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Abstract: Recently, a new generation of cold-formed steel (CFS) channel section with edge-15 
stiffened web holes has been developed by industry in New Zealand. However, no research has 16 
been reported in the literature to investigate the axial capacity of back-to-back channels with 17 
edge-stiffened web holes. This paper presents a total of 73 new results comprising 29 18 
compression tests and 44 finite element analyses (FEA) on axial capacity of such back-to-back 19 
CFS channels. The results show that for back-to-back channels with seven edge-stiffened holes, 20 
the axial capacity increased by 19.2%, compared to plain channels without web holes. A non-21 
linear finite element (FE) model was developed and validated against the test results. The 22 
validated FE model was used to conduct a parametric study involving 44 FE models. Finely, the 23 
tests results were compared with the design strengths calculated from the AISI and AS/NZ 24 
standards and from the proposed design equations of Moen and Schafer. From the comparison 25 
results, it was found that the AISI and AS/NZ design strengths are only 9% conservative to the 26 
test results for plain channels without web holes. While Moen and Schafer equations are 27 
conservative by 13% and 47% for axial capacity of CFS back-to-back channels with un-stiffened 28 
and edge-stiffened web holes, respectively.  29 
 30 
Keywords:  cold-formed steel, back-to-back channels, compression tests, edge-stiffened holes, 31 
finite element modelling  32 

1 Introduction 33 

Structural engineering applications of cold-formed steel (CFS) has increased in recent times 34 
(Ananthi et al. (2019), Zhou et al. (2017), Zhang et al. (2016), Naghipour et al. (2020), Orlando et 35 
al. (2017) and Huang et al. (2019)), and the use of back-to-back channels (Fig.1) as compression 36 
members are increasing steadily. Such sections are used in steel trusses, wall studs in wall frames, 37 
and columns in portal frame structures. In built-up sections, intermediate fasteners at discrete points 38 
along the length are used to prevent the individual channels from buckling independently. Web holes 39 
are increasingly used in built-up sections to facilitate ease of services in buildings. Such holes, 40 
however, reduce the axial capacity of built-up sections. Traditional web holes are normally un-41 
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stiffened. Recently, a new generation of CFS channel section with edge-stiffened holes (Fig.1) has 42 
been developed by the CFS industry and are widely used in New-Zealand.  43 

Limited research is available in the literature which investigated the structural performance of 44 
such CFS channels with edge-stiffened holes. Chen et al. (2019) reported an experimental and 45 
numerical investigations on the axial capacity of such CFS single channels with edge-stiffened holes 46 
and found that the axial capacity of single channels with edge-stiffened holes is greater than those 47 
of plain channels without holes. This study extends the work of Chen et al. (2019) from single 48 
channels to back-to-back channels with edge-stiffened holes. The axial capacity of screw fastened 49 
back-to-back channels with edge-stiffened holes are not expected to be exactly twice the axial 50 
capacity of single channels with edge-stiffened holes. This is due to the possibility of composite 51 
actions between the screw fastened back-to-back channels, which can cause increased axial capacity 52 
of back-to-back channels with edge-stiffened holes. Owing to the lack of relevant understanding on 53 
the structural performance of back-to-back channels with edge-stiffened holes, the composite 54 
actions between the back-to-back channels and their load transfer mechanism, with different hole 55 
spacing and screw fastener arrangements, remain unclear. Hence, there is a need to conduct 56 
experiments on back-to-back channels with edge-stiffened holes, to understand the effects of 57 
composite actions between the back-to-back channels on axial capacity of such columns. This study 58 
therefore investigated the axial capacity of back-to-back channels with edge-stiffened holes. In total, 59 
20 new experiments were conducted on back-to-back channels with edge-stiffened holes, un-60 
stiffened holes and channels without holes, the results of which are reported in this paper.  61 

Current guidance in the American Iron and Steel Institute (AISI) (2016) and Australian and New 62 
Zealand Standards (AS/NZS) (2018) only describes a modified slenderness approach for CFS back-63 
to-back channels without holes. The design rules for calculating the axial capacity of CFS single 64 
sections with un-stiffened holes are available in AISI (2016) and AS/NZS (2018). However, there 65 
are no design rules currently available for back-to-back channels with un-stiffened or edge-stiffened 66 
holes.  67 

In terms of back-to-back channels with un-stiffened holes, limited research is available in the 68 
literature. Wang et al. (2019) conducted an experimental and numerical investigation to determine 69 
the axial capacity of such back-to-back channels with un-stiffened holes. The effects of un-stiffened 70 
holes on the axial capacity of double-limb built-up I-sections were also investigated by Stone and 71 
LaBoube (2005). This study concluded that for thicker materials, the modified slenderness ratio is 72 
not necessary when computing the axial capacity, and therefore the designers can use the actual 73 
slenderness ratio, while determining the axial capacity of CFS built-up members.  74 

For axial capacity of back-to-back channels without holes, Roy et al. (2018a,b,c and 2019) and 75 
Ting et al. (2018) reported several studies where tests and finite element (FE) modelling of such 76 
built-up columns were conducted. Moreover, Fratamico et al. (2018a, b) investigated the buckling 77 
behaviour of back-to-back channels. On the other hand, Dabaon et al. (2015a, b) and Anbarasu et al. 78 
(2014 and 2019) reported experimental and numerical investigations on the behaviour and design of 79 
built-up CFS channels battened columns under axial compression. The axial capacity of built-up 80 
channels with web stiffeners has been investigated widely by Zhang and Young (2012, 2015 and 81 
2018). 82 

As mentioned previously, this paper reports 20 new experiments on the axial capacity of back-83 
to-back channels with edge-stiffened holes, un-stiffened holes and plain webs. Prior to compression 84 
tests, initial geometric imperfections were measured using a laser scanner. Tensile coupon tests were 85 
also conducted to determine the material properties of both the flat and corner regions of the 86 
channels. A nonlinear elasto-plastic FE model was then developed and validated against the test 87 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/engineering/tensile-property


