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Abstract 22 

The load carrying capacity of cold-formed steel (CFS) beams can be enhanced by employing 23 

optimisation techniques. Recent research studies have mainly focused on optimising the 24 

bending capacity of the CFS beams for a given amount of material. However, to the best of 25 

authors’ knowledge, very limited research has been performed to optimise the CFS beams 26 

subject to shear and web crippling actions for a given amount of material. This paper presents 27 

the optimisation of CFS lipped channel beams for maximum bending, shear, and web crippling 28 

actions combined, leading to a novel conceptual development. The bending, shear and web 29 

crippling strengths of the sections were determined based on the provisions in Eurocode 3, 30 

while the optimisation process was performed by the means of Particle Swarm Optimisation 31 

(PSO) method. Combined theoretical and manufacturing constraints were imposed during the 32 

optimisation to ensure the practicality of optimised CFS beams. Non-linear Finite Element (FE) 33 

analysis with imperfections was employed to simulate the structural behaviour of optimised 34 

CFS lipped channel beams after successful validation against previous experimental results. 35 

The results demonstrated that, the optimised CFS sections are more effective (bending, shear, 36 
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and web crippling actions resulted in 30 %, 6 %, and 13 % of capacity increase, respectively) 37 

compared to the conventional CFS sections with same amount of material (weight). The 38 

proposed optimisation framework can be used to enhance the structural efficiency of CFS 39 

lipped channel beams under combined bending, shear, and web crippling actions.  40 

Keywords: Cold-Formed Steel Beams; Bending Strength; Shear Strength; Web Crippling 41 

Strength; Combined Optimisation; Finite Element Analysis. 42 

1 Introduction 43 

Cold-formed steel (CFS) members offer more economical and efficient design solutions as they 44 

offer high strength-to-weight ratio, leading to material savings. Consequently, CFS members 45 

have been widely employed in a broad range of civil and structural engineering applications. 46 

The structural applications mainly include basic building elements for on-site assembly or 47 

prefabricated floor and wall panels, as well as volumetric modular units. However, due to their 48 

limited thickness, CFS members are highly prone to buckling instabilities. Prominent 49 

consideration is, therefore, given during the design process.  50 

CFS beams are used as primary and secondary load-bearing elements. They fail majorly in 51 

bending, shear, web crippling or a combination of the above. Many research studies have 52 

performed experimental works [1-5] and numerical studies [6-12] to examine the ultimate 53 

cross-sectional resistance strength and behaviour of the CFS beams subject to the 54 

aforementioned prominent and combined actions. In particular, Fig. 1 depicts all possible 55 

failure modes of CFS beams. The sophisticated improvements in manufacturing technologies 56 

along with the cross-sectional flexibility nature of CFS lead to necessitated modifications into 57 

the CFS profiles.  58 

In recent years, optimisation techniques have also been employed to enhance the bending 59 

performance of CFS beams. Such increased research focus resulted in novel CFS beam shapes 60 

with enhanced bending capacities. For example, Ye et al. [13, 14] optimised the lipped channel 61 

beams with intermediate web stiffeners and return lips, and introduced a novel folded-flange 62 

section. Gatheeshgar et al. [15-17] performed optimisation studies of CFS sections and 63 

introduced optimised super-sigma sections which can bear approximately 65% higher bending 64 

capacity compared to the conventional lipped channel beam with the same amount of material. 65 

They also investigated the relevant shear and web crippling capacities of the optimised sections