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Abstract 10 

Cold-formed steel (CFS) beams are commonly deployed in construction with web holes to 11 

accommodate service conduits. The web holes are subjected to stiffening methods aiming to 12 

restore the load-carrying strength reduction. In the shear design of CFS channels with stiffened 13 

web holes, the elastic shear buckling strength is the basis for the design irrespective of the 14 

available post-buckling strength. Therefore, this paper investigates the elastic shear buckling 15 

characteristics of CFS channels with stiffened circular web holes, which is still unresearched. 16 

Numerical simulations were conducted using the Abaqus finite element analysis software to 17 

study the elastic shear buckling response. Parametric studies were then performed, where a 18 

data pool was generated for CFS channels with no web holes, unstiffened web holes, and 19 

stiffened web holes, covering a range of parameters including web slenderness, web hole size, 20 

corner radius and edge stiffening element length. It was shown that edge stiffening of the web 21 

hole improves the shear buckling capacity compared to the CFS channels with no web holes 22 

and unstiffened web holes. New unified design proposals to estimate the elastic shear buckling 23 

strength of CFS channels with no web holes, unstiffened web holes, and edge stiffened web 24 
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holes were developed based on the generated data. The new unified design proposals of 25 

modified shear buckling coefficient and equivalent thickness method offer accurate elastic 26 

shear buckling strength predictions. 27 

 28 

Keywords: Cold-formed steel channels; Stiffened web holes; Shear buckling; Elastic shear 29 

buckling analyses; New design equations. 30 

 31 

1. Introduction 32 

In steel buildings, web holes are provided in cold-formed steel (CFS) channels to 33 

accommodate service conduits. Hence the overall depth of a floor system can be maintained 34 

relatively low. These web holes reduce the load-carrying capacity of a CFS beam under various 35 

loading conditions, including bending, shear, web crippling, and combined actions. Introducing 36 

stiffeners in the vicinity of the web holes improves the load-carrying capacity of CFS channels. 37 

Fig. 1 shows a CFS channel with a stiffened web hole. The stiffeners in the vicinity of the web 38 

holes alleviate the buckling instabilities of the weakened web due to the web holes. In this 39 

context, understanding the elastic buckling characteristics, including the shear buckling 40 

characteristics of CFS channels with unstiffened and stiffened web holes is important for 41 

encouraging wider use in construction. 42 

 43 

 44 

 45 
Fig 1:  Cold-formed steel channel with a stiffened web hole. 
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The shear behaviour of CFS beams has been investigated extensively by Keerthan and 46 

Mahendran [1-6] for lipped channels and hollow flange channels, Pham and Hancock [7, 8] for 47 

lipped channels and SupaCee Channels, Gatheeshgar et al. [9, 10] for optimised CFS beams. 48 

The abovementioned studies compared the results with international design codes (Eurocode 49 

[11], North American [12], and Australian and New Zealand [13]) and proposed modifications 50 

to the design provisions which included the development of the direct strength method (DSM) 51 

design for CFS channels subject to shear.  52 

Further, several studies [14-30] into the shear behaviour of CFS channels with un-53 

stiffened web holes have been carried out, identifying the influence of web hole size, shape, 54 

and location on the degree of shear capacity reduction. Most of these focused their attention on 55 

circular openings [20, 22-25, 27, 29, 30], however, there were different studies which 56 

investigated the effect of non-circular openings, for example, square, rectangular, elliptical, 57 

slotted and other elongated holes [14-21, 28]. Experimental and/or numerical methods were 58 

employed in these studies. Alternative DSM-based design equations were proposed for the 59 

shear strength of CFS channels. Keerthan and Mahendran [31, 32] studied various stiffening 60 

techniques aiming to restore the original shear capacity of hollow flange beams. Recently, Chen 61 

et al. [33] and Kanthasamy et al. [34] investigated shear behaviour of CFS lipped channels and 62 

hollow flange channels, respectively, with edge stiffened web holes. Their results showed that 63 

edge stiffeners were capable to increase the ultimate shear capacity compared to that of 64 

unstiffened web holes. Several reduction factor formulae have been developed to account for 65 

the un-stiffened and stiffened web holes. Overall, the abovementioned studies discovered the 66 

presence of post-buckling strength and tension field action on the ultimate shear strength of the 67 

CFS channels with and without web holes.  68 

Despite the post-buckling strength and tension field action under the shear load in the 69 

CFS channel, elastic buckling strength is a fundamental parameter in the design of CFS 70 
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members. The assessment of elastic shear buckling strength enables us to determine the degree 71 

of post-buckling strength exhibited by a CFS channel. A considerable body of research has 72 

been undertaken on elastic shear buckling behaviour of CFS channels, such as by Keerthan and 73 