3 

 

results both in terms of failure loads and deformed shapes. Using the validated FE model, a 88 
parametric study involving 44 models was conducted to investigate the effects of hole spacing, 89 
column length, and screw spacing on the axial capacity of such back-to-back channels with edge-90 
stiffened holes. The axial capacity of back-to-back channels without holes was calculated in 91 
accordance with the AISI (2016) and AS/NZS (2018), while those specimens with un-stiffened and 92 
edge-stiffened holes was calculated as two times of that of corresponding single channels with un-93 
stiffened holes. This is due to the unavailability of the design guidelines for calculating the axial 94 
capacity of back-to-back channels with edge-stiffened and un-stiffened holes. Finely, the design 95 
strengths were compared against both the test and parametric study results.  96 

2. Experimental investigation 97 

2.1 Test specimens 98 

In this study, a total of 29 tests were conducted. This includes 8 tests on back- to-back channels 99 
with un-stiffened holes, 10 on back- to-back channels with edge-stiffened holes (Fig.1), 2 on back- 100 
to-back channels without holes, and the remaining 9 tests on single channels. The CFS channels 101 
were connected back-to-back with the help of self-tapping screws (Fig.2). It should be noted that 9 102 
tests were conducted on corresponding single channels. This was to study the possible composite 103 
actions of back-to-back channels with edge-stiffened and un-stiffened holes.  104 

The length of all the specimens was 1420 mm. In order to investigate the effects of hole spacing 105 
on axial capacity of back-to-back channels, three different hole spacings were considered: 50 mm, 106 
150 mm and 250 mm (Fig.3). The spacing of the screws was 50 mm and 100 mm, which was 107 
designed to cover the spacing requirement of the AISI Specification (clause C4.5) (2016). As can 108 
be seen from Fig.2, the edge-stiffener length (l) and hole diameter (A) were fixed as 13 mm and the 109 
140 mm, respectively, for all test specimens. The nominal value of column thickness was 1.90 mm 110 
for back- to-back specimens. Tables 1(a) and 1(b) summarize the dimensions of all test specimens 111 
for built-up sections and single channels, respectively. 112 

2.2 Section labels  113 

The specimens were labelled such that the nominal depth of the web, screw spacing, type of hole 114 
and number of hole were expressed by the label (Fig.4). For example, the label “B240-S100-EH1” 115 
can be interpreted as follows: 116 

• “B” means the built-up back-to-back channels, and “S” means the single sections. 117 
• The number “240” refers to the nominal dimension of the web depth i.e. d=240 mm. 118 
• “S100” represents the screw spacing of specimen in millimetres i.e. s =100 mm. 119 
• “EH1’ identifies a CFS channel section with one edge-stiffened web hole. “NH’ means a 120 

plain channel section without hole. Where “UH1’ is used in place of “EH1’, this refers to a CFS 121 
channel section with un-stiffened web hole. 122 

2.3 Material testing   123 

Tensile coupon tests were conducted to determine the material properties of the test specimens. 124 
In total, 3 flat coupons were prepared from the flat portion of the channels. All flat coupons were 125 
tested in accordance with the British Standard for Testing and Materials (2001) (Fig.5). On the other 126 
hand, to investigate the effect of the cold-working resulting from the manufacturing process on the 127 
material properties, a total of 3 corner coupons were cut from the rounded corner zones between 128 
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web and flange, and the corner coupons were tested in pairs to avoid eccentric loading (Fig.6) 129 
(2018a, b).  130 

The material properties determined from the coupon tests are static 0.2% tensile proof stress 131 
(σ0.2), static ultimate tensile strength (σu), and the Young's modulus (Eo). As can be seen from Table 132 
2, the average yield stresses (σ0.2) are 314.62MPa and 346.04 MPa, for flat and corner coupons, 133 
respectively. These measured values of the material properties were incorporated in the FE model 134 
developed for the back-to-back channels, as described later in section 3.2 of this paper.  135 

2.4 Test-rig and loading procedure 136 

A universal testing machine of 500 kN capacity was used to apply axial load on the back-to-back 137 
channels. The displacement control method was used to apply the axial load to the columns. The 138 
benefit of using the displacement control is that it can predict the post-buckling behaviour of the 139 
built-up columns. Displacement rate was kept as 0.02 mm/s for all test specimens. A photograph of 140 
the test setup is shown in Fig.7(a). Also, a schematic drawing of the test setup used in the 141 
experiments is shown in Fig.7(b).  142 

An external load cell was placed at the top of the built-up column. A total of three linear variable 143 
differential transformers (LVDTs) were used to record the displacements. The positions of these 144 
LVDTs along with the position of load cell are shown in Fig.7(a). The axial shortening of the built-145 
up columns was recorded from the readings of LVDT-1 and the lateral displacements were recorded 146 
from the readings of LVDT-2 and LVDT-3, which were installed at mid-length of the back-to-back 147 
channels.  148 

2.5 Initial geometric imperfections measurement 149 

     Initial geometric imperfections significantly affect the stability of CFS members under 150 
compression. Therefore, the initial local, distortional, and overall geometric imperfections were 151 
measured prior to testing. A 2D laser scanner was used for this purpose, recording readings at every 152 
0.1 mm length (Fig.8(a)). As can be seen from Fig. 8(a), a laser scanner assembly was used to 153 
measure the initial geometric imperfections for all test specimens. The laser scanner assembly 154 
comprises a 5500×2500×1500mm steel frame which supports a travelling platform mounted on 155 
precision rails in the longitudinal direction. The platform supports a stepper motor, which allows 156 
displacement-controlled motion using a rack and pinion system. The platform is designed to have a 157 
precision shaft in the transverse (2500mm) direction which guides a moveable laser scanner. It can 158 
be found from Fig.8(b) that the initial geometric imperfections were measured along six longitudinal 159 
lines on back-to-back channels with web holes and along five longitudinal lines on back-to-back 160 
channels without web holes. The scanning locations are shown in Fig.8(b).  161 

       In Fig.9, a typical imperfection profile of B240-S100-EH1 is plotted against the length of the 162 
column. Fig. 9(a) plots the readings recorded along the lines W-1 and W-3 against the column length. 163 
Fig. 9(b) plots the readings recorded along the lines W-2 and W-4 against the column length. Fig. 164 
9(c) plots the readings recorded along the lines F-1 and F-2 against the column length. It should be 165 
noted that the local imperfection was calculated by subtracting the average readings along the lines 166 
W-1 and W-3 from the readings taken along the lines W-2 and W-4. The distortional imperfection 167 
was calculated as the maximum reading along the lines F-1 and F-2. Overall imperfections were 168 
calculated as the average value of the readings recorded along the lines W-1 and W-3 at mid-length 169 
of the columns. Similar procedures were used to measure the initial geometric imperfections of CFS 170 
channel section columns by Ye et al. (2018a, b) and Roy et al. (2018a and 2018b). The maximum 171 
values of local, distortional, and overall imperfections are reported in Table 3 for all test specimens. 172 
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These values were incorporated in the FE model developed in this study, as described in section 3.6 173 
of this paper.  174 

