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9 Abstract:  The work presented  in this paper investigates the  strength  of   moment- 
 

10 resisiting  apex  brackets  of  cold-formed  steel  portal  frames.  The  results  of  two 
 

11 previously reported full-scale portal frame tests, where the frames failed through 
 

12 buckling  of  the apex  bracket,  were used  to  validate a finite element  model    that 
 

13 included material nonlinearity, geometric imperfections, and bolt bearing behaviour. 
 

14 From portal frame test results as well as the finite element results, the importance  of 
 

15 appropriate detailing for the apex brackets for strength is demonstrated. A simplified 
 

16 finite element model of the apex bracket is then presented, again validated against 
 

17 previously reported experimental tests. The effects of geometrical parameters of  the 
 

18 brackets,  bolt-group configuration,  and yield stress  of  brackets were   investigated 
 

19 through a parametric study comprising 648 models. From the results of this parametric 
 

20 study, design equations are proposed that can be used by practicing engineers to 
 

21 predict the strength of apex brackets used for cold-formed steel portal frames. 
 

22 Keywords: Cold-formed steel, Portal frames, Finite element analysis, Apex brackets, 
 

23 Design equations 
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1. Introduction 24 

Portal frames composed entirely of cold-formed steel (CFS) (see Fig. 1), are a 25 

popular form of construction in New Zealand and Australia, and are commonly used 26 

for shelters, warehouses, garages, and sheds [1-6]. In such portal frames, CFS lipped 27 

channel-sections are used for column and rafter members, with the eaves and apex 28 

joints formed through brackets, bolted to the webs of the channel-sections. In New 29 

Zealand, spans typically range from 10 to 60 meters. 30 

Previous work by Lim and Nethercot [2] has been concerned with the full-scale 31 

testing of two portal frames. Lateral-restraints were provided at discrete positions 32 

along the back-to-back channel frame columns and rafters (see Fig. 2), with failure of 33 

the frame as a result of the apex brackets buckling, as opposed to distortional or local 34 

buckling of the channel members. From these tests, it was concluded that the semi-35 

rigidity of the portal frame joints means that the bending moment at the apex is higher 36 

than that calculated assuming rigid joints, and that joint flexibility should therefore be 37 

taken into account by practicing engineers. Fig. 3 shows a photograph of a buckled 38 

apex bracket. It should be noted that this photograph is taken from tests reported by 39 

Öztürk and Pul [7], but is similar to that observed by Lim and Nethercot [2].  40 

Zhang [4] also conducted full-scale tests on a portal frame with back-to-back 41 

channels, however, the frame was intentionally designed with slender columns to 42 

produce local and distortional buckling in the column members in order to analyse the 43 

interaction between local and distortional buckling modes [8]. Additionally, the joints 44 

were designed so that they would not fail before the columns and are therefore not 45 

representative of typical connection designs. 46 
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Blum [9] focused on back-to-back lipped channel members for the main framing 47 

members, which included columns, rafters, and knee-braces. The eaves and knee 48 

connections were formed by back-to-back lipped brackets and were connected to the 49 

main framing members with bolted connections through the webs of all connected 50 

members. Most of the tested frames had unbraced columns, and frame failure resulted 51 

from lateral-torsional buckling of a column member initiated by out-of-plane 52 

movement of the knee-brace-to-column connection bracket. One test was conducted 53 

with braced columns which consisted of girts on the columns between the frames. 54 

Failure was initiated by buckling of the apex bracket which caused large vertical 55 

displacements at the apex, and subsequent frame failure occurred at both the apex 56 

connection and the rafter at the knee-brace connection locations. 57 

Rinchen [6] focused on frames composed of single lipped channels for the 58 

columns and rafters, with lipped brackets for the eaves and apex connections. The 59 

connection brackets were connected to the main framing members with bolts through 60 

the webs, and screws connecting the bracket lips to the channel flanges. In subsequent 61 

tests, the screws were replaced by bolts to improve the strength of the connection. As 62 

the load increased, the columns twisted and experienced a gradual lateral-torsional 63 

buckling behaviour, with final failure due to local buckling of the columns and rafters 64 

near the flange-web junction. Local buckling of the column occurred near the eaves 65 

connection. One test was performed with girts on the columns between the frames to 66 

brace the columns, which resulted in higher frame strength and reduced column twist, 67 

yet still ultimately failed by local buckling of the channels. 68 

Full-scale tests showed the importance of the connections on the performance 69 

of the frame. Additionally, parametric studies conducted using validated FE models 70 
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[5] showed the significant influence of connection design and stiffness on the overall 71 

frame performance. Different stiffness of the column base, knee-brace, and apex 72 

connections affect the ultimate capacity of the frames and may change the failure 73 

mode. For frames without knee-braces, the eaves connection is also important [6] to 74 

the frame performance. As a result, many researchers have investigated the 75 

performance of the connection through isolated component tests. 76 

        Following the design of the full-scale frame tests, component tests of two apex 77 

brackets were also conducted by Lim [3] (see Fig. 4). The results of the apex bracket 78 

tests were then used to validate a non-linear elasto-plastic FE model, from which an 79 

equation to predict the strength of the apex bracket was proposed: 80 

MP =  
fyba2t

4  {2.88− 2.88(ba aa⁄ ) + 1.26(ba aa⁄ )2}                              Eq. (1) 81 