Mahendran  [2, 35, 36] and Pham and Hancock [37, 38]. Keerthan and Mahendran [2, 35, 36] 74 

explored the fixity level at the web-flange juncture of CFS lipped channels and various hollow 75 

flange sections, and proposed shear buckling coefficients that should be considered for accurate 76 

shear capacity prediction. Pham and Hancock [37, 38] utilised the spline finite strip method to 77 

investigate the effect of flange width on the shear buckling coefficient of CFS lipped and 78 

unlipped channels. Subsequently, shear buckling response of CFS lipped channels with central 79 

circular and square holes, was numerically studied by Pham [39], with new predictive formulae 80 

proposed to estimate the reduced shear buckling coefficient. However, the elastic shear 81 

buckling behaviour of CFS channels with edge stiffened web holes and simple procedures to 82 

estimate the elastic shear buckling strength are yet to be explored. 83 

Complementing the existing research, this study intends to investigate the shear 84 

buckling characteristics of the CFS channels with stiffened web holes. CFS channels with no 85 

web holes and un-stiffened web holes were also considered as reference sections and for 86 

comparison purposes. Finite element (FE) analysis using Abaqus [40] software was performed 87 

to closely examine the shear buckling behaviour as numerical methods are the convenient 88 

practical option available to determine the elastic buckling strength. Unified design equations 89 

are proposed to estimate the elastic shear buckling strength of CFS channels with no holes, 90 

unstiffened web holes, and stiffened web holes considering the effect of geometric and 91 

mechanical parameters. 92 
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2. Elastic shear buckling 93 

2.1. Elastic shear buckling of isolated plates 94 

The buckling response of flat plates has been understood well based on numerous 95 

research studies from early days. These studies have led to the development of elastic buckling 96 

solutions for rectangular plates subject to a range of practical load cases. According to 97 

Timoshenko and Gere [41], the shear elastic buckling stress (𝜏𝑐𝑟) of a rectangular plate is 98 

estimated by Eq. 1. 99 

𝜏𝑐𝑟 =
𝑘𝑣𝜋2𝐸

12(1 − 𝑣2)
(

𝑡

𝑑1
)

2

 
(1) 

Here, 𝐸 and 𝑣 are the Young’s modulus and Poisson’s ratio, respectively. The dimensions of 100 

the rectangular plate, thickness (𝑡) and clear height (𝑑1), are the other parameters. 𝑘𝑣 is the 101 

shear buckling coefficient of the plate. The value of the coefficient is decided based on the 102 

aspect ratio of the plate and boundary conditions (simply supported, fixed or free) at the edges. 103 

For a simply supported square plate the buckling coefficient is 9.34. This value will gradually 104 

reduce to 5.34 for a very lengthy plate. 105 

The elastic shear buckling strength (𝑉𝑐𝑟) can be related to the elastic shear buckling 106 

stress by 𝑉𝑐𝑟 = 𝐴𝑤𝜏𝑐𝑟, where 𝐴𝑤 = 𝑑1𝑡. By use of this, the elastic shear buckling capacity 107 

(𝑉𝑐𝑟) can be estimated as follows in Eq. 2. 108 

𝑉𝑐𝑟 =
𝑘𝑣𝜋2𝐸𝑡3

12(1 − 𝑣2)𝑑1
 

(2) 

 109 

2.2. Elastic shear buckling of channels 110 

The elastic shear buckling strength of a CFS channel is estimated through Eq. 2 as the 111 

web portion is subjected to buckling under the shear load. Appropriate boundary conditions 112 

should be considered at the web-flange juncture. This boundary condition could be simply 113 

supported, fixed, and in between simply supported and fixed. The conventional method of 114 
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design is assuming the web portion is simply supported at the web-flange juncture, which leads 115 

to a conservative design. Following Lee et al. [42]’s study, Keerthan and Mahendran [2, 35, 116 

36] explored that for CFS channels web-flange fixity level is in between simply supported and 117 

fixed (clamped) support and the degree of fixity level may vary according to CFS channel 118 

cross-sections.  119 

 The following simple equations (Eq. 3 – Eq. 5) were proposed by Keerthan and 120 

Mahendran [2, 35, 36] to determine the shear buckling coefficients (𝑘𝑣) of CFS channels. The 121 

shear buckling coefficient depends on the boundary conditions along the edges and the aspect 122 

ratio of the channel. Hence, the shear buckling coefficient (𝑘𝑣) has been formed as a function 123 

of shear buckling coefficient of the web panel with simple-simple (𝑘𝑠𝑠) and simple-fixed (𝑘𝑠𝑓) 124 

boundary conditions. While 𝑘𝑠𝑠 and 𝑘𝑠𝑓 are sensitive to the aspect ratio (𝑎 𝑑1⁄ , 𝑎= shear span 125 

and 𝑑1= clear height of the web).  126 

 127 

𝑘𝑣 = 𝑘𝑠𝑠 + 𝑘𝑛(𝑘𝑠𝑓 − 𝑘𝑠𝑠) (3) 

 128 

𝑘𝑠𝑠 = 4 +
5.34

(𝑎 𝑑1⁄ )2             for  
𝑎

𝑑1
< 1 (4.1) 

𝑘𝑠𝑠 = 5.34 +
4

(𝑎 𝑑1⁄ )2        for  
𝑎

𝑑1
≥ 1 (4.2) 

