results from the experiments are presented. Fig. 12 shows the 174 

deformed shapes of the CFS channel beams with un-stiffened and edge-stiffened web holes. 175 

From the results, it can be seen how distortional buckling failure occurred for most of the test 176 

specimens with edge-stiffened web holes (Fig. 12(a)), while for test specimens with un-177 

stiffened web holes, local-distortional buckling interactions were observed (Fig. 12(b)). The 178 
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ultimate moments capacity (MExp) obtained from the tests are summarized in Table 1 for all 179 

specimens.  180 

It was found from Table 1 that the results of repeated tests are very close to their 181 

corresponding first test values. Therefore, the reliability of the test results was demonstrated 182 

by the small differences between the repeated test values. 183 

Fig. 13 shows the influence of edge-stiffened web holes on the moment capacity of CFS 184 

channel beams. It was found that for section 240, the moment capacity was slightly reduced 185 

(up to 12.8%) due to the presence of five un-stiffened holes. The use of five edge-stiffened 186 

holes could increase the moment capacity up to 13.9%, when compared with that of a plain 187 

channel beam. In terms of section 290, the moment capacity increased by as much as 15.1%, 188 

when compared with that of a plain channel beam. For comparison, the same section with un-189 

stiffened web holes had a reduction in moment capacity of around 14.3%, when compared with 190 

that of a plain channel beam. 191 

Fig. 14 plots the moment capacity against the mid-span deflections for all test specimens. 192 

The moment capacity per channel was determined using a quarter of the ultimate static load 193 

multiplied by the lever arm for the beam specimens. It should be noted that no shear failure 194 

and out-of-plane bending failure was observed in any of bending tests. 195 

3. Numerical investigation 196 

3.1 General 197 

The FE program ABAQUS [31] was used to develop a numerical model to determine the 198 

moment capacity of CFS channel beams without and with web holes (edge-stiffened and un-199 

stiffened). The measured cross-section dimensions, initial geometric imperfections as well as 200 

the material properties obtained from the coupon tensile tests were included in the FE model. 201 

Specific modelling techniques are discussed next.  202 
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3.2 Material model 203 

The incremental plasticity model was used to model the CFS channel beams with edge-204 

stiffened web holes, which included the nonlinear material properties from true stress-205 

logarithmic plastic strain curves. The true stress-strain relationship was obtained from the 206 

engineering stress-strain curves by using the equations given next. 207 

            (1 )true  = +                                                                                                      (1)  208 

            ( ) ln(1 ) true
true pl

E


 = + −                                                                                            (2)        209 

Where E is the Young’s modulus, σ true and εtrue(pl) is the true stress and strain used in numerical 210 

modeling, σ and  are the engineering stress and strain, respectively. 211 

         The measured values of material properties obtained from the tensile coupon tests as 212 

reported in section 2.3 of the current paper were used in the FE model. Fig. 15(a) plots the 213 

measured engineering stress-strain curves and the calculated true stress-strain curves of flat 214 

and corner coupons. The corner material properties were assigned to the corner regions, while 215 

the flat material properties of the CFS channel beams were assigned to the flat regions in the 216 

FE model (Fig. 15(b)). In the FE models, the value of yield strength was defined as 600MPa 217 

and the value of Young’s modulus was defined as 200GPa for the load transfer blocks. 218 

3.3 Element type and mesh size 219 

S4R shell elements were used to model the CFS channel beams, as the S4R elements are 220 

linear 4-noded quadrilateral thick shell elements which have six degrees of freedom per node. 221 

The mesh sensitivity analysis was conducted, and the results suggested that a mesh size of 5 222 

mm×5 mm (length by width) was suitable for CFS channel beams with and without web holes. 223 
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Also, for the load transfer blocks, a mesh size of 10 mm×10 mm (length by width) was used. 224 

Mesh refinement was performed around the web holes for accurate FE analysis, and finer mesh 225 

sizes were used near the rounded corners (Fig. 16(a)). 226 

3.4 Boundary conditions and loading procedure 227 

In the bending tests, the concentrated loads and reaction forces were transferred from the 228 

U-shaped load transfer blocks to the specimens. Therefore, in the FE model, contact pairs were 229 

defined between the webs of each CFS channel beam and load transfer blocks using a surface-230 

to-surface interaction. In the normal direction of the contact pairs, a “hard” surface was used 231 

while in the tangent direction between the two channels, a “frictionless” surface was assigned. 232 