  2.6 Test results  175 

       2.6.1 Failure modes  176 

       The failure modes of back-to-back channels with edge-stiffened holes from experiments are 177 
reported in Fig.10. It can be found that these back-to-back channels showed flange rotations along 178 
the flange-web junction. However, distortional-overall interactive buckling was observed for all 179 
back-to-back channels, while overall buckling was observed for all single channels.  180 

      2.6.2 Effects of edge-stiffened holes on axial capacity  181 

      The effect of edge-stiffened holes on axial capacity of built-up sections were investigated. The 182 
test results show that for the case of back-to-back channels with seven edge-stiffened web holes, the 183 
axial capacity increased by 19.2%, compared to a plain channel. For comparison, the same built-up 184 
section with seven un-stiffened web holes had a 21.9% reduction in axial capacity, compared to a 185 
plain channel. From the experimental results, it can be concluded that the specimens with edge-186 
stiffened holes performed much better than the ones with un-stiffened holes.  187 

       2.6.3 Effect of the composite action of back-to-back channels on axial capacity  188 

       In order to study the composite action of back-to-back channels on their axial capacities, the 189 
results of built-up sections were compared against twice the capacity of corresponding single 190 
channels and the comparisons are reported in Table 4. As can be seen from Table 4, the axial capacity 191 
of built-up sections is 1.23 times of double the capacity of corresponding single channels with edge-192 
stiffened holes. While for channels with un-stiffened holes and with plain webs, an increase of 12% 193 
and 15% occurred due to the composite actions of back-to-back channels, respectively. 194 

      2.6.4 Effect of hole spacing on axial capacity 195 

      The effect of hole spacing on the axial capacity of CFS back-to-back channels were also 196 
investigated, and the comparison results are reported in Table 1 for hole spacings of 50mm, 150mm 197 
and 250mm. As can be seen from Table 1, there is an average reduction of axial capacity by 5%, 198 
when the hole spacing was increased from 50mm to 250mm for back-to-back channels. This 199 
indicates that the effect of hole spacing can’t be ignored and must be considered for designing such 200 
back-to-back channels with edge-stiffened holes.   201 

       2.6.5 Effect of screw spacing on axial capacity 202 

       Table 1 shows that a small reduction of 1.0% and 1.8% on average occurred, when the screw 203 
spacing was changed from 50mm to 100mm for specimens with edge-stiffened and un-stiffened 204 
holes, respectively. This indicates that the effect of screw spacing on the axial capacity of such back-205 
to-back channels with edge-stiffened holes, are marginal. 206 

3. Numerical investigation 207 

3.1 General 208 

The FE program ABAQUS (2018) was used to develop a numerical model to determine the axial 209 
capacity of back-to-back channels with holes (edge-stiffened and un-stiffened) and back-to-back 210 
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channels without holes. The measured cross-section dimensions, initial geometric imperfections as 211 
well as the material properties obtained from the coupon tensile tests were included in the FE model. 212 
Elastic buckling analysis was used to obtain the eigenvectors for modelling the initial geometric 213 
imperfections. Specific modelling techniques are discussed next.  214 

3.2 Modelling of geometry and material properties  215 

The measured values of material properties from the tensile coupon tests were used in the FE 216 
model. The incremental plasticity model was used to model the back-to-back channels with edge-217 
stiffened and un-stiffened holes and channels without holes. As per the ABAQUS manual (2018), 218 
the engineering material curve was converted into a true material curve by using the following 219 
equations:   220 

                (1 )true  = +  (1) 221 

               
( ) ln(1 ) true

true pl
E


 = + −  (2) 222 

The corner material properties were assigned to the corner regions, while the flat material 223 
properties were assigned to the flat regions of the CFS channels (Fig.11). 224 

3.3 Boundary conditions and loading procedure 225 

Pin-pin boundary conditions were modelled by applying displacements to both the end plates 226 
through reference points. To be consistent with the experiments, the translation in the x and y 227 
directions were restrained, while the vertical translation in the z direction was not restrained at the 228 
top reference point (loading point). For the bottom reference point (reaction point), the translation 229 
in the x, y and z directions are restrained. It should be noted that two ends were free to rotate in minor 230 
axes. The displacement control was used to apply the load. Fig.12 shows the details of the boundary 231 
conditions applied in the FE model for specimen B240-S100-EH3. 232 

3.4 Element type and mesh size  233 

In this study, S4R shell element was used for modelling the built-up columns. To investigate the 234 
optimum size of FE meshing, the mesh sensitivity analysis was conducted to investigate the effects 235 
of different mesh sizes on the axial capacity of such built-up sections (mesh size was varied from 236 
5mm to 15mm). It was found that a mesh size of 5×5mm is appropriate for modelling the built-up 237 
sections, considering both the computational time and accuracy of the numerical results. To model 238 
the loading plates, R3D4 elements were used. A mesh size of 10 mm × 10 mm was used for the top 239 
and bottom loading plates. It should be noted that a mesh refinement was performed around the 240 
holes (for both edge-stiffened and un-stiffened holes) for accurate FE analysis. A typical FE mesh 241 
is shown in Fig.13 for specimen B240-S100-EH5. 242 

3.5 Contact modelling 243 

“Surface to surface” contact was used to model the interaction between the webs of back-to-244 
back channels. One of the web surfaces was defined as a master surface and the other was defined 245 
as a slave surface. The normal behaviour of the surface was defined as “hard”, indicating that no 246 
penetration of the surfaces into each other was allowed. The same “surface to surface” contact was 247 
also used for modelling the interaction between the edge of the built-up channels and the top 248 
surfaces of the end plates. The edges of the built-up channels were modelled as the slave surface, 249 
while the top surfaces of the end plates were considered as the master surface. It should be noted 250 
that the effect of bond stress was not considered in the FEA.  251 
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3.6 Modelling of initial geometric imperfections 252 