 129 

𝑘𝑠𝑓 =
5.34

(𝑎 𝑑1⁄ )2 +  
2.31

(𝑎 𝑑1⁄ )
− 3.44 + 8.39(𝑎 𝑑1⁄ )       for 

𝑎

𝑑1
< 1 (5.1) 

𝑘𝑠𝑓 = 8.98 +  
5.61

(𝑎 𝑑1⁄ )2 −
1.99

(𝑎 𝑑1⁄ )3                             for 
𝑎

𝑑1
≥ 1 (5.2) 

 130 

Degree of fixity level at the web-flange juncture is represented by the coefficient 𝑘𝑛. 131 

Based on the analyses Keerthan and Mahendran [36] discovered that the fixity level at the web-132 

flange juncture of lipped channel is 23%, which means 𝑘𝑛 = 0.23. For other types of cross-133 
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sections including hollow flange sections, different 𝑘𝑛 values have been proposed [2]. Hence, 134 

based on the abovementioned equations shear buckling strength of CFS sections can be 135 

estimated.  136 

 137 

2.3. Elastic shear buckling of channels with web holes 138 

Pham [39] developed equations to estimate the elastic shear buckling capacity of CFS lipped 139 

channels with centred circular and square web holes. The study indicated that the shear 140 

buckling coefficients reduce as the hole sizes increases. The reduction in the shear buckling 141 

coefficient is dramatic and nonlinear when the hole sizes are large, while the shear buckling 142 

coefficient reduces slightly when the hole sizes are small. Pham [39] proposed reduction factors 143 

for different ranges of web hole (𝑑𝑤)-to- web depth (𝐷) ratios. The proposed reduction factors 144 

can be directly applied to the shear buckling coefficients of channels without web holes in order 145 

to determine the shear buckling coefficients of channels with unstiffened web holes. The 146 

proposed equations for the CFS channels with centred circular web holes are demonstrated in 147 

Eq. 6. 148 

𝑘𝑣,𝑈𝐻 = 𝑘𝑣,𝑁𝐻 [1 − 0.5 (
𝑑𝑤

𝐷
) − 4.2 (

𝑑𝑤

𝐷
)

2

]         𝑓𝑜𝑟  
𝑑𝑤

𝐷
≤ 0.2 (6.1) 

𝑘𝑣,𝑈𝐻 = 𝑘𝑣,𝑁𝐻 [1.15 − 2.35 (
𝑑𝑤

𝐷
) + 1.5 (

𝑑𝑤

𝐷
)

2

]         𝑓𝑜𝑟  0.2 <
𝑑𝑤

𝐷
< 0.6 

(6.2) 

𝑘𝑣,𝑈𝐻 = 𝑘𝑣,𝑁𝐻 [0.6 − 0.53 (
𝑑𝑤

𝐷
)]         𝑓𝑜𝑟  

𝑑𝑤

𝐷
≥ 0.6 

(6.3) 

 149 

Here, 𝑘𝑣,𝑈𝐻 is the shear buckling coefficients of channels with unstiffened web holes and 150 

𝑘𝑣,𝑁𝐻 (= 𝑘𝑣) is the shear buckling coefficients of channels with no web holes. Hence, based 151 

on the abovementioned equations shear buckling capacity of CFS sections with unstiffened 152 

circular web holes can be estimated. 153 
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3. Numerical modelling and data generation 154 

3.1. General modelling assumptions 155 

The elastic shear buckling strengths of the CFS channels with no web holes, unstiffened 156 

web holes, and stiffened web holes were investigated by means of the FE simulation software, 157 

Abaqus [40]. Ideal FE models were developed with a three-point loading arrangement while 158 

maintaining aspect ratios of 1.0. The aspect ratio of 1.0 minimises the possibilities of bending 159 

failure and allows the sections to predominantly buckle under shear. The circular web holes 160 

without and with stiffeners were created at the centre of shear spans. Fig. 2 shows the generated 161 

CFS channels with  no web holes, unstiffened web holes, and stiffened web holes. The Young’s 162 

modulus (𝐸) and the Poisson’s ratio () were considered as 200 GPa and 0.3, respectively for 163 

CFS material. 164 

 165 

Fig. 2: Developed FE models for the analysis 166 

 167 

The basic S4R shell element available in the Abaqus element library was employed to 168 

define the element type. The S4R shell element has inherent characteristics of reduced 169 

integration, allows large strain deformations, and converges to shear flexible and classical 170 

theories when the shell thickness is thick and thin, respectively. A uniform mesh density of 5 171 

mm × 5 mm was used for the flat regions while the corners of the cross-section and stiffener 172 

location were refined with 1 mm × 5 mm mesh dimensions as shown in Fig. 3. 173 

(a) Channels with no holes (b) Channels with unstiffened webholes (c) Channels with stiffened web holes 
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 174 