A coupling constraint was used to simulate the connection between the beams and load transfer 233 

blocks. A multi-point constraint (MPC) beam connector element available in ABAQUS [31] 234 

library was used to model the connection between the beams and load transfer blocks instead 235 

of physically modelling the bolts and bolt holes. 236 

To simulate the experimental boundary conditions, the supported boundary condition 237 

was modelled by releasing both the in-plane rotation and axial displacement along the specimen 238 

at the roller support. Two reference points were established at the top of load transfer block 239 

and the translations of U1 and U3 were fixed at these reference points. The loading was applied 240 

via a displacement control method by specifying a vertical displacement at the two reference 241 

loading points. In the FE model, the loading was applied by a static RIKS step available in the 242 

ABAQUS library [31]. The nonlinear geometric parameter (*NLGEOM) was included to deal 243 

with the large displacement analysis. Details of the boundary conditions applied in the FE 244 

model are shown in Fig. 16(b) for 290-L4000-EH1. 245 

3.5 Modelling of initial geometric imperfections 246 
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Initial geometric imperfections were considered in the FE model. Superimposition of 247 

local and overall geometric imperfections was considered for accurate FE analysis. For all 248 

channel beams, eigenvalue analyses were performed. For local buckling, very small channel 249 

thickness was considered. However, for overall buckling, large channel thickness was used. 250 

For local and overall buckling modes, the lowest eigenmode was used in ABAQUS [31]. The 251 

magnitude of overall and local imperfections used in the FE models of CFS channel beams was 252 

scaled to the values obtained from the experimental measurements of geometric imperfections. 253 

Similar modelling techniques were also used by past researchers [32-35] to model local and 254 

overall imperfections of CFS members. It should be noted that when distortional imperfections 255 

were included in the FE models, it was found that they have negligible effects on the failure 256 

load and deformed shapes of CFS channel beams with edge-stiffened holes [4]. The contours 257 

of local and overall buckling model are shown in Fig. 16 (c). 258 

3.6 Analysis methods 259 

       Two different methods of analysis were used to model the CFS channel beams with web 260 

holes (edge-stiffened and unstiffened) and without web holes: elastic buckling and 261 

implicit dynamic analysis. Elastic buckling analysis was used to obtain the eigenvectors for 262 

modelling the initial geometric imperfections. Dynamic analysis with implicit time integration 263 

was used for calculating the quasi-static response of CFS channel beams under four-point 264 

bending. It was found that the use of dynamic analysis in the FE models can lead to better 265 

comparisons of initial stiffness and post-buckling behaviour of CFS beams, when compared 266 

against the test results. Therefore, in this study, dynamic analysis was preferred over static-risk 267 

analysis.  268 
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3.7 Validation of the FE model  269 

The FE model was validated against the test results, as presented in section 2.6 of this 270 

paper. In Table 4, a comparison of the test results (MEXP) with the numerical results (MFEA) is 271 

shown for section 240 and 290. The mean value of the MEXP/MFEA ratio is 0.96 with the 272 

corresponding coefficient of variation (COV) of 0.04. Fig. 17 shows the failure mode obtained 273 

from FEA and tests for all test specimens with un-stiffened and edge-stiffened web holes. 274 

Moment versus displacement relationship obtained from both the FEA and test is shown in Fig. 275 

18. As can be seen, the FE results have a good agreement with experimental results in terms of 276 

moment capacity and deformed shapes.  277 

4. Parametric study  278 

4.1 General  279 

The FE model developed in this study (described in section 3) could closely predict the 280 

flexural behaviour of CFS channel beams without and with web holes (edge-stiffened and un-281 

stiffened). Using the validated FE model, a parametric study comprising 199 models was 282 

conducted to investigate the effects of beam length, diameter of holes, stiffener length and fillet 283 

radius on the moment capacity of such CFS channel beams. The dimensions as well as the 284 

moment capacities predicted from the parametric study (MFEA) are summarized in Tables 5-6. 285 