        Where aa and ba are defined in Fig. 5. However, this equation is limited, only 82 

valid for 0.4 ≤ ba aa⁄  ≤ 1.0, an apex bracket thickness of 3 mm, an apex bracket yield 83 

stress of 280 N/mm2 and a frame pitch of 10°. 84 

        More recently, twelve component tests on apex connections were also conducted 85 

at the University of Sydney by Peng et al. [10]. The brackets tested were 2.4 mm thick 86 

and had a lip stiffener on the bottom of the web. The apex tests considered three 87 

different thicknesses of lipped channels and two channel member depths. Two bracket 88 

sizes were considered: one design each for the two channels depths. The tests were 89 

conducted to quantify the moment-rotation behaviour of the connection and to 90 

determine the strength and initial stiffness of the connection. All connections, 91 

regardless of the channel depth or thickness, failed by buckling of the centre of the 92 

apex bracket web. No bolt-slip or bolt-hole elongation was observed in any of the 93 
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tests. The experimental test results were used to validate a non-linear elasto-plastic FE 94 

model, from which parametric studies were conducted by Blum [11]. However, no 95 

design recommendations were proposed in the form of equations.  96 

        Other researchers have previously conducted component tests on joint 97 

connections. Öztürk and Pul [7] conducted two experimental tests. The apex brackets 98 

used were formed through welding steel plates (4 mm plate for the bracket and 6 mm 99 

for the lips). The yield strength of the plates was approximately 275 N/mm2. The 100 

buckling failure of the apex brackets is shown in Fig. 3. Additionally, Stratan [12] 101 

conducted apex connection tests, but used the Lindab system and included built-up 102 

gussets in the apex connection. However, design recommendations were not provided 103 

from either study. Recently, numerical studies on the eave connections in single-104 

channel portal frames containing both screws and bolts were conducted by Pouladi et 105 

al. [13]. It is shown that the screws failed in shear before the bolts had fully slipped. 106 

Only upper and lower bounds to the experimental failure load were proposed. 107 

        Fig. 5 shows typical apex bracket arrangements used in practice in New Zealand. 108 

The apex brackets are fastened to the webs of the channel-sections using bolted 109 

connections. As can be seen, the apex brackets are cut from flat plates, with top lip 110 

stiffeners folded. As meationed previously, the Eq. (1) is only valid within a certain 111 

range of design parameters. There is therefore an obvious need for a more universally 112 

applicable design methodology given the wide range of apex brackets available in 113 

practice. This paper aims to address the issue and propose design equations to predict 114 

the strength of apex brackets used for portal frames composed of back-to-back 115 

channel. 116 
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2. Summary of experimental tests from the literature 117 

2.1 Details of portal frame tests 118 

        Lim and Nethercot [2] tested two portal frames (see Fig. 2), to be referred to as 119 

Frames A and B. Fig. 6 shows details of the general arrangement for the frame test 120 

and the provision of lateral restraint to prevent premature failure of the back-to-back 121 

channel sections due to lateral buckling, as described in Lim and Nethercot [14-15].  122 

As can be seen, the frame was loaded through a loading rig consisting of eight jacks 123 

and the pinned supports were at the column bases. Fig. 7 shows the details of point 124 

loads applied to the portal frames. Fig. 8 shows the details of the pinned column base 125 

plate which was bolted between the back-to-back channel-sections at the ends of the 126 

column.      127 

         Both frames had a span of 12m, column height of 3m and pitch of 10°. The 128 

difference between the two frames was the size of the joints, which was based  around 129 

two different bolt-group sizes which were 315mm × 230mm and 615mm × 230mm 130 

for Frames A and B, respectively (see Fig. 9). As can be seen from Fig. 6,  double 131 

apex brackets were bolted to the back-to-back channel sections. The bolts had a 132 

nominal diameter of 16 mm and were fully threaded. The average dimensions of the 133 

channel-sections used in the tests are shown in Fig. 10. Table 1 shows the average 134 

measured material properties of the channel sections and brackets. All the portal frame 135 

tests failed as a result of the apex brackets buckling [3]. 136 

2.2 Details of apex joint tests 137 

        Two apex joints were tested by Lim [3] under pure bending (see Fig. 4). As a 138 

summary, these tests are briefly described in this section. Details of pin-ended 139 

boundary conditions, lateral restraints on the web of the channel-sections and loads 140 
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applied to the apex joint tested are shown in Fig. 11. To ensure the apex bracket failed 141 

prior to the channel sections, only a single apex bracket was bolted to the back-to-142 

back channel sections.  143 

        The average dimensions of the channel-sections used in the apex joint tests are 144 

the same as those used in the portal frame tests (see Fig. 10). The dimensions and the 145 

material properties of the apex brackets tested are shown in Table 2. The difference 146 

between the tests was the size of the apex bracket. The pitch of apex connections 147 

tested was same as that in portal frame, and the value is 10°. All the joint tests failed 148 

as a result of premature buckling of the stiffened-edge of the apex bracket [3]. 149 

3 Finite element model of portal frames 150 

3.1 Geometrical modelling 151 

        In the general purpose, finite element (FE) program ABAQUS [16] was used to 152 

model CFS portal frames, which were composed with the columns, rafters, eaves 153 

brackets, apex brackets, and base plates. The overall dimensions of the frame layout 154 

plan and the average dimensions of the channel sections and brackets are given in 155 