Fig. 3: Meshing scheme used in FE models 175 

 176 

Simply supported boundary conditions were applied to the developed FE model at three 177 

locations of two edges and mid-span. The assigned simply supported boundary conditions are 178 

depicted in Fig. 4. Here, the translations in x- and y-directions were restrained at both ends, 179 

adding that the translation in the z-direction was restrained at one end to simulate the pin 180 

support leaving the other end to act as roller support. At the mid-span, translation in the x- and 181 

z-directions were restrained. Rotation about the z-axis was fixed at end supports and loading 182 

plane to avoid the torsional effect in shear buckling. It is worth noting that in order to ensure 183 

the shear flow of the full cross-section, all these boundary conditions were applied to the entire 184 

cross-section elements of web, flanges and lips. A unit load was then applied through the web 185 

at the mid-span to allow the cross-section to buckle under shear (see Fig. 4). Similar element 186 

type, meshing scheme, and boundary conditions were also reported in past studies [35, 36, 43] 187 

to explore the elastic shear buckling response of cold-formed sections. 188 

5 mm × 5 mm for flat regions 
1 mm × 5 mm for corner regions 
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 189 

 190 

Fig. 4: Assigned boundary conditions to FE models 191 

The developed FE models were then subjected to eigenvalue buckling analysis to 192 

generate the shear buckling modes. The lowest buckling mode and eigenvalue were assumed 193 

as critical shear buckling mode and shear buckling force, respectively. 194 

 195 

3.2. Data generation 196 

For the data generation, a series of numerical analyses were carried out using three-197 

dimensional modelling characteristics explained in Section 3.1. The numerical analyses were 198 

conducted on several combinations that can affect the shear buckling. In total, 551 numerical 199 

results were generated. This included 29 different lipped channels available commercially, 87 200 

lipped channels with unstiffened circular web holes, and 435 lipped channels with stiffened 201 

circular web holes. The range of cross-sectional dimensions and other parameters considered 202 

for the data generation is presented in Table 1. Three different web hole ratios of 0.3, 0.5, and 203 

0.8 and five different stiffener lengths 5, 10, 15, 20, and 25 mm were considered to take the 204 

effect of web hole and stiffener response on shear buckling. Here, the web hole ratio is defined 205 

as the ratio between the diameter of the web hole and the clear height of the web. The corner 206 

radius that forms at the connecting location of the web and stiffener was taken as 2 mm.  207 

 208 

Pin support Roller support Applied unit load 
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Table 1: Range of cross-section dimensions and other parameters considered in data generation 209 

Lipped Channel Variables Range  

 

 

 

 

 

 

 

 

Web height 100 mm -300 mm  

Flange width 50 mm – 70 mm 

Lip depth 10 mm – 15 mm 

Thickness 1.2 mm – 3 mm 

Web hole ratio 0.3 – 0.8 

Stiffener length 5 mm – 25 mm 

 210 

4. Analysis and discussion of results 211 

4.1. Channels with no web holes 212 

The results of CFS lipped channels with no web holes were compared against the 213 

Keerthan and Mahendran [36]’s elastic shear buckling capacity estimation (Eq. 2 - Eq. 5). The 214 

comparison is illustrated in Fig. 5 in terms of elastic shear buckling strength predicted and 215 

back-calculated shear buckling coefficient. Keerthan and Mahendran [36] proposed to impose 216 

a 23% fixity level at the web-flange juncture which leads to a shear buckling coefficient 𝑘𝑣 217 

=10.09 for lipped channels with flange width (𝑏)- to-clear web height (𝑑1) ratio greater than 218 

0.3. For smaller ratios 𝑘𝑣 =9.34 can be used. From Fig 5(a), it is observed that there is a good 219 

agreement between the elastic shear buckling capacities obtained from FE analyses (𝑉𝑐𝑟,𝐹𝐸) 220 

and predictions from Keerthan and Mahendran [36] (𝑉𝑐𝑟,𝐾𝑀), with a mean 𝑉𝑐𝑟,𝐾𝑀 /𝑉𝑐𝑟,𝐹𝐸 ratio 221 

of 0.99 and a coefficient of variation (COV) of 0.031. The described comparison also 222 

demonstrates the ability of the developed FE models in predicting the elastic shear buckling 223 

strength and the possibility of extending FE models with similar modelling characteristics. 224 

 225 
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 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

Fig. 5: Comparison of the FE results against Keerthan and Mahendran [36]’s prediction for lipped channels with 234 

no web holes. 235 

4.2. Channels with unstiffened web holes 236 

The FE elastic shear buckling capacity data generated for CFS lipped channels with 237 

unstiffened circular web holes were compared against the design proposal (Eq. 2 and Eq. 6) by 238 

Pham [39]. It should be noted that the hole ratio considered by Pham [39] is based on the full 239 

depth of the web (𝐷) which is slightly different from the current study where hole ratio is based 240 

on clear height of the web (𝑑1). Therefore, for a reliable comparison, the considered hole ratios 241 

in the current study (0.3, 0.5, and 0.8) were converted to web hole diameter (𝑑𝑤)-to-full web 242 

height (𝐷) ratios. Fig. 6 depicts the comparison of the FE results against the prediction from 243 

Pham [39]. According to Pham [39], the shear buckling coefficient for CFS lipped channels 244 

with unstiffened web holes (𝑘𝑣,𝑈𝐻) is calculated applying a reduction factor for the shear 245 

buckling coefficient for CFS lipped channels with no web holes (𝑘𝑣,𝑁𝐻). Hence, 𝑘𝑣,𝑁𝐻 =246 