The same section 240 and 290 as used in the experimental and numerical investigations 286 

was considered in the parametric study. The beam length (L) was varied from 1000 mm to 6000 287 

mm. Table 6 shows the ratio (A) of the hole diameter to the depth of webs, which was varied 288 

as 0.1, 0.3 and 0.5. The ratio (R) of edge-stiffener fillet radius to the thickness were considered 289 

as 1, 2 and 3. The ratio (Q) of the length of stiffener to the depth of webs was varied as 0.04, 290 

0.06 and 0.08.   291 

4.2 Specimens labelling  292 
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The CFS channel beams analysed in the parametric study were labelled so that the 293 

nominal web height, nominal beam length, hole type, the ratio of hole diameter to web height, 294 

the ratio of stiffener length to web height and the ratio of edge-stiffener fillet radius to the 295 

thickness were defined. For example, the label “240-L4000-EH1-A0.1-Q0.04-R1” can be 296 

interpreted as follows:  297 

• The number “240” refers to the height of web in millimetres i.e. 240 mm; 298 

• The notation “L4000” refers to the nominal length of the specimen in millimetres i.e. 299 

4000 mm;  300 

• The notation “EH1’ identifies specimens with one edge-stiffened web hole;  301 

• The notation “A0.1” refers to the ratio of hole diameter to web height i.e. a/d = 0.1;  302 

• The notation “Q0.04” refers to the ratio of stiffener length to web height i.e. q/d = 0.04; 303 

• The notation “R1” means the ratio of edge-stiffener fillet radius to the thickness i.e. 304 

rq/t =1; 305 

 4.3 Results and discussion 306 

        The effect of hole diameter on moment capacity was investigated in the parametric study 307 

and it is shown in Table 6 and Fig. 19. It should be noted that an increase of 2.7% in bending 308 

strength occurred, when a/d ratio was increased from 0.1 to 0.5. This is due to the better 309 

performance of local buckling around the holes. 310 

In terms of edge-stiffener length, the effect of q/d on moment capacity was investigated 311 

and the results are shown in Table 6 and Fig. 20. As can be seen, the moment capacity was 312 

increased by only 1.2% when q/d was changed from 0.04 to 0.08, indicating that the influence 313 

of q/d on the moment capacity is negligible. 314 

The effect of stiffener fillet radius was also investigated in this study. An increase in 315 

moment capacity by only 1.4% was observed, when the rq/t ratio was increased from 1.0 to 3.0, 316 
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indicating that the effects of rq/t ratio is limited when determining the moment capacity of CFS 317 

channel beams with edge-stiffened web holes (Fig. 21).   318 

 

5. Current Design rules  319 

5.1 Design formulae for CFS channel beams without web holes [2-3] 320 

The un-factored design moment capacity of CFS channel beams without holes can be 321 

predicted from the AISI [2] and AS/NZS [3]. The nominal moment capacity (Mnl) for local 322 

buckling shall be calculated by using the following Equations 3 and 4: 323 

     For, l ≤ 0.776   nl neM M=    (3) 

     For, l > 0.776 

0.4 0.4

nl 1 0.15 crl crl
ne

ne ne

M M
M M

M M

   
= −   
   

 

  (4) 

 

Where Mne is the nominal flexural strength for lateral-torsional buckling; Mcrl is the critical 324 

elastic local moment. 325 

      The nominal moment capacity (Mnd) for distortional buckling shall be calculated using the 326 

following Equations 5 and 6: 327 

      For,  d ≤ 0.673 nd yM M=    (5) 

      For,  d > 0.673 

0.5 0.5

nd 1 0.22 crd crd
y

y y

M M
M M

M M

   
= −      
   

  (6) 

Where Mcrd is the critical elastic distortional buckling moment; My is the member yield moment 328 

(My= Sf×Fy). 329 

5.2 Design formulae for CFS channel beams with un-stiffened web holes [11-13] 330 

5.2.1. Distortional buckling moment prediction   331 

The DSM formulas for flexural members with un-stiffened web holes were proposed by 332 

Moen and Schafer [11-13]. The nominal moment capacity for distortional buckling (Mnd) of 333 
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CFS channel beams with un-stiffened web holes was calculated using the following Equations 334 

7-13: 335 

1For                 d d nd ynetM M  =                                                                                  (7) 336 

( )2

1 2 1

2 1

For    <       
ynet d

d d d nd ynet d d

d d

M M
M M    

 