Initial geometric imperfections were included in the FE model by conducting elastic buckling 253 
analysis to determine the contours of such imperfect geometries. Eigenvalue analyses were 254 
performed for all specimens. For local buckling, small channel thickness was considered. However, 255 
for overall buckling, large channel thickness was used. For local and overall buckling modes, the 256 
lowest eigenmode was used in ABAQUS (2018). Similar modelling techniques were used by Lu et. 257 
al (2017) and Li et. al (2014) for CFS built-up channel columns. The distortional imperfections were 258 
assessed in a number of the FE model and it was found that they have a negligible effect on failure 259 
load and deformed shape of the columns, therefore eliminating the need for incorporating 260 
distortional imperfections in the FE model. The contours of local and overall buckling model are 261 
shown in Fig.14 for specimen B240-S100-UH1. 262 

3.7 Validation of the FE model  263 

The FE model was validated against the experimental results presented in section 2.6 of this 264 
paper. In Table 5, a comparison of the test results (PEXP) with the numerical results (PFEA) is shown 265 
for all specimens. The mean value of the PEXP/PFEA ratio is 0.98 with the corresponding coefficient 266 
of variation (COV) of 0.06. Fig. 15 shows the deformed shapes of B240-S100-EH5 and B240-S100-267 
EH7 from the tests and FEA. It can be seen from Fig. 15 that the deformed shapes at failure from 268 
FEA exhibits flange rotations along the flange-web junction, when the load was applied initially. 269 
However, for most built-up sections, distortional-overall interactive buckling was observed at 270 
failure, which is close to the deformed shapes obtained from the experiments.  271 

It should be noted that most of the curves are in good agreement, and only some of the curves 272 
did not show a good match between the tests and FEA results. This is due to the localized slip which 273 
was observed between the loading supports and test specimens in some experiments, which is the 274 
reason of such differences between the tests and FEA results for some curves, particularly at the 275 
initial parts (elastic) of the load-displacement curves. However, most of the FE results are close to 276 
experimental results both in terms of axial capacities and deformed shapes. 277 

4. Parametric study  278 

Using the validated FE model, a parametric study comprising 44 models was conducted to 279 
investigate the effects of hole spacing, column length, and screw spacing on the axial capacity of 280 
back-to-back channels with edge-stiffened holes. Table 6 shows the dimensions of the of 281 
imperforated back-to-back channels with varying screw spacing (s). As shown in Table 6, the 282 
column length (L) was varied. Also, four different screw spacings (a) were considered: 50 mm, 100 283 
mm, 200 mm, and 300 mm. Table 7 shows the dimensions of the of perforated back-to-back channels 284 
(both edge-stiffened un-stiffened) with varying varying hole spacing (s). As can be seen from Table 285 
7, three different hole spacing (s) were considered as 50 mm, 240 mm and 620 mm.  286 

The results show that the axial capacity was reduced by 84% on average, when the column length 287 
(L) was increased from 1000 mm to 5000 mm for back-to-back channels without holes (Table 5). A 288 
reduction in axial capacity of 10.8% on average was noticed when the screw spacings (a) was 289 
increased from 50 mm to 300 mm. Table 7 shows the axial capacity of perforated back-to-back 290 
channels with varying hole spacing (s). The results show that axial capacity was reduced by 10.1% 291 
on average, when the hole spacing (s) was increased from 50 mm to 620 mm for back-to-back 292 
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channels with edge-stiffened holes. On the other hand, for back-to-back channels with un-stiffened 293 
holes, the axial capacity was increased by 11.5% on average, when the hole spacing (s) was increased 294 
from 50 mm to 620 mm. 295 

5. Current design rules  296 

5.1. Design for back-to-back channels without holes (AISI (2016) and AS/NZS (2018)) 297 

Axial capacity determined from the tests and FE analyses were compared against the design 298 
strengths calculated in accordance with the AISI (2016) and AS/NZS (2018) for back-to-back 299 
channels without holes. The AISI (2016) and AS/NZS (2018) standards use the effective width 300 
method (EWM), while calculating the axial capacity of back-to-back channels without holes. The 301 
un-factored design strengths of back-to-back channels under axial compression, in accordance with 302 
the AISI (2016) and AS/NZS (2018) standards were determined using Eq. (3) as given next. 303 

                
& /AISI AS NZS e nP A F=  (3) 304 

The critical elastic buckling stress (Fn) was determined using Eqs. (4)-(5) as follows: 305 
     For λc ≤ 1.5, ( )

2

0.658 c

n yF F


=  (4) 306 

     For λc >1.5, 
2

0.8

 

77
n y

c

F F


 
=  
 

 (5) 307 

Where, non-dimensional critical slenderness (λc) was determined using Eq. (6). 308 

          

o

c

y

c

f

f
 =  (6)  309 

Where, fy is yield stress and foc is the least of elastic flexural, torsional, and flexural-torsional 310 
buckling stresses calculated in accordance with AS/NZ (2016) (as given in Sections C3.1.1). Eqs. 311 
(3)-(6) can be found in the AISI (2016) standard in section E2 and in the AS/NZS (2018) standard 312 
in section 3.4.1.                                                                                                                                           313 

Modified slenderness ratio (Eq. (7)) was used in calculations of axial capacities for back-to-back 314 
columns.  315 

                

22

m o i

KL KL a

r r r

    
= +     

     

; For which 0.5
oi

a KL

r r

   
   

  

 (7) 316 

Eq. (7) can be found in the AISI (2016) standard in section I1.2 and in the AS/NZS (2018) 317 
standard in section 4.1.2.  318 

5.2. Design for back-to-back channels with un-stiffened holes  319 

5.2.1 General  320 

As design rules for back-to-back channels with un-stiffened holes is not covered in the current 321 
design specifications (AISI (2016) and AS/NZS (2018)), the axial capacity of back-to-back channels 322 
with un-stiffened holes was calculated as two times the axial capacity of the corresponding single 323 
sections with un-stiffened holes (Moen and Schafer (2008 and 2011)). The design rules for 324 
calculating the axial capacity of CFS single sections with un-stiffened holes were proposed by Moen 325 
and Schafer (2008 and 2011), which is described next. 326 
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5.2.2 Overall buckling load  327 