10.09 was used to calculate the 𝑘𝑣,𝑈𝐻 and then elastic shear buckling strength was estimated. 247 

A reasonable agreement can be observed (see Fig. 6(a))in terms of elastic shear buckling 248 

capacity from FE analyses (𝑉𝑐𝑟,𝐹𝐸 ) and prediction from Pham [39] (𝑉𝑐𝑟,𝑃 ), with a mean 249 

𝑉𝑐𝑟,𝑃 /𝑉𝑐𝑟,𝐹𝐸 ratio of 0.91 and a COV of 0.071. 250 
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Further, back-calculated shear buckling coefficient from FE results for CFS channels 251 

with unstiffened web holes (𝑘𝑣,𝑈𝐻) are plotted against Pham [39]’s elastic shear buckling 252 

coefficient proposal, shown in Fig. 6(b). Pham [39]’s shear buckling coefficient proposal 253 

demonstrated a small level of conservatism with back-calculated shear buckling coefficient 254 

from FE results for CFS channels with unstiffened web holes. These comparisons and close 255 

agreements also indicate that the established FE models are reliable to simulate the elastic shear 256 

buckling response with unstiffened web holes and similar modelling characteristics can be used 257 

for stiffened web hole cases. 258 

 259 

Fig. 6: Comparison of the FE results against Pham [39] prediction for lipped channels with unstiffened circular 260 

web holes. 261 

Elastic shear buckling strength reduction observed for the considered 0.3, 0.5, and 0.8 262 

web hole ratios is plotted in Fig. 7. A notable reduction in elastic shear buckling capacity was 263 

noticed for each web hole ratio. The reduction in elastic shear buckling capacity was defined 264 

as the ratio between elastic shear buckling capacity of CFS channels with unstiffened web holes 265 

(𝑉𝑐𝑟,𝑈𝐻) and no holes (𝑉𝑐𝑟,𝑁𝐻). It can be observed that irrespectively of the range of different 266 

parameters (web heights and thicknesses) the degree of elastic shear buckling strength 267 

reduction merges to closer values for particular web hole ratios. The average degree of elastic 268 
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shear buckling capacity reductions were 65%, 42%, and 24% for 0.3, 0.5, and 0.8 web hole 269 

ratios, respectively. 270 

The typical elastic shear buckling shapes obtained from FE analyses for web hole ratios 271 

are depicted in Fig. 7. It can be observed that shear buckling is not symmetric and is more 272 

severe at the top corner compared to the bottom corner. It is worth noting that ideal FE models 273 

were developed with a three-point loading arrangement, which induces some degree of bending 274 

stress. As a result, the developed compressive stress in the top flange and lip influences shear 275 

buckling at the top corner. A similar observation has also been reported elsewhere [39]. 276 

 277 

Fig. 7: Elastic shear buckling capacity reduction and typical buckling mode shapes associated with web hole 278 

ratios 279 

 280 

4.3. Channels with stiffened web holes 281 

FE results of the CFS channels with stiffened web holes are discussed herein. Elastic 282 

shear buckling modes obtained from FE analyses were compared with the elastic shear 283 

buckling modes of corresponding CFS channels with unstiffened web holes and no holes. Fig. 284 

8 shows the buckling mode shapes of 250×70×15×2.0 CFS channels under different cases. 285 

These buckling modes reflect the elastic shear buckling modes shapes. More severe shear 286 
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buckling at the top corner of the CFS channels for unstiffened web holes and stiffened web 287 

holes were noticed. This is due to induced bending moment and resulting compressive forces 288 

at flange and lip which influences the weakened web, as explained in Section 4.2. Further, it 289 

can be noticed that a severe shear buckle happens at the edge of the web hole as depicted in 290 

Fig. 8(b) when the holes are unstiffened. However, the inclusion of stiffeners around the edge 291 

of holes strengthens the edge and as a result, the severe shear buckle approaches the top corner 292 

solid region. 293 

From the FE analyses, the buckling mode shape with increasing stiffener length was 294 

closely observed. Fig. 9 illustrates the shear buckling mode shape of the 250×70×15×2.0 CFS 295 

channel with a 0.5 web hole ratio and different stiffener lengths. When the stiffener length is 5 296 

mm, there is no buckling in the stiffener and shear buckling occurs as a whole. However, for 297 

the increasing stiffener length, the stiffener displays instability and buckles individually, as 298 

depicted in Fig. 9 (c-e). This is because the higher slenderness of the stiffener when the stiffener 299 

length increases. Despite the individual buckling of the stiffener with increased length, elastic 300 

shear buckling capacity improves with stiffener length, however, the degree of improvement is 301 

reducing.  302 

 303 

Fig. 8: Elastic buckling mode shapes of 250×70×15×2.0 CFS channel 304 

 305 

(a) Without web holes (b) Web hole ratio 0.5 (c) Web hole ratio 0.5 and 10 

mm stiffener length 
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 306 

Fig. 9: Elastic buckling mode shapes of 200×50×10×2.0 CFS channel with 0.5 web hole ratio and different 307 

stiffener lengths 308 

The trend for the degree of shear buckling capacity improvement can be observed in 309 