− 
 = − − 

− 
                                     (8) 337 

0.5 0.5

2For      1 0.22 crd crd
d d nd y

y y

M M
M M

M M
 

    
  = −            

                                               (9) 338 

y

d

crd

M

M
 =                                                                                                                      (10) 339 

3

1 0.673
ynet

d

y

M

M


 
=   

                                                                                                          (11) 340 

2.7

2 0.673 1.7 0.7
y

d

ynet

M

M


  
 = −                                                                                            (12) 341 

2

2 2

1 1
1 0.22d y

d d

M M
 

    
= −     

                                                                                        (13) 342 

Where Mcrd is the critical elastic distortional buckling moment including the influence of holes; 343 

My is the member yield moment (My= Sf×Fy); Mynet is the member yield moment of net cross 344 

section (Mynet = Sfnet×Fy).. 345 

The elastic distortional buckling moment of CFS channel beams with un-stiffened web holes 346 

can be calculated using Equation 14, as given next. 347 

min( , )crd crdg crdnM M M=                                                                                               (14) 348 

where Mcrdg is the critical elastic buckling moment for a distortional buckling half-wave 349 

occurring in the gross cross section (without a hole), and Mcrdn is the critical buckling moment 350 
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for a distortional buckling half-wave at a hole. Mcrdn can be determined from the finite strip 351 

analysis software (e.g. THIN-WALL-2 or CUFSM) [36], where web thickness t is replaced by 352 

reduced web thickness tr calculated using Equation 15. 353 

           
1/3t (1 )h

r

crd

L
t

L
= −                                                                                                           (15) 354 

Where t is the thickness of web; Lh is the hole length; Lcrd is the distortional buckling half-355 

wavelength of the member with gross cross-section, determined from the finite strip analysis 356 

software (e.g. THIN-WALL-2 or CUFSM), as described by Moen and Schafer [11-13]. 357 

5.2.2. Local buckling moment prediction 358 

The nominal moment capacity for local buckling (Mnl) of beams with un-stiffened web 359 

holes was calculated using the Equations 16 and 17, as given next.  360 

0.776     l nl ne ynetM M M  =                                                                                                     (16) 361 

0.4 0.4

0.776     1 0.15 crl crl
l nl ne ynet

ne ne

M M
M M M

M M


    
  = −    
     

                                          (17) 362 

Where Mnl is the nominal flexural strength of local buckling; Mne is the nominal flexural 363 

strength for lateral-torsional buckling; Mcrl is the critical elastic local moment considering the 364 

influence of holes; Mynet is the member yield moment of net cross section (Mynet = Sfnet×Fy). 365 

Moen and Schafer [11-13] proposed a calculation procedure for elastic local buckling 366 

moment (Mcrl) which considers the influence of holes, as given in Equation 18:  367 

          
lgmin( , )crl cr crlhM M M=                                                                                                (18) 368 

Where Mcrℓg is the critical elastic local buckling moment at the gross cross section, and Mcrℓh is 369 

the critical local buckling moment of the compressed portion of the net section above a hole. 370 

More details regarding the calculation procedure can be found in Moen and Schafer [11-13]. 371 
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6. Comparison of tests and FE results with design strengths 372 

Fig. 22(a) compares the moment capacity of CFS channel beams without web holes 373 

predicted from the FEA and design standards [2-3]. These comparison results are also shown 374 

in Table 5, where the mean value of MFEA/MAISI&AS/NZS ratio is 1.08. Therefore, the AISI [2] 375 

and AS/NZ [3] standards are conservative by only 8% when determining the moment capacity 376 

of CFS channel beams without web holes. 377 

For CFS channel beams with un-stiffened web holes, it can be found that the moment 378 

capacity obtained from the design equations proposed by Moen and Schafer [11-13] are lower 379 

than the moment capacity obtained from FE analysis and tests by 11% on average (Fig. 22(b)). 380 

In terms of CFS channel beams with edge-stiffened web holes, the moment capacity 381 

obtained from the tests and FEA were compared with the moment capacity obtained from the 382 

design equations of un-stiffened web holes proposed by Moen and Schafer [11-13]. This is due 383 

to the unavailability of design equations for moment capacity of CFS channel beams with edge-384 

stiffened web holes. The comparison results are shown in Tables 5 and 6. It can be seen that 385 

the design moment capacity of CFS channel beams with edge-stiffened web holes are over-386 

conservative by 28% on average (Fig. 22(c)) when compared to design strength determined 387 

from Moen and Schafer’s [11-13] design equations. This is due to the fact that Moen and 388 