It was found by Moen and Schafer (2008 and 2011) that for CFS channels with un-stiffened 328 
holes, the elastic overall buckling stress is predicted by an approximate “weighted average” of the 329 
cross-sectional properties of the section. The elastic overall buckling load, Fcre of a member with 330 
holes should be calculated from Eq. (8): 331 

                

2

2( )

avg

cre
g

EI
F

A KL


=  (8) 332 

5.2.3 Local buckling load  333 

The nominal axial capacity (Pnl) for the local buckling of columns with holes shall be calculated 334 
using Eqs. (9)-(10) and is limited to the net section bearing capacity, Pynet. The calculation of Pcrl 335 
should include the influence of any holes present in the channel: 336 

                
0.776,

l nl ne ynet
P P P  =   (9) 337 

                

0.4

0.4crl crl0.776, 1-0.15 )
l nl ne ynet

ne ne

P P
P P P

P P


   
   =      

（
 (10) 338 

The local critical elastic buckling load, Pcrl, was calculated for a single CFS channel column with 339 
un-stiffened holes using Eq. (11) (Moen and Schafer (2008 and 2011)). 340 

                ln
min( , )

crl cr h crlh
P P P=  (11) 341 

Where, Pcrlnh is the local buckling load of the gross section without the presence of any holes. 342 
When holes are present, the buckling load, Pcrlh, can be calculated by a finite strip analysis of the net 343 
cross-section. 344 

 

5.2.4 Distortional buckling load  345 

The nominal axial capacity (Pnd) for distortional buckling of channels with holes can be 346 
calculated using Eqs. (12)-(15). The determination of Pcrd should include the influence of holes. 347 

                1
,

l d nd ynet
P P  =  (12) 348 

                

2

1 2 1
2 1

, ( )( )
ynet d

d d nd ynet d d
d d

P P
P Pd    

 

−
  = − −

−  (13) 349 

                2

0.6 0.6
, (1 0.25( ) )( )

ynet ynet

d d nd y

y y

P P

P P

P P

  = −  (14) 350 

                /y crdP Pd = ; 1
0.561( )

ynet

d
y

P

p
 = ; 

1.2 1.2

2
2 2

1 1
[1 0.25( ) ]( )

d y
d d

P
 

= −  (15) 351 

The elastic distortional buckling load was calculated based on the concept of reduced thickness. 352 
To calculate Pcrd including the influence of holes, a finite strip analysis was performed with the gross 353 
cross-section to identify the distortional half-wavelength, Lcrd. Then, the web thickness was modified 354 
following Eq. (16).  355 
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1/3(1 )h

r

crd

L
t t

L
= −  (16) 356 

More details of the calculation procedure for axial capacity of CFS channels with un-stiffened 357 
holes can be found in Moen and Schafer (2008 and 2011). As there are no design rules available in 358 
the literature or in the current design standards for back-to-back channels with edge-stiffened holes, 359 
the axial capacity of back-to-back channels with edge-stiffened holes was calculated as two times 360 
the axial capacity of a corresponding single section with un-stiffened holes (Moen and Schafer (2008 361 
and 2011)). 362 

6. Comparison of test and FE strengths against the design strengths 363 

The experimental and FE strengths were compared against the design strengths calculated in 364 
accordance with the AISI (2016), AS/NZS (2018) and Moen and Schafer (2008 and 2011). In terms 365 
of back-to-back channels without holes, Fig.16(a) compares the experimental and FE strengths 366 
against the design strengths calculated in accordance with AISI (2016) and AS/NZS (2018). As can 367 
be seen, the design strengths calculated using the modified slenderness approach as prescribed in 368 
AISI (2016) and AS/NZS (2018) are conservative by only 9%, when calculating the axial capacity 369 
of back-to-back channels without holes.  370 

For back-to-back channels with un-stiffened holes, as the design rules (AISI (2016) and AS/NZS 371 
(2018)) are not covered in the specifications (AISI (2016) and AS/NZS (2018)), the axial capacity 372 
of back-to-back channels with un-stiffened holes was calculated as two times the capacity of a single 373 
channel with un-stiffened holes. It is shown that the design strengths are lower than the FE strengths 374 
by around 11% on average (Fig.16(b)) when adopting the above-mentioned method to calculate the 375 
design capacity of such back-to-back channels with un-stiffened holes. 376 

The axial capacity of back-to-back channels with edge-stiffened holes, determined from the tests 377 
and FEA were compared against the axial capacity obtained from the design equations of un-378 
stiffened holes proposed by Moen and Schafer (2008 and 2011) (Fig.16(c)). It can be seen from 379 
Fig.16(c), that the axial capacities of back-to-back channels with edge-stiffened holes determined 380 
from the design equations of un-stiffened holes (Moen and Schafer (2008 and 2011)), are over-381 
conservative by 47% on average, when compared against the test and FE strengths. This is due to 382 
the fact that the design equations of Moen and Schafer (2008 and 2011) for CFS single channels 383 
with un-stiffened holes does not include the effects of the edge-stiffed holes including the 384 
geometrical parameters of the edge-stiffener. This indicates the need for developing new design 385 
rules for back-to-back channels with edge-stiffened holes.  386 

7. Conclusions 387 

This paper presents a test program on the axial capacity of back-to-back channels with holes 388 
(both edge-stiffened and un-stiffened holes) and with plain webs. A total of 29 new experimental 389 
tests are reported to investigate the effects of hole spacing and spacing of screw fasteners on axial 390 
capacity of CFS back-to-back channels with edge-stiffened holes. Prior to compression tests, initial 391 
geometric imperfections were measured for all test specimens using a laser scanner. Tensile coupon 392 
tests were also conducted to determine the material properties of both the flat and corner regions of 393 
the channels.  394 

The axial capacity as well as failure modes are reported. The test results showed that for the case 395 
of back-to-back channels with seven edge-stiffened holes, the axial capacity was increased by 396 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/engineering/tensile-property
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19.2%, compared to a back-to-back channels without holes. For comparison, the same built-up 397 
section with seven un-stiffened holes had a 21.9% reduction in axial capacity, when compared to 398 
the axial capacity of a built-up section without holes. In order to study the composite action of back-399 
to-back channels on their axial capacities, the results of built-up sections were compared against the 400 
corresponding single channels. On an average, the axial capacity of built-up sections is 1.23 times 401 
of double the capacity of corresponding single channels with edge-stiffened holes. While for 402 
channels with un-stiffened holes and with plain webs having no holes, an increase of 12% and 15% 403 
occurred due to the composite actions of the back-to-back channels, respectively.  404 