Fig. 10, where elastic shear buckling strength improvement - the ratio between elastic shear 310 

buckling capacity of CFS channels with stiffened web holes (𝑉𝑐𝑟,𝑆𝐻) and with no holes 311 

(𝑉𝑐𝑟,𝑁𝐻) - is plotted against the stiffener length. The edge stiffener plays a positive role for the 312 

improvement of the elastic shear buckling capacity and the degree of improvement is reduced 313 

with stiffener length. Further, it was noticed that the reduced elastic shear buckling strength 314 

due to the web holes can be regained effectively with edge stiffener (𝑉𝑐𝑟,𝑆𝐻 = 𝑉𝑐𝑟,𝑁𝐻). It is 315 

worth noting that the use of higher stiffener length has led to gaining strength beyond the elastic 316 

shear buckling strength of CFS channels with no holes (𝑉𝑐𝑟,𝑆𝐻 > 𝑉𝑐𝑟,𝑁𝐻). Therefore web holes 317 

can be edge stiffened and effectively used to enhance the elastic shear buckling strength. 318 

(a) Stiffener length 5 mm (b) Stiffener length 10 mm (c) Stiffener length 15 mm 

(d) Stiffener length 20 mm (e) Stiffener length 25 mm 
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 319 

Fig. 10: Elastic shear buckling strengths of CFS channels with stiffened web holes reference to no holes for 320 

different stiffener lengths 321 

5. Design proposals for elastic shear buckling strength 322 

It has been identified that there are no design equations available in the literature to 323 

estimate the elastic shear buckling strength of CFS channels with stiffened web holes. 324 

Therefore, new design equations are proposed in the subsequent sections, reflecting the 325 

observations made in Section 4. 326 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 5 10 15 20 25 30

V
cr

,S
H

 / 
V

cr
, 
N

H

Stiffener length (mm)

FE results

Strength required to 

regain 

Over gained strength 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 5 10 15 20 25 30

V
cr

,S
H

 / 
V

cr
, 
N

H

Stiffener length (mm)

FE results

Strength required to 

regain 

Over gained strength 

(a) Hole ratio 0.3 (b) Hole ratio 0.5 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 5 10 15 20 25 30

V
cr

,S
H
/V

cr
, 
N

H

Stiffener length (mm)

FE results

Strength required to 

regain 

Over gained strength 

(c) Hole ratio 0.8 



 

18 
 

5.1. Modified shear buckling coefficient 327 

For CFS channels with unstiffened web holes, Pham [39] proposed that elastic shear 328 

buckling strength can be estimated through a modified shear buckling coefficient. The shear 329 

buckling coefficient of CFS channels with unstiffened holes (𝑘𝑣,𝑈𝐻) was developed as a 330 

function of web hole ratio, however, separate equations were proposed for different web hole 331 

ratio regions (Eq. 6). A unified shear buckling coefficient (𝑘𝑣) to cover the full range was 332 

developed in the current study. The unified shear buckling coefficient (𝑘𝑣) can be applicable 333 

for CFS channels with no holes, unstiffened web holes, and stiffened web holes. The unified 334 

shear buckling coefficient (𝐾𝑣) was formed as a function of web hole ratio, the slenderness of 335 

the stiffener, corner radius (at the location where stiffener connected with web)-to-thickness 336 

ratio, and stiffener length-to-clear height of the web ratio.  337 

It is proposed that the elastic shear buckling strength of a CFS lipped channels can be 338 

determined by 339 

𝑉𝑐𝑟 =
𝑘𝑣𝜋2𝐸𝑡3

12(1 − 𝑣2)𝑑1
 

(7) 

where 𝑘𝑣 is the unified shear buckling coefficient. This may be approximated as follows: 340 

 341 

• For CFS channels with no web holes: 342 

𝑘𝑣 = 𝑘𝑣,𝑁𝐻 (8) 

 𝑘𝑣,𝑁𝐻 can be estimated using Keerthan and Mahendran [36]’s proposal (Eq. 3 - Eq.5) taking 343 

23% fixity level for lipped channels. 344 

 345 

• For CFS channels with unstiffened web holes: 346 

𝑘𝑣 = 𝑘𝑣,𝑈𝐻 (9.1) 

 Here,  347 
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𝑘𝑣,𝑈𝐻 = 𝑘𝑣,𝑁𝐻𝜆1 (9.2) 

𝑘𝑣,𝑁𝐻 can be estimated using Eq. 8 while 𝜆1 is the factor to take into account the influence of 348 

unstiffened web holes. 𝜆1 may be estimated by: 349 

𝜆1 = [1 − 1.14 (
𝑑𝑤

𝑑1
) − 0.24 (

𝑑𝑤

𝑑1
)

2

+ 0.24 (
𝑑𝑤

𝑑1
)

3

+ 0.46 (
𝑑𝑤

𝑑1
)