Schafer’s [11-13] design equations are for un-stiffened holes and do not include the geometrical 389 

parameters of the edge-stiffener when applied to CFS channel beams with edge-stiffened holes. 390 

7. Conclusions 391 

This paper presents an experimental and numerical investigation into the flexural 392 

behaviour of CFS channel beams with edge-stiffened web holes. A total of 16 four-point 393 

bending tests was reported. Prior to bending tests, initial geometrical imperfections were 394 

measured for all specimens. Tensile coupon tests were also carried out to determine the material 395 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/engineering/tensile-property
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properties of flat and corner regions of the CFS channels. The ultimate moment capacity and 396 

failure modes were recorded for each of the test specimens and discussed in this paper.  397 

A FE model is then presented, which includes non-linear material properties and 398 

modelling of geometric imperfections. The FE model was validated against the corresponding 399 

experimental results, which showed good agreement both in terms of ultimate moment capacity 400 

and failure modes. Using the validated FE model, an extensive parametric study comprising 401 

199 FE models was conducted to study the effects of beam length, hole diameter, stiffener 402 

lengths and stiffener fillet radius on moment capacity of CFS channel beams with edge-403 

stiffened web holes.  404 

The moment capacity of the CFS channel beams obtained from the tests and FE analysis 405 

was compared against the design moment capacity determined from the AISI & AS/NZS 406 

design rules for CFS channel beams without web holes and from the proposed design equations 407 

of Moen and Schafer for CFS channel beams with un-stiffened web holes. From the 408 

comparison, it was found that the design moment capacities calculated from the AISI and 409 

AS/NZS for CFS channel beams without web holes, are conservative by only 8%. The moment 410 

capacity of CFS channel beams with un-stiffened and edge-stiffened web holes, as calculated 411 

from the proposed design equations of Moen and Schaffer, are over-conservative by around 412 

11% and 28%, respectively.  413 
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Notations  

a 

A 

Ag 

bf  

bl   

CFS 

COV 

d 

DSM 

E 

EWM 

FEA 

L 

LVDT 

MAISI&AS/NZS 

Mcrd 

Mcrl 

MExp 

MFEA 

MMS 

Mnd 

Mnd 

n 

q 

Q 

  

 

Diameter of web holes; 

Ratio of the hole diameter to the depth of webs; 

Gross cross-sectional area; 

Overall flange width of section; 

Overall lip width of section; 

Cold-formed steel; 

Coefficient of variation; 

Overall web depth of section; 

Direct strength method; 

Young’s modulus of elasticity; 

Effective Width Method; 

Finite element analysis; 

Total length of the CFS channel beams; 

Linear variable displacement transducers;  

Moment capacity from the AISI and AS/NZS standards; 

Elastic distortional buckling moment; 

Elastic local buckling moment; 

Moment capacity from experiments; 

Moment capacity from finite element analysis; 

Moment capacity from  the design equations of Moen and Schafer; 

Nominal moment capacity for distortional buckling; 

Nominal moment capacity for local buckling; 

Number of web holes; 

Length of edge-stiffener; 

Ratio of the length of stiffener to the depth of webs; 
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r 

R 

rq 

s 

t 

 

u 

Radius of gyration of full unreduced cross-section axis of buckling; 

Ratio of edge-stiffener fillet radius to the thickness; 

Edge-stiffener fillet radius; 

Hole spacing; 

Thickness of section; 

Static 0.2% proof stress; 

Static ultimate tensile strength; 
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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 
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                   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 192057 332.8 420.5 

C240 Corner coupon 1.82 210052 363.4 431.8 

F290 Flat coupon 2.11 196136 330.7 415.8 

C290 Corner coupon 2.13 211003 362.2 430.5 
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            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 
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       Table 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 [11-13] 

Comparison Failure mode 

MExp (kN·m) MFEA(kN·m) MMS (kN·m) MExp/MFEA MExp/ MMS  

240-L4000-NH 11.9 12.6 - 0.94 - 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 11.2 10.2 0.98 1.07 Distortional-local 

240-L4000-UH3 10.6 10.7 10.0 0.99 1.06 Distortional-local 

240-L4000-UH5 10.2 10.0 9.7 1.02 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 [11-13] 