Section 2.1. The full portal frame FE model is shown in Fig. 12. 156 

3.2 Contact and connection modelling 157 

        Surface-to-surface contact using the finite-sliding tracking method was used to 158 

define the interaction relationship between the webs of channel sections and the 159 

bracket sections. Inter-penetration of these shell elements was prevented. The general 160 

contact algorithm uses a ‘hard contact’ formulation, and the penalty method is used 161 

to approximate the hard pressure-over-closure behaviour. Friction was also modelled, 162 

and the coefficient of friction was taken as 0.2 for all contact interfaces [17-19]. 163 
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        In the portal frame tests, columns and rafters were connected to respective 164 

brackets using M16 bolts. For modelling the restraint provided by bolted connections, 165 

linear translational “SPRING2” elements [16] have been employed, placed at the 166 

position of the physical link between the webs of channel sections and the bracket 167 

sections, with their assigned stiffness 𝑘𝑘𝑏𝑏_𝑥𝑥 =  𝑘𝑘𝑏𝑏_𝑦𝑦 = 6.21 kN/mm  and 𝑘𝑘𝑏𝑏_𝑧𝑧 =168 

6210 kN/mm  [20]. Typical shell element models of apex connections are shown in 169 

Fig. 13. 170 

3.3 Element type and material properties 171 

        All the frame members were modelled with the standard 4-noded doubly curved 172 

thin shell elements with linear interpolation, reduced integration, hourglass control, 173 

and finite membrane strains (S4R elements)[16][21-22]. The default setting of 174 

Drilling hourglass scaling factor, Viscosity, Hourglass control, Element detetion and 175 

Max Degradation were used. This particular element was previously shown by other 176 

researchers when modelling CFS portal frames [5]. The columns and rafters were 177 

modelled with a mesh size of 15mm ×15mm. For the base and eaves brackets, the 178 

mesh size of 10mm × 10mm was used. As the tests failed by the buckling of apex 179 

brackets, a smaller mesh size 5mm × 5mm was used in the middle of apex brackets 180 

(see Fig. 12) and in the other part of apex brackets, the mesh size was 10mm ×10mm. 181 

The number of elements of Frame-A is 611470 and that of Frame-B is 904588. 182 

        The material behaviour was modelled using a bilinear stress-strain diagram with 183 

an initial elastic modulus (E) of 205 GPA, followed by a linear hardening range with 184 

a slope of E/100. This model was previously proposed by Haidarali and Nethercot 185 

[23]. The yield stress and the ultimate stress, as measured from the coupon tests 186 

reported in Lim and Nethercot [2], are summarized in Table 1. 187 
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3.4 Initial geometric imperfections and residual stresses 188 

        As no geometric imperfections were measured by Lim and Nethercot [20], the 189 

geometric imperfections recommended by AS/NZS 4600 [24] are applied, namely, 190 

cross-sectional imperfection, member imperfection, and frame imperfection. The 191 

amplitude of imperfections is summarized in Table 3. To model the cross-sectional 192 

imperfections, local and distortional buckling imperfections should be considered in 193 

advanced structural engineering analysis. Local or distortional imperfections were 194 

included in the columns and rafters, depending on which mode had the lower critical 195 

buckling stress [25]. The value of member imperfection shall be taken as 1/1000 of 196 

the member length, where the member length is the distance between connection 197 

points to adjoining members or supports. The frame imperfection refers to the top of 198 

the column at the intersection between the centrelines of the column and rafter [26]. 199 

Considering the initial imperfections, the symmetric model used in [20] will not be 200 

applicable, so the full-scale portal frame was modelled in this paper. 201 

        Residual stresses were not modelled as the through-thickness residual stress is 202 

accounted for in the FE models through the measured material properties determined 203 

from the coupon tests, and membrane residual stresses are small relative to the yield 204 

stress of CFS sections [27]. 205 

3.5 Boundary conditions, lateral restraint and loading 206 

         As described in Section 2.1, the pinned column base boundary condition was 207 

applied to the bottom of the base plate by constraining two in-plane translations (see 208 

Fig. 14). As can be seen, lateral restraints were applied on the same locations as shown 209 

in Fig. 6. 210 
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          In the experiments as described in Section 2.1, vertical loads were applied to 211 

the frame through the plates connecting the web of the rafters. Therefore, in the model, 212 

loads were also applied to the corresponding nodes of the webs, and the values of 213 

loads are shown in Fig. 7. 214 

3.6 Analysis 215 

        A static geometric and material nonlinear analysis was performed for the test 216 

frame model. A single load step was defined for frames subjected to only vertical 217 

loads. A “static general” option featuring a full Newton-Raphson solution technique 218 

was used for the static nonlinear analysis of the frames. 219 

3.7 Comparison of results from the frame tests and FE models 220 

        Finite element analysis (FEA) results were compared with the experimental 221 

results to validate the suitability of the modelling method. The ultimate strengths of 222 

frames predicted by the FEA are presented in Table 4 along with the results from the 223 

frame tests. As observed, the ultimate loads predicted by FEA (FuFEA) are close to 224 

those obtained from the tests (FuEXP), and the differences are within 6% for both Frame 225 

A and B. There are several contributing factors to the differences, which include the 226 

likelihood of the introduction of imperfections in the frame tests during installation, 227 

varying degree of bolt pretension, and eccentric location of loading points. These 228 

factors are difficult to account for, in the numerical model. 229 

        Fig. 15 shows the load-apex deflection curve comparison of the experimental and 230 