A non-linear finite element model was then developed, which showed good agreement with the 405 
test results, both in terms of ultimate strength and failure modes. Using the validated FE model, a 406 
parametric study comprising 44 models was conducted to investigate the effects of hole spacing, 407 
column length, and screw spacing on axial capacity of back-to-back channels with edge-stiffened 408 
holes. The results from the parametric study showed that the axial capacity was reduced by 84% on 409 
average, when the column length (L) was increased from 1000 mm to 5000 mm for test specimens 410 
without holes. An average reduction of 10.8% on axial capacity was observed when the screw 411 
spacings (a) was increased from 50 mm to 300 mm for back-to-back channels with edge-stiffened 412 
holes. It was also found that the axial capacity was reduced by 10.1% on average, when the hole 413 
spacing (s) was increased from 50 mm to 620 mm for back-to-back channels with edge-stiffened 414 
holes.  415 

Both the test and FE strengths were compared against the design strengths calculated in 416 
accordance with the AISI (2016) and AS/NZS (2018) for back-to-back channels without holes. It 417 
was found that the modified slenderness approach as specified in the AISI (2016) and AS/NZS 418 
(2018) can closely predict the axial capacity of back-to-back channels without holes, being only 9% 419 
conservative to the test and FEA results. For calculating the axial capacities of back-to-back 420 
channels with un-stiffened and edge-stiffened holes, the design equations of Moen and Schafer 421 
(2008, 2011) was used for CFS single channels. The axial capacity of back-to-back channels with 422 
edge-stiffened and un-stiffened holes was calculated as two times the capacity of a single channel 423 
with un-stiffened holes. It was found that the axial capacity of back-to-back channels with un-424 
stiffened holes are lower than the test and FE strengths by 13% on average, when Moen and Schafer 425 
(2008, 2011) equations for single channels were used. On the other hand, the axial capacity of back-426 
to-back channels with edge-stiffened holes are conservative by 47% on average, when compared to 427 
the test and FE results.  428 

8. Future work 429 

The authors of this paper are following this work by conducting a range of parametric studies 430 
using the validated finite element model presented in this paper. The aim of this extensive parametric 431 
study is to investigate the effects of channel thickness, varying yield stress, wider range of screw 432 
spacing, screw stiffness and different geometrical parameters of the edge-stiffeners. The aim of this 433 
future study is to develop a design equation for accurately predicting the axial capacity of back-to-434 
back channels with edge-stiffened holes.  435 
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Table 1 Measured specimen dimensions and axial capacities obtained from experiments   

(a) Back-to-back channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)  Single channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Material properties obtained from the tensile coupon tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

Web Flange Lip Screw spacing Hole spacing 
Axial capacity obtained 

from the tests 
  Percentage of strength 

change due to holes  
d bf

 bl s a PEXP-B 

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

Plain section        

B240-S50-NH 240.2 43.0 15.2 50 - 181.6 - 

B240-S100-NH 239.0 44.1 14.3 100 - 178.9 - 

Edge-stiffened hole        

B240-S50-EH1-1 239.2 45.5 15.1 50 - 198.9 +9.5 

B240-S50-EH1-2 239.5 44.6 14.8 50 - 197.2 +8.6 

B240-S50-EH1-3 240.2 45.2 14.7 50 - 197.8 +8.9 

B240-S50-EH3 240.6 43.8 14.9 50 250 206.5 +13.7 

B240-S50-EH5 239.6 43.9 15.3 50 150 213.6 +17.6 

B240-S50-EH7 240.8 44.3 15.7 50 50 216.5 +19.2 

B240-S100-EH1 239.8 45.2 14.2 100 - 196.5 +9.8  

B240-S100-EH3 240.6 44.9 14.8 100 250 204.5 +14.3 

B240-S100-EH5 240.2 45.2 14.2 100 150 211.6 +18.3 

B240-S100-EH7 238.9 44.8 14.9 100 50 213.5 +19.3 

Un-stiffened hole        

B240-S50-UH1 239.9 45.0 15.1 50 - 165.2 -9.0 

B240-S50-UH3 240.2 44.8 14.8 50 250 159.7 -12.1 

B240-S50-UH5 240.6 44.6 14.2 50 150 152.8 -15.8 

B240-S50-UH7 239.7 44.2 15.1 50 50 143.7 -20.8 

B240-S100-UH1 240.6 43.9 14.9 100 - 163.2 -10.3  

B240-S100-UH3 240.2 45.3 14.7 100 250 156.3 -14.1 

B240-S100-UH5 239.8 45.7 15.0 100 150 150.1 -17.6 

B240-S100-UH7 240.5 44.8 14.8 100 50 140.5 -22.9 

Specimen 

Web Flange Lip Screw spacing Hole spacing 
Axial capacity obtained 

from the tests 

  Percentage of strength 

change due to holes  
d bf

 bl s a PEXP-S 

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

Plain section        

S240-NH 240.1 43.1 15.1 50 - 75.6 - 

Edge-stiffened hole        

S240-EH1 239.9 45.1 14.1 100 - 80.3 +6.2 

S240-EH3 240.7 44.9 14.7 100 250 82.4 +8.9 

S240-EH5 240.7 45.1 14.2 100 150 84.7 +12.0 

S240-EH7 238.1 44.7 14.9 100 50 89.1 +17.8 

Un-stiffened hole        

S240-UH1 240.2 43.8 14.8 100 - 70.9 -6.2 

S240-UH3 240.3 45.1 14.5 100 250 68.9 -8.9 

S240-UH5 239.9 45.5 15.1 100 150 66.9 -11.5 

S240-UH7 240.7 44.2 14.9 100 50 64.5 -14.7 

 