4

] 
(9.3) 

where (
𝑑𝑤

𝑑1
) is the ratio between the diameter of the unstiffened web hole (𝑑𝑤) and clear height 350 

of the web (𝑑1). 351 

 352 

• For CFS channels with stiffened web holes: 353 

𝑘𝑣 = 𝑘𝑣,𝑆𝐻 (10.1) 

 Here,  354 

𝑘𝑣,𝑆𝐻 = 𝑘𝑣,𝑁𝐻𝜆1𝜆2 = 𝑘𝑣,𝑈𝐻𝜆2 (10.2) 

𝑘𝑣,𝑁𝐻 and 𝜆1 can be estimated using Eq. 8 and Eq. 9, respectively, as explained above. Here, 355 

𝜆2 takes the influence of the stiffener and related parameters: web hole ratio (
𝑑𝑤

𝑑1
) and 356 

normalised factor (𝜙) associated with the stiffener parameters. The physical meaning 357 

underlying this normalised factor is to capture the effect of edge stiffener parameters, which 358 

include the ratio between stiffener length-to-thickness, stiffener length-to-clear height of the 359 

web, and corner radius where the stiffener is connected to the web-to-thickness. From the 360 

analysis, it was noticed that these parameters influence the elastic shear buckling strength of 361 

CFS channels with stiffened web holes. 𝜆2 may be determined by: 362 

𝜆2 = [0.50 + 4.37 (
𝑑𝑤

𝑑1
) 𝜙0.23] 

(10.3) 

where normalised factor (𝜙) may be approximated by 363 
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𝜙 = √(
𝑠

𝑡
) (

𝑠

𝑑1
) (

𝑟𝑠

𝑡
) 

(10.4) 

 364 

Here, 𝑠 is the stiffener length while 𝑟𝑠 is the corner radius at the location where stiffener is 365 

connected with the web. 366 

 367 

5.2. Equivalent thickness method 368 

An equivalent thickness method to consider the influence of the unstiffened and 369 

stiffened web holes is proposed in this section. The proposed equivalent thickness method 370 

considered the influence of the web hole ratio (
𝑑𝑤

𝑑1
) and the normalised factor (𝜙) to represent 371 

the stiffener parameters, as explained in Section 5.1. Hence, the elastic shear buckling strength 372 

of CFS channels with no web holes, unstiffened web holes, and stiffened web holes may be 373 

approximated by 374 

𝑉𝑐𝑟 =
𝑘𝑣𝜋2𝐸(𝑡𝑒𝑞)

3

12(1 − 𝑣2)𝑑1
 

(11) 

 375 

where 𝑡𝑒𝑞 is the equivalent thickness reference to the thickness of the web with no holes. The 376 

calculation of 𝑡𝑒𝑞 can be simplified as it depends on (
𝑑𝑤

𝑑1
) and (𝜙). Therefore, best-fit 377 

relationships were derived for CFS channels with unstiffened and stiffened web holes. The 𝑡𝑒𝑞 378 

may be estimated as follows. 379 

• For CFS channels with no web holes: 380 

𝑡𝑒𝑞 = 𝑡 (12) 

 𝑡𝑒𝑞 is equivalent to the thickness of the web (𝑡) as there are no holes present in the web. 381 

 382 
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• For CFS channels with unstiffened web holes: 383 

𝑡𝑒𝑞 = [1 − (
𝑑𝑤

𝑑1
)

0.55

]

0.22

𝑡 
(13) 

𝑡𝑒𝑞 depends on web hole ratio (
𝑑𝑤

𝑑1
) only for unstiffened web hole cases.  384 

• For CFS channels with stiffened web holes: 385 

𝑡𝑒𝑞 = [1 − (
𝑑𝑤

𝑑1
)

0.55

]

0.22

[1 + 0.73 (
𝑑𝑤

𝑑1
) 𝜙0.23] 𝑡 

(14) 

where  (
𝑑𝑤

𝑑1
) is the web hole ratio as mentioned above and 𝜙 is the normalised factor that can 386 

be determined from Eq. 10. 387 

6. Assessment of new design proposals 388 

In this section, the accuracy of the new design proposals to estimate the elastic shear 389 

buckling strength of CFS channels with unstiffened and stiffened web holes is assessed against 390 

the generated numerical data in Section 3.2.  391 

Fig. 11 demonstrates the comparison of elastic shear buckling coefficients (calculated 392 

from the proposed modified shear buckling coefficient method) with the shear buckling 393 

coefficients back-calculated from FE results for unstiffened web holes cases. As shown in Fig 394 

11, the calculated results using the proposed modified shear buckling coefficient method 395 

displayed a closest agreement with the numerical results for unstiffened web holes cases. This 396 

comparison resulted in a mean  of 1.00 and a COV of 0.018. Further, a similar comparison was 397 

made for stiffened web hole cases using the proposed modified shear buckling coefficient 398 

method. The comparison for this case is shown in Fig. 12 and it can be observed that predicted 399 

points follow a much tighter trend compared with FE results, resulting in a mean value of 1.00 400 

and COV of 0.079. It is therefore confirmed that the new design proposal of the modified shear 401 
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buckling coefficient method is capable of accurately estimating the elastic shear buckling 402 

strength of CFS channels with unstiffened and stiffened web holes. 403 

 404 

Fig. 11: Comparison of elastic shear buckling coefficients calculated using the proposed Eq. 9 with back-405 

calculated shear buckling coefficients from FE results for unstiffened web hole cases. 406 