FEA results. Overall, there is a close agreement between the results of experiments 231 

and the FE model. As can be seen, when the FEA results are offset to account for the 232 

initial bolt-hole misalignment, the gradients of the experimental and FEA results are 233 

similar. Fig. 16 shows the von Mises stress contours of the apex bracket. As can be 234 
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seen, the red area is the yielded area, so the portal frame FE model failed at the apex 235 

bracket, which matches well with the experimental failure mode. The FE model was 236 

validated against the two full-scale portal frame tests.  237 

3.8 Effect of brackets 238 

Both experimental and FEA results show that the portal frames failed due to the  239 

buckling of apex brackets. To study the influence of connection brackets on the 240 

capacity of portal frames, apex brackets and eaves brackets were both set as linear 241 

elastic material in the FE model, and the analyses were rerun. 242 

Fig. 17 shows the von Mises stress contours of the column, when brackets 243 

idenlised as elastic. The yielded area is shown as the red colour and the failure mode 244 

is now buckling of the column near to the eaves joint. Failure of the frame in this case 245 

occurs due to buckling of the cold-formed steel channel sections, influenced by a bi-246 

moment as described by Lim et al. [28]. 247 

Fig. 15 also shows the load with the apex deflection curve when the brackets 248 

were prevented from failure. The value of ultimate load from FEA with elastic 249 

brackets ( FuFEA_EB) are summarized in Table 4. As can be seen, the ultimate load 250 

increased by 45% for Frame A and 28% for Frame B. Furthermore, as the connection 251 

brackets control the ultimate strength of the frame, it is necessary to accurately predict 252 

the strength of connections including apex brackets. 253 

4 Finite element model of apex joints 254 

        In this study, the experimental work summarised in Section 2.2 was used to 255 

validate a FE model with the purpose of further investigating the capacity of apex 256 

connections. Advanced shell FE models were created in ABAQUS [16] for the apex 257 

connections described in Section 2.2 of this paper. 258 
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        The geometry and boundary conditions of the experimental setup were replicated 259 

in the FE model, as shown in Fig. 18. To simulate pin-ended boundary conditions at 260 

the specimen ends, the bolt nodes on the web of back-to-back channels were first 261 

coupled to the pin support node where a reference point was defined. Simply 262 

supported boundary conditions were then applied to the reference points at both ends. 263 

The lateral displacements of the webs were prevented at those locations where bracing 264 

was put in place during the test. Finally, point loads were applied in a force-controlled 265 

manner to reference points that were coupled to all the bolts nodes on the web of back-266 

to-back channels at the load application position. As described in section 2.2, the 267 

loading and boundary conditions in the experiment were normal to rafters, so two 268 

local coordinate systems were applied in the FE model, as shown in Fig. 18. 269 

        Element type, mesh size, contact and connection modelling were same with the 270 

FE model of portal frames as described in Section 3. The material properties of the 271 

channel sections and apex bracket were described in Section 2.2. 272 

        The two connections, representing apex connections with different bolt group 273 

lengths, were analysed using a material and geometric nonlinear analysis. Table 2  274 

demonstrates that the proposed FE model predicts the moment capacity (Mu
FEA) of all 275 

apex connections very well, when compared to the experimental results (Mu
EXP), with 276 

an average difference of 4.5%. 277 

5 Simplification of the apex joint model 278 

        To simplify the FE model for further investigations, the apex connection in four-279 

point bending was alternatively modelled as an apex bracket subjected to pure 280 

bending. Fig. 19 illustrates the FE model and indicates the loading and boundary 281 

conditions. All the bolt nodes, outside of the centroid, were coupled to the centroid 282 



 

13 

point of bolt group, where a reference point was defined. Bending moments were 283 

applied to the two reference points. Simply supported boundary conditions were 284 

applied to the nodes in the middle of the bracket. As the lateral displacements were 285 

prevented at those locations where bracing was put in place, the stiffness contribution 286 

of the rafter channel to the apex bracket can be ignored. Element type, mesh size, and 287 

material property were same with the model described in Section 4. 288 

        The predicted moment capacities (Mu
s,FEA) of the simplified apex connection also 289 

agree well with the experimental results of the full apex connection, as shown in Table 290 

2, with an average difference of 5.5%. 291 

6 Parametric studies 292 

        The simplified FE model described in the previous Section was further used to 293 

conduct parametric studies. The purpose of parametric study is to investigate the effect 294 

of variables on the capacity of the apex bracket and then propose the equation to 295 

predict the moment capacity of apex brackets. Table 5 summarized the selected 296 

variables based on the nominal dimension used in practice. The parameters of apex 297 

bracket were shown in Fig. 5. Two distinct bolt group arrangements were considered, 298 

containing bolts in 2×2 and 3×2 arrays. Within each configuration, the ratio of the bolt 299 

group length to the width of triangular area of apex bracket (ab aa⁄ ) is equal to the 300 

ratio of the bolt group breadth to the edge width of apex bracket (bb ba⁄ ), and the 301 

value of the ratio is 0.8. Six different cross-sectional geometries of lipped channels 302 

were considered, based on the value of the edge width of apex bracket (ba). The ratio 303 

of the edge width of the apex bracket to the width of triangular area of the apex bracket 304 

(ba aa⁄ ) varied from 0.4 to 1.2 at an interval of 0.1. In addition, three different section 305 

thickness (t), namely 2, 2.5, and 3 mm were considered. The values of yield stress of 306 
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the bracket were varied from 250 N/mm2 to 550 N/mm2 at an increment of 100 307 

N/mm2. The elastic modulus E, and the frame pitch 𝜃𝜃𝑎𝑎 were taken as 205 GPa, and 308 