Coupon ID 

Coupon  

location 

Yield stress Ultimate stress 

σ0.2 / MPa σ u / MPa 

B240-S100-EH1-F1 Flat  313.52 397.21 

B240-S100-EH1-F2 Flat  315.12 395.13 

B240-S100-EH1-F3 Flat  315.21 392.38 

Mean - 314.62 394.91 

B240-S100-EH1-C1 Corner 345.51 412.15 

B240-S100-EH1-C2 Corner 345.92 407.18 

B240-S100-EH1-C3 Corner 346.68 413.21 

Mean - 346.04 410.85 
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Table 3 Maximum amplitude of local, distortional, and overall geometric imperfections 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 Comparison of axial capacity between built-up and single channels 
 

 

Specimen 

 

Built-up  Single  Comparison 

PEXP-B PEXP-S PEXP-B / (2×PEXP-S)  

Plain section    

B240-S50-NH 181.6 75.6 1.20 

B240-S100-NH 178.9 75.6 1.18 

Mean - - 1.19 

Edge-stiffened hole    

B240-S50-EH1-1 198.9 80.3 1.24 

B240-S50-EH1-2 197.2 80.3 1.23 

B240-S50-EH1-3 197.8 80.3 1.23 

B240-S50-EH3 206.5 82.4 1.25 

B240-S50-EH5 213.6 84.7 1.26 

B240-S50-EH7 216.5 89.1 1.21 

B240-S100-EH1 196.5 80.3 1.22 

B240-S100-EH3 204.5 82.4 1.24 

B240-S100-EH5 211.6 84.7 1.25 

B240-S100-EH7 213.5 89.1 1.20 

Mean - - 1.23 

Un-stiffened hole    

B240-S50-UH1 165.2 70.9 1.17 

B240-S50-UH3 159.7 68.9 1.16 

B240-S50-UH5 152.8 66.9 1.14 

B240-S50-UH7 143.7 64.5 1.11 

B240-S100-UH1 163.2 70.9 1.15 

B240-S100-UH3 156.3 68.9 1.13 

B240-S100-UH5 150.1 66.9 1.12 

B240-S100-UH7 140.5 64.5 1.09 

Mean - - 1.13 

 
 

 

 

 

 

 

 

 

 

 

 

Specimen  
Local 

 

  

Distortional Global 

(mm) (mm) (mm) 

B240-S50-NH 1.82 1.89 1.87 

B240-S100-NH 1.61 1.75 1.78 

B240-S50-EH1-1 1.52 1.13 1.49 

B240-S50-EH1-2 1.16 1.11 1.40 

B240-S50-EH1-3 1.27 1.21 1.50 

B240-S50-EH3 1.32 1.20 1.71 

B240-S50-EH5 1.59 1.28 1.65 

B240-S50-EH7 1.60 1.17 1.60 

B240-S100-EH1 1.41 1.38 0.53 

B240-S100-EH3 1.28 1.15 1.50 

B240-S100-EH5 1.67 1.11 1.31 

B240-S100-EH7 1.11 1.17 1.70 

B240-S50-UH1 1.16 1.09 1.66 

B240-S50-UH3 1.30 1.12 1.32 

B240-S50-UH5 1.18 1.23 1.31 

B240-S50-UH7 1.40 1.37 1.52 

B240-S100-UH3 1.75 1.27 1.35 

B240-S100-UH5 1.16 1.06 1.66 

B240-S100-UH7 1.62 1.17 1.72 

S240-NH 1.57 1.12 1.89 

S240-EH1 1.10 1.11 1.79 

S240-EH3 1.05 1.09 1.51 

S240-EH5 1.89 1.10 1.67 

S240-EH7 1.91 1.21 1.25 

S240-UH1 1.02 1.31 1.27 

S240-UH3 1.12 1.27 1.57 

S240-UH5 1.98 1.20 1.52 

S240-UH7 1.99 1.16 1.79 
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Table 5 Comparisons of axial capacities obtained from experiments, FEA and theoretical derivations 

(a) Back-to-back channels 
 

Specimen 

Axial capacity 

predicted from 

the test 

Axial capacity 

predicted from 

the FEA 

Axial capacity 

predicted from AISI 

(2016) and AS/NZS 

(2018) 

Axial capacity predicted 

from Moen and Schafer 

(2008 and 2011) 

Comparison 

PEXP PFEA PAISI&AS/NZS PMS PEXP /PFEA PEXP /PAISI&AS/NZS PEXP /PMS 

(kN) (kN) (kN) (kN)    

B240-S50-NH 181.6 192.6 175.3 - 0.94 1.03 - 

B240-S100-NH 178.9 180.3 174.9 - 0.99 1.02 - 

B240-S50-EH1-1 198.9 190.5 - 140.7 1.04 - 1.41 

B240-S50-EH1-2 197.2 191.0 - 140.7 1.03 - 1.40 

B240-S50-EH1-3 197.8 191.0 - 140.7 1.04 - 1.41 

B240-S50-EH3 206.5 212.2 - 135.9 0.97 - 1.52 

B240-S50-EH5 213.6 221.8 - 131.3 0.96 - 1.63 

B240-S50-EH7 216.5 222.0 - 128.1 0.98 - 1.69 

B240-S100-EH1 196.5 176.0 - 140.7 1.12 - 1.40 

B240-S100-EH3 204.5 195.5 - 135.9 1.05 - 1.50 

B240-S100-EH5 211.6 199.0 - 131.3 1.06 - 1.61 

B240-S100-EH7 213.5 197.7 - 128.1 1.08 - 1.67 

B240-S50-UH1 165.2 179.1 - 140.7 0.92 - 1.17 

B240-S50-UH3 159.7 174.1 - 135.9 0.92 - 1.18 

B240-S50-UH5 152.8 173.3 - 131.3 0.88 - 1.16 

B240-S50-UH7 143.7 165.5 - 128.1 0.87 - 1.12 

B240-S100-UH1 163.2 160.7 - 140.7 1.02 - 1.16 

B240-S100-UH3 156.3 165.6 - 135.9 0.94 - 1.15 

B240-S100-UH5 150.1 161.6 - 131.3 0.93 - 1.14 

B240-S100-UH7 140.5 155.8 - 128.1 0.90 - 1.10 

Mean 

- 

- 

- 

- 

0.98 1.02 1.36 

COV 

- 

- 

- 

- 

0.06 0.004 0.17 

 

(b) single channels 
 

Specimen 

Axial capacity 

predicted from 

the test 

Axial capacity 

predicted from 

the FEA 

Axial capacity 

predicted from AISI 

(2016) and AS/NZS 

(2018) 