Comparison Failure mode 

MExp (kN·m) MFEA(kN·m) MMS (kN·m) MExp/MFEA MExp/ MMS  

290-L4000-NH 18.0 19.59 - 0.92 - 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 18.16 14.9 0.92 1.12 Distortional-local 

290-L4000-UH3 16.3 17.66 14.7 0.92 1.10 Distortional-local 

290-L4000-UH5 15.7 16.42 14.5 0.96 1.08 Distortional-local 
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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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Table 6 Moment capacity predicted from FEA of a parametric study for varying stiffener length, fillet radius, and hole diameter  

(a) Section 290 

(b) Section 240  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

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 

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 

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. 1 Cold-formed steel beams as the primary load-carrying members in floor systems 
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(a) CFS channel beams with un-stiffened holes 

 

(b) CFS channel beams with edge-stiffened holes 

     Fig. 2. CFS channel beams with web holes considered in this study 
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(a) Section 240 

 

(b) Section 290 

                                                                                                                                                    All dimensions are in millimeters (mm)  

Fig. 3. Nominal cross-sections of the CFS channel beams considered in this paper. 
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        All dimensions are in millimeters (mm) 

              Fig. 4. Location of web hole  
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             Fig. 5. Specimen labelling 
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                                     (b)  Flat coupon                                                                      (c) Corner coupon  

 

(a) Location of coupons 

Fig. 6. Test setup of tensile coupon test 
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(a) Section 240 

 

(b) Section 290 

                  Fig. 7.  Stress-strain curves 
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      (a) Photograph of imperfection measurements setup. 

                     

(b) Locations of the imperfection measurements 

              Fig. 8. Initial geometric imperfection using laser scanner 
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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      

          Fig. 9. Typical imperfection profile (240-L4000-NH)        
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(a) Overall view of loading rig 

 

(b) Side view of loading rig 

                                                                     Fig. 10. Photograph of test loading rig. 

 

Load transfer block 

Stiffening plate 

Roller support 

Spreader beam 

LVDTs 

Load transfer block 

Roller support 

Specimen 

Spreader beam 



45 

 

Fig. 11. Schematic drawing of loading rig 
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(a) Distortional buckling modes  

 

(b) Distortional-local buckling modes 

Fig. 12. Failure modes of CFS channel beams with holes under bending 
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                  (a) Section 290 

 

                       (b) Section 240 

        Fig. 13. Comparison of moment versus deflection response for specimens with and without holes  
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              Fig. 14. Moment versus mid-span deflection  
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(a) Stress-strain curves of flat and corner coupon (section 240) 

                                    

(b) Location of flat and corner region 

Fig. 15. Modelling of material properties 
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(a) Typical finite element mesh (290-L4000-EH1) 

 

(b) Boundary condition applied in the FE model (290-L4000-EH1) 

 

 

 

(i) Local buckling                                             

 

(ii) Overall buckling 

   (c) Initial geometric imperfection contours  (290-L4000-EH1) 

Fig. 16. Details of the FE model 
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(a) 290-L4000-EH1 

           

(b) 290-L4000-EH3 

 

(c) 290-L4000-EH5 

  

(d) 290-L4000-UH1 

 

(e) 290-L4000-UH3 

 

(f) 290-L4000-UH5 
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(g) 240-L4000-EH1 

 

 (h) 240-L4000-EH3 

 

 (i) 240-L4000-EH5 

 

 (j) 240-L4000-UH1

 

 (k) 240-L4000-UH3 

 

(l) 240-L4000-UH5 

Fig. 17. Deformed shapes at failure from experiments and FEA  
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Fig. 18. Comparison of FEA and experimental moment versus displacement curves 
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               (a) Section 240 

 
               (b) Section 290 

          Fig. 19. Effect of a/d ratio on moment capacity   
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               (a) Section 240 

 

               (b) Section 290 

          Fig. 20. Effect of q/d ratio on moment capacity   
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               (a) Section 240 

 

               (b) Section 290 

          Fig. 21. Effect of rq/t ratio on moment capacity   
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                                                                 (a) CFS channel beams without hole 

 
                     (b) CFS channel beams with un-stiffened hole 

       

                     (c) CFS channel beams with edge-stiffened hole 

                  Fig. 22. Comparison of moment capacity obtained from FEA or Test and the design equations  
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