10o, respectively.  309 

        A total of 648 FE models were created to systematically investigate the effects 310 

of the aforementioned variables on the capacity of the apex bracket. Fig. 20 shows the 311 

variation of Mp against ba aa⁄ . As can be seen, the moment capacity (Mp) decreases 312 

as the value of ba aa⁄  increases, and yield stress (fy), thickness (t) and edge width of 313 

apex bracket (ba) all have a positive influence on the moment capacity of apex bracket 314 

(Mp).  315 

        From geometric considerations of the apex bracket, Mp is clearly a function of 316 

ba, ba aa⁄ , and t as well as fy. If the value of frame pitch 𝜃𝜃𝑎𝑎 is zero, then from simple 317 

plastic analysis considerations of a beam subject to pure bending [3]: 318 

MP =  
fyba2t

4                                                                             Eq. (2) 319 

Curve-fitting of the results for the apex bracket having a value for 𝜃𝜃𝑎𝑎 as 10o  gives the 320 

relationship for Mp as shown in the following equation:  321 

MP =  fy ba2 t [α(ba aa⁄ )2 − β(ba aa⁄ ) + γ]                      Eq. (3) 322 

        Table 6 summarizes the values of coefficients α, β, and γ of Eq. (3)  adapted to 323 

the apex bracket. Eq. (3) is used to predict the moment capacity of the practical apex 324 

brackets with the nominal dimensions given in Table 5. Due to the limited value 325 

ranges for the key parameters in parametric studies, the application scope of the 326 

proposed Eq. (3) valid for 0.4 ≤ ba aa⁄  ≤ 1.2, an apex bracket thickness ranges from 2 327 

mm to 3 mm, an apex bracket yield stress valid from 250 N/mm2 to 550 N/mm2 and 328 



 

15 

a frame pitch of 10°. This range is common for typical portal frame apex connections, 329 

based on the investigation of practical apex brackets. 330 

7 Discussion of the proposed equation 331 

        A total of 72 practical apex brackets, where the ratio of ba aa⁄  ranged from 0.75 332 

to 1.11, were used to compare the moment capacity results predicted by Eq. (1) 333 

(Mu
Eq.(1)) , Eq. (3) (Mu

Eq.(3)) and FEA (Mu
FEA), and the results are summarized in Table 334 

7. The average ratio of Mu
Eq.(1) Mu

FEA�  was 1.15 with a standard deviation of 0.24, 335 

while the average ratio of Mu
Eq.(3) Mu

FEA�  was 1.00 with a standard deviation of 0.02. 336 

The proposed Eq. (3) provided rather accurate predictions for the moment capacity of 337 

apex brackets. 338 

        The value of coefficients (α = 0.13, β = 0.31, and γ = 0.49) from Table 6 based 339 

on the specimen “ ba =350mm, fy =250N/mm2, t=3mm” was used to predict the 340 

moment capacities of apex brackets from the full-scale portal frame tests which were 341 

described in Section 2.1 of this paper. The moment capacities of apex brackets 342 

predicted by Eq. (3) (Mu
Eq.(3)) were also summarized in Table 4, compared with the 343 

values from full scale portal frame FEA, as there was no data about the moment 344 

capacity of apex brackets from the full-scale portal frame tests. The predicted moment 345 

capacities of apex brackets using Eq. (3) have a good agreement with the FEA results, 346 

with an average difference of 4%.  347 

      The value of coefficients (α = 0.13, β = 0.31, and γ = 0.49) from Table 6 based 348 

on the specimen “ ba =350mm, fy =250N/mm2, t=3mm” was used to predict the 349 

moment capacities of apex brackets from the tests which were described in Section 350 

2.2 of this paper. Table 2 summarized the moment capacities predicted by Eq. (3) 351 
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(Mu
Eq.(3)). The predicted moment capacities of apex brackets using Eq. (3) have a good 352 

agreement with the experimental results, with an average difference of 6.5%.  353 

8 Conclusions 354 

        This paper presents a novel design equation to predict the capacity of apex 355 

brackets in CFS back-to-back lipped channel-section portal frames applicable to 356 

bolted connections. The practical design equations were developed with the support 357 

of detailed geometric and material non-linear analysis with imperfections FE models, 358 

which were first validated against experiments on CFS portal frames and apex joints. 359 

The simplified apex joint FE model was further investigated and verified to predict 360 

the moment capacity correctly.  361 

        Comprehensive parametric studies were conducted using the simplified FE 362 

model, covering an extensive range of the governing parameters, namely, the apex 363 

bracket geometry ( the thickness t, the width of triangular area of apex bracket aa, the 364 

edge width of apex bracket ba) and the yield stress fy. A total of 648 FE models were 365 

undertaken to propose a new equation to predict the moment capacity of apex 366 

brackets. The moment capacity predicted by the new equation is shown to be closed 367 

to both experimental test results and FE results. The proposed equation can be used 368 

by engineers to design apex brackets for strength. 369 
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Notation 

aa Width of triangular area of apex bracket 

ab Length of bolt-group 

ba Edge width of apex bracket 

bb Breadth of bolt-group 

CFS Cold-formed steel 

ds Depth of stiffener 

E Young’s modulus of elasticity 

Eq. (x) Equation (x) 