 407 

 408 

Fig. 12: Comparison of elastic shear buckling coefficients calculated using the proposed Eq. 10 with back-409 

calculated shear buckling coefficients from FE results for stiffened web hole cases. 410 
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The second design proposal was based on the equivalent thickness method. For the 412 

unstiffened and stiffened web holes cases, the equivalent thicknesses determined using the 413 

proposed equations were compared against the equivalent thicknesses back-calculated from FE 414 

results. Fig. 13 depicts the comparison of elastic shear buckling strengths calculated using the 415 

proposed equivalent thickness method with FE results for unstiffened web hole cases. The 416 

comparison resulted in a mean and COV of 1.00 and 0.019, respectively, demonstrating a 417 

higher level of accuracy. Similarly, the equivalent thicknesses determined from proposed 418 

equations were compared against the equivalent thicknesses back-calculated using FE results 419 

for stiffened web hole cases, illustrated in Fig. 14. The comparison shows a good agreement 420 

between predicted and FE results with a mean of 1.00 and COV of 0.028. It is therefore 421 

confirmed that the new design proposal of equivalent thickness method can be used to estimate 422 

the elastic shear buckling strength of CFS channels with unstiffened and stiffened web holes 423 

accurately. 424 

 The results and proposed equations in this paper can be used in conjunction with the 425 

DSM-based shear design approach, as the DSM approach requires elastic shear buckling 426 

strength to estimate the ultimate shear strength. Further, the results and proposed equations in 427 

this paper will be a benchmark for studying the elastic shear buckling of CFS channels with 428 

high aspect ratios where the influence of bending comes into account. 429 
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 430 

Fig. 13: Comparison of the equivalent thickness of the web calculated using the proposed Eq. 13 with actual 431 

required equivalent thickness back-calculated using FE results for unstiffened web hole cases. 432 

 433 

 434 

Fig 14: Comparison of the equivalent thickness of the web calculated using the proposed Eq. 14 with actual 435 

required equivalent thickness back-calculated using FE results for stiffened web hole cases. 436 

7. Conclusions 437 

A numerical study into the elastic shear buckling response of cold-formed steel (CFS) 438 

channels with stiffened web holes has been conducted and presented in this paper. In total 551 439 

finite element (FE) models were studied in the numerical programme: 29 CFS channels with 440 
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no holes, 87 with unstiffened circular web holes, and 435 edge stiffened circular web holes. 441 

The validity of the developed FE models was ensured by comparing shear buckling strength 442 

data with existing design proposals. A new unified design approach is proposed to estimate the 443 

elastic shear buckling strength of CFS channels with no web holes, unstiffened web holes, and 444 

stiffened web holes. Based on the results and analysis presented in this paper, the following 445 

conclusions can be drawn: 446 

(1) The average elastic shear buckling strength reductions due to the unstiffened web 447 

holes with respect to CFS channels with no holes were 65%, 42%, and 24% for 0.3, 0.5, and 448 

0.8 web hole ratios (diameter of the web hole / clear height of the web), respectively. The 449 

numerical data of CFS channels with no holes showed a greater accuracy with Keerthan and 450 

Mahendran [36]’s design proposal while Pham [36]’s design proposal may be appropriate for 451 

CFS channels with unstiffened web holes as it also resulted in good agreement with numerical 452 

data. 453 

(2) Edge stiffeners improve the elastic shear buckling strength and are capable to regain 454 

the elastic shear buckling strength reduction due to the web holes. However, it was found that 455 

the degree of increment in the shear buckling strength is decreasing with the stiffener length. 456 

This is because with increasing edge stiffener length, the buckling of edge stiffener can be more 457 

easily observed. 458 

(3) A new design is proposed using a unified shear buckling coefficient (𝑘𝑣) to cover 459 

all the different cases of no web holes, unstiffened web holes, and stiffened web holes. 460 

Assessment of this design approach showed a greater accuracy with mean value of 1.00 and 461 

COV of 0.018 for unstiffened web hole cases and mean value of 1.00 and COV of 0.079 for 462 

stiffened web hole cases. 463 

(4) As an alternative to the first design proposal, the effect of unstiffened web holes and 464 

stiffened web holes on elastic shear buckling strength is captured using the equivalent thickness 465 
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method. Greater accuracy of this design proposal was observed as the assessment showed mean 466 

value of 1.00 and COV of 0.019 for unstiffened web hole cases and mean value of 1.00 and 467 

COV of 0.028 for stiffened web hole cases. 468 

(5) A normalised factor (𝜙) has been introduced to reflect the influence of edge 469 

stiffener and associated parameters on the elastic shear buckling strength. This factor is used 470 

alongside with web hole ratio (
𝑑𝑤

𝑑1
) to form the new design proposals. 471 

(6) The proposed two design methods (modified shear buckling coefficient and 472 

equivalent thickness method) are sufficiently straightforward for application in structural 473 

engineering practice. 474 
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