Axial capacity predicted 

from Moen and Schafer 

(2008 and 2011) 
Comparison 

PEXP PFEA PAISI&AS/NZS PMS PEXP /PFEA PEXP /PAISI&AS/NZS PEXP /PMS 
(kN) (kN) (kN) (kN)    

S240-NH 75.6 79.6 74.3 - 0.95 1.02 - 

S240-EH1 80.3 81.3 - 70.35 0.99 - 1.14 

S240-EH3 82.4 82.2 - 67.95 1.00 - 1.21 

S240-EH5 84.7 84.0 - 65.65 1.01 - 1.29 

S240-EH7 89.1 87.2 - 64.05 1.02 - 1.39 

S240-UH1 70.9 74.3 - 70.35 0.95 - 1.02 

S240-UH3 68.9 71.9 - 67.95 0.96 - 1.03 

S240-UH5 66.9 69.2 - 65.65 0.97 - 1.03 

S240-UH7 64.5 68.2 - 64.05 0.95 - 1.02 

Mean 

- 

- 

- 

- 

0.98 1.02 1.13 

COV 

- 

- 

- 

- 

0.02 - 0.11 

 

 
Table 6 Comparison of FE results against the axial capacities obtained from AISI (2016) and AS/NZS (2018) with varying screw spacing (a) of back-to-back 

channels 
 

Specimen 

Axial capacity predicted from the FEA, 

PFEA (kN) 

Axial capacity predicted from AISI 

(2016) and AS/NZS (2018), 

PAISI&AS/NZS (kN) 

 

PFEA/ PAISI&AS/NZS 

a=50 

mm 

a=100 

mm 

a=200 

mm 

a=300 

mm 

a=50 

mm 

a=100 

mm 

a=200 

mm 

a=300 

mm 

a=50 

mm 

a=100 

mm 

a=200 

mm 

a=300 

mm 

B240-L1000-NH 225.5 223.7 220.1 216.5 205.4 204.0 203.1 200.2 1.10 1.10 1.08 1.08 

B240-L2000-NH 155.5 151.5 146.5 140.5 132.3 132.0 130.8 128.9 1.18 1.15 1.12 1.09 

B240-L3000-NH 82.7 81.6 79.2 76.2 71.4 71.3 70.9 70.4 1.16 1.14 1.12 1.08 

B240-L4000-NH 51.1 50.6 49.8 46.1 43.5 43.5 43.4 43.2 1.17 1.16 1.15 1.07 

B240-L5000-NH 33.5 33.0 32.8 31.7 28.3 28.2 28.2 28.1 1.18 1.17 1.16 1.13 

 

 

Table 7 Comparison of FE results against the axial capacities obtained from Moen and Schafer (2008 and 2011) with varying hole spacing (s) of back-to-back 

channels 
 

Specimen 

Axial capacity predicted from the 

FEA, PFEA (kN) 

Axial capacity predicted from Moen 

and Schafer (2008 and 2011), PMS (kN) 
PFEA/ PMS 

s=50 

mm 

s=240 

mm 

s=620 

mm 

s=50 

mm 

s=240 

mm 

s=620 

mm 

s=50 

mm 

s=240 

mm 

s=620 

mm 

B240-L2000-EH 181.5 173.6 166.1 112.5 122.2 131.6 1.61 1.42 1.26 

B240-L3000-EH 99.6 91.8 89.7 60.3 66.8 73.8 1.65 1.37 1.22 

B240-L4000-EH 62.4 61.3 56.3 39.1 40.9 46.2 1.60 1.50 1.22 

B240-L5000-EH 42.9 40.1 37.6 28.5 27.6 30.7 1.51 1.45 1.22 

B240-L2000-UH 128.3 134.3 140.9 112.5 122.2 131.6 1.14 1.10 1.07 

B240-L3000-UH 70.21 73.5 78.5 60.3 66.8 73.8 1.16 1.10 1.06 

B240-L4000-UH 44.71 46.8 50.5 39.1 40.9 46.2 1.14 1.14 1.09 

B240-L5000-UH 30.2 31.6 33.7 28.5 27.6 30.7 1.06 1.14 1.10 
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Fig.1 Photographs of the back-to-back channels with edge-stiffened holes investigated in this study 

   

 

 

 

 

 

                   

(a) Back-to-back channels 

 

          

(b) single channels 

                                                                                                                                           The unit of all dimenion is mm 

Fig.2. Nominal cross-sections of test specimens investigated in this paper. 
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Fig.3 Different hole spacing for specimens with edge-stiffened and un-stiffened holes 

 

 

 

              

Fig.4 Specimen labelling 

 

 

 

  

Fig.5 Test setup of tensile coupon test for flat coupon Fig.6 Test setup of tensile coupon test for corner coupon 
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                                 (a) Photograph                                                                (b) Schematic drawing 

                         Fig.7 Test set-up 

 

 

 

(a) Photograph of geometric imperfection measurements setup (b) Locations of the geometric imperfection measurements 

Fig.8 Initial geometric imperfections measurement 
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(a) Imperfection of W-1 and W-3 

 

(b) Imperfection of W-2 and W-4 

 

(c) Imperfection of F-1 and F-2 

Fig.9 Typical imperfection profile (B240-S100-UH1) 
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Fig.10 Failure modes of back-to-back channels with edge-stiffened holes from experiments 

 

 

 

 

                                        

        Fig.11 Location of flat and corner region 
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Fig.12 Mesh type applied in FE model for 

B240-S100-EH5 

Fig.13 Boundary condition applied in FE model for 

B240-S100-EH3 

(a) Local buckling (b) Overall buckling 

  

Fig.14 Initial imperfection contours (B240-S100-EH1)  

 

                      

                                                     (i) Experiment                       (ii) FEA                                   (i) Experiment                 (ii) FEA                      

                                                                       (a) B240-S100-EH5                                                              (b) B240-S100-EH7 

Fig.15. Deformed shapes at failure from experiments and FEA  
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(a) Back-to-back channels without holes 

 
(b) Back-to-back channels with un-stiffened holes 

 
(c) Back-to-back channels with edge-stiffened holes 

Fig.16. Comparison of axial capacity obtained from the FEA, test and the design standard 
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