𝑒𝑒𝑜𝑜 Member imperfections 

FE Finite element 

FEA Finite element analysis 

FuEXP Ultimate experimental load 

FuFEA Ultimate load from FEA 

FuFEA_EB Ultimate load from FEA with elastic brackets 

𝑓𝑓y Yield stress 

𝑓𝑓u Ultimate stress 

𝑓𝑓𝑜𝑜𝑜𝑜 Elastic distortional buckling stress 

𝑓𝑓𝑜𝑜𝑜𝑜 Elastic local buckling stress 

ℎ Height to eaves of portal frame 

𝑘𝑘𝑏𝑏_𝑥𝑥 Spring stiffness in x direction 

𝑘𝑘𝑏𝑏_𝑦𝑦  Spring stiffness in y direction 

𝑘𝑘𝑏𝑏_𝑧𝑧  Spring stiffness in z direction 

𝐿𝐿 Member length 

MP Plastic moment-capacity of bracket 

Mu
EXP Ultimate moment-capacity of bracket from experiment 

Mu
Eq.(3) Ultimate moment-capacity of bracket from equation (3) 

Mu
FEA Predicted moment capacity of bracket from FEA 

Mu
s,FEA Predicted moment capacity of bracket from simplified FE model 

𝑠𝑠𝑜𝑜𝑜𝑜 Imperfection multipliers for local buckling 
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𝑠𝑠𝑜𝑜𝑜𝑜 Imperfection multipliers for distortional buckling 

t Thickness 

𝜃𝜃a Pitch of portal frame 

α Coefficient 

β Coefficient 

γ Coefficient 
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Table 1 Material properties of channel-sections and brackets used for frame tests [2] 

Components 
𝑓𝑓y 

(N/mm2) 

𝑓𝑓u 

(N/mm2) 

𝑡𝑡1 

(mm) 

Channel-sections 358 425 2.95 

Brackets 200 305 2.98 
1 core thickness excluding galvanising 
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Table 2 Comparison of experimental and FE results of apex joint tests after Lim [3] 

Test 
aa 

(mm) 

ba 

(mm) 

ds 

(mm) 

𝑡𝑡1  

(mm) 

𝑓𝑓y 

(N/mm2) 

Mu
EXP 

(kNm) 

Mu
FEA 

(kNm) 

Mu
s,FEA 

(kNm) 

Mu
Eq.(3) 

(kNm) 
Mu
FEA/Mu

EXP Mu
s,FEA/Mu

EXP Mu
Eq.(3)/Mu

EXP  

7-12 406 340 80 2.99 272 32.5 30.75 30.63 30.23 0.95 0.94 0.93  

7-22 700 340 80 2.95 262 35.0 33.57 33.30 33.07 0.96 0.95 0.94  
1 core thickness excluding galvanising 
2 the test name in [3] 
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Table 3 Amplitudes of imperfections according to AS/NZS 4600 [24] 

Cross-section Imperfection Member 

Imperfection 

Frame 

Imperfection Local buckling Distortional buckling 

𝑠𝑠𝑜𝑜𝑜𝑜 = 0.3𝑡𝑡� 𝑓𝑓𝑦𝑦
𝑓𝑓𝑜𝑜𝑜𝑜

 (mm) 𝑠𝑠𝑜𝑜𝑜𝑜 = 0.3𝑡𝑡� 𝑓𝑓𝑦𝑦
𝑓𝑓𝑜𝑜𝑜𝑜

 (mm) 𝑒𝑒𝑜𝑜 = 𝐿𝐿 1000⁄  (mm) ℎ 500⁄  (mm) 
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Table 4  Comparison of experimental [2] and FE results of tests conducted on the 
portal frame 

Frame 
FuEXP 

(kN) 

FuFEA 

(kN) 

FuFEA_EB 

(kN) 
FuFEA FuEXP⁄  FuFEA_EB FuFEA⁄  

Mu
FEA1 

(kNm) 
Mu
Eq.(3)1 

(kNm) 
Mu
Eq.(3)/Mu

FEA 

A 77.22 76.42 111.13 0.99 1.45 22.06 22.93 1.04 

B 109.38 102.83 131.80 0.94 1.28 25.09 26.04 1.04 
1 Moment capacity of a single apex bracket 
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Table 5 Selected variable for parametric studies 

 
ds1 

(mm) 
Bolts Group1 ba aa⁄  

t 

(mm) 

fy  

(N/mm2) 

ba1=150mm 50 

 
ab
aa

=
bb
ba

= 0.8 

 
[0.4 ~ 1.2] [2, 2.5, 3] [250 ~ 550] 

ba=200mm 55 

ba=250mm 60 

ba=300mm 70 

ba=350mm 70 

 
ba=400mm 70 

1 refer to Fig. 5 
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Table 6 Coefficients of the proposed moment capacity of apex brackets 

 Coefficient 

Thickness of apex bracket 

t= 2 (mm) t= 2.5 (mm) t= 3 (mm) 

fy  (N/mm2) 

250 350 450 550 250 350 450 550 250 350 450 550 

ba1=150mm 

α 0.21 0.23 0.18 0.12 0.27 0.23 0.23 0.23 0.32 0.28 0.25 0.23 

β 0.52 0.55 0.44 0.31 0.63 0.55 0.54 0.53 0.71 0.64 0.58 0.54 

γ 0.66 0.65 0.59 0.51 0.73 0.68 0.66 0.64 0.78 0.73 0.70 0.67 

ba=200mm 

α 0.21 0.13 0.09 0.07 0.24 0.19 0.16 0.14 0.26 0.24 0.25 0.19 

β 0.47 0.32 0.24 0.19 0.55 0.44 0.38 0.34 0.60 0.55 0.54 0.44 

γ 0.60 0.50 0.45 0.40 0.66 0.59 0.55 0.50 0.70 0.65 0.63 0.58 

ba=250mm 

α 0.13 0.09 0.07 0.06 0.20 0.13 0.08 0.08 0.22 0.21 0.15 0.11 

β 0.31 0.21 0.18 0.16 0.43 0.31 0.20 0.20 0.49 0.46 0.36 0.27 

γ 0.49 0.41 0.36 0.33 0.57 0.49 0.42 0.40 0.62 0.58 0.52 0.46 

ba=300mm 

α 0.08 0.08 0.05 0.05 0.14 0.10 0.08 0.07 0.19 0.14 0.10 0.07 

β 0.19 0.18 0.14 0.12 0.33 0.23 0.20 0.17 0.42 0.32 0.25 0.18 

γ 0.39 0.35 0.31 0.28 0.50 0.42 0.38 0.34 0.57 0.50 0.44 0.38 
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Table 6 (continued) 

 Coefficient 

Thickness of apex bracket 

t= 2 (mm) t= 2.5 (mm) t= 3 (mm) 

fy  (N/mm2) 

250 350 450 550 250 350 450 550 250 350 450 550 

ba=350mm 

α 0.07 0.05 0.06 0.05 0.10 0.09 0.07 0.05 0.13 0.08 0.09 0.08 

β 0.16 0.13 0.13 0.11 0.24 0.20 0.17 0.12 0.31 0.19 0.20 0.18 

γ 0.34 0.30 0.27 0.25 0.43 0.37 0.33 0.29 0.49 0.41 0.38 0.35 

ba=400mm 

α 0.05 0.05 0.05 0.05 0.07 0.07 0.05 0.05 0.08 0.09 0.05 0.04 

β 0.12 0.12 0.12 0.10 0.16 0.17 0.12 0.12 0.21 0.21 0.13 0.11 

γ 0.30 0.27 0.24 0.22 0.36 0.33 0.28 0.26 0.42 0.38 0.32 0.29 
1 refer to Fig. 5 
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Table 7 Equation and FEA results of moment capacity on practical apex brackets 

 ba aa⁄  
fy 

(N/mm2) 

Thickness of apex bracket 

t = 2 mm t = 2.5 mm t = 3 mm 

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

ba1=150mm 0.75 

250 4.43  0.91  0.99  5.82  0.86  0.99  7.16  0.84  1.01  

350 5.86  0.96  0.99  7.89  0.89  0.99  9.76  0.86  0.99  

450 7.32  0.99  1.00  9.85  0.92  0.99  12.30  0.88  1.00  

550 8.56  1.03  1.00  11.50  0.96  1.00  14.60  0.91  1.00  

ba=200mm 0.82 

250 6.90  0.99  1.03  9.27  0.92  1.00  11.70  0.88  0.98  

350 9.12  1.05  1.00  12.30  0.97  1.02  15.50  0.93  0.98  

450 11.10  1.11  1.02  15.20  1.01  1.02  19.30  0.96  0.99  

550 12.90  1.16  0.99  17.70  1.06  0.98  22.70  0.99  1.01  

ba=250mm 1.02 

250 9.66  1.01  1.00  13.00  0.94  1.02  16.60  0.88  0.99  

350 12.40  1.11  1.02  16.90  1.01  1.00  21.70  0.95  1.00  

450 14.60  1.21  0.96  20.80  1.06  1.01  26.70  0.99  0.98  

550 16.50  1.31  0.96  24.00  1.12  1.00  31.30  1.03  0.99  
1 refer to Fig. 5
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Table 7 (continued) 

 ba aa⁄  
fy 

(N/mm2) 

t = 2 mm t = 2.5 mm t = 3 mm 

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

Mu
FEA 

(kNm) 
Mu
Eq.(1)

Mu
FEA  

Mu
Eq.(3)

Mu
FEA  

ba=300mm 1.00 

250 12.70  1.12  0.99  17.60  1.01  0.99  22.50  0.95  1.02  

350 15.70  1.26  1.00  22.70  1.09  1.28  29.60  1.01  1.02  

450 18.20  1.40  0.98  26.90  1.19  0.98  35.70  1.07  0.99  

550 20.40  1.53  1.02  30.30  1.29  0.98  41.30  1.13  0.97  

ba=350mm 0.97 

250 15.50  1.26  0.99  22.60  1.08  0.99  29.20  1.00  0.98  

350 19.10  1.43  0.99  28.10  1.21  0.99  37.70  1.08  1.03  

450 22.30  1.57  0.99  32.60  1.34  0.98  44.90  1.17  1.00  

550 24.80  1.73  1.03  37.00  1.45  1.00  50.90  1.26  1.00  

ba=400mm 1.11 

250 17.80  1.35  1.03  26.50  1.15  1.01  35.10  1.08  0.98  

350 21.70  1.56  1.02  32.30  1.36  0.99  44.50  1.20  0.97  

450 25.40  1.83  0.95  37.50  1.48  1.00  51.90  1.30  0.99  

550 28.40  1.81  1.06  42.50  1.64  0.98  58.50  1.42  0.98  

Average (Mu
Eq.(1) Mu

FEA� ) =1.15; Standard deviation (Mu
Eq.(1) Mu

FEA� ) =0.24;  

Average (Mu
Eq.(3) Mu

FEA� ) =1.00; Standard deviation (Mu
Eq.(3) Mu

FEA� ) =0.02 



 

33 

List of figures 

Fig. 1 Cold-formed steel portal frame [7] 

Fig. 2 Full-scale portal frame test after Lim and Nethercot [2] 

Fig. 3  Buckling failure of apex brackets after Öztürk and Pul [7] 

Fig. 4 Photograph of the laboratory test set-up of apex joint after Lim [3] 

Fig. 5 Diagram showing parameters of apex bracket 

Fig. 6 Detail of general arrangement of the test frame [2] (dimensions in 

millimeters) 

Fig. 7 Detail of point loads applied to standard frame [2] (dimensions in millimeters) 

Fig. 8 Details of column base plate [3] (dimensions in millimeters) 

Fig. 9 Details of bolt-groups and corresponding sizes of eaves and apex brackets 

after Lim [3] (dimensions in millimeters) 

Fig. 10 Average dimensions of back-to-back channel sections [3] (dimensions in 

millimeters) 

Fig. 11 Details of lateral restraint and loading applied to apex joint tests after Lim 

[3] (dimensions in millimeters) 

Fig. 12 FE model frame layout 

Fig. 13 SPRING2 element on connections 

Fig. 14 Boundary conditions and lateral restraint on the portal frame FE model (refer 

to Fig. 7 for dimensions) 

Fig. 15 Load vs. apex deflection curve comparison of experimental and FEA results 

Fig. 16 Stress contours of apex bracket 

Fig. 17 Stress contours of the right eave joint (brackets idealised as elastic) 

Fig. 18 FE model of apex connection showing loading and boundary conditions 

Fig. 19 FE model of simplified moment-resisting apex connection including loading 

and boundary conditions 

Fig. 20 Variation of plastic moment-capacity 𝐌𝐌𝐩𝐩 of apex bracket against ba aa⁄  

 

 

 

file://files.auckland.ac.nz/myhome/EngFiles/%5E-%5E%20Phd/A%20%5E_%5E%202021.04/%5E_%5Efinal/Chen%20et%20al.%20(2020)-JCSR-Manuscript-revised.docx#_Toc69219374
file://files.auckland.ac.nz/myhome/EngFiles/%5E-%5E%20Phd/A%20%5E_%5E%202021.04/%5E_%5Efinal/Chen%20et%20al.%20(2020)-JCSR-Manuscript-revised.docx#_Toc69219375
file://files.auckland.ac.nz/myhome/EngFiles/%5E-%5E%20Phd/A%20%5E_%5E%202021.04/%5E_%5Efinal/Chen%20et%20al.%20(2020)-JCSR-Manuscript-revised.docx#_Toc69219375
file://files.auckland.ac.nz/myhome/EngFiles/%5E-%5E%20Phd/A%20%5E_%5E%202021.04/%5E_%5Efinal/Chen%20et%20al.%20(2020)-JCSR-Manuscript-revised.docx#_Toc69219376


 

34 

 

Fig. 1 Cold-formed steel portal frame [7] 
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Fig. 2 Full-scale portal frame test after Lim and Nethercot [2]  
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Fig. 3  Buckling failure of apex brackets after Öztürk and Pul [7] 
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Fig. 4 Photograph of the laboratory test set-up of apex joint after Lim [3] 
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Fig. 5 Diagram showing parameters of apex bracket 
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Fig. 6 Detail of general arrangement of the test frame [2] (dimensions in millimeters) 
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Fig. 7 Detail of point loads applied to standard frame [2] (dimensions in millimeters) 
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Fig. 8 Details of column base plate [3] (dimensions in millimeters) 
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(a) Joints of Frame A 

(b) Joints of Frame B 

Fig. 9 Details of bolt-groups and corresponding sizes of eaves and apex brackets 

after Lim [3] (dimensions in millimeters) 
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Fig. 10 Average dimensions of back-to-back channel sections [3] (dimensions in 
millimeters)
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Fig. 11 Details of lateral restraint and loading applied to apex joint tests after Lim [3] (dimensions in millimeters) 
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Fig. 12 FE model frame layout 
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Fig. 13 SPRING2 element on connections 

 

  

Rafter 
Apex bracket Bolt (SPRING2 element) 

 

Bolt (SPRING2 element) 

 

Apex bracket 

Rafter 

Rafter 

A 

 

A 

 
Section A-A 



 

47 

 

 
Fig. 14 Boundary conditions and lateral restraint on the portal frame FE model (refer to Fig. 7 for dimensions) 

 

 

Lateral restraint: UZ=0 

Boundary conditions: UX=UY=0 

Lateral restraint: UZ=0 
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Fig. 15 Load vs. apex deflection curve comparison of experimental and FEA results 
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Fig. 16 Stress contours of apex bracket 
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Fig. 17 Stress contours of the right eave joint (brackets idealised as elastic) 
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            Fig. 18 FE model of apex connection showing loading and boundary conditions 
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Fig. 19 FE model of simplified moment-resisting apex connection including loading and boundary conditions 
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Lateral restraint: Uz=0 

 

Middle of apex bracket: 
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Bolt nodes were coupled to the 
reference node. Load was applied 
to the reference node: MZ 

 

Bolt nodes were coupled to the 
reference node. Load was applied 
to the reference node: −MZ 
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(a) variable: yield stress of apex bracket (𝑓𝑓y) 

 

(b) variable: thickness of apex bracket (t) 

 

(c) variable: edge width of apex bracket (ba) 

Fig. 20 Variation of plastic moment-capacity 𝑀𝑀𝑝𝑝 of apex bracket against 𝑏𝑏𝑎𝑎 𝑎𝑎𝑎𝑎⁄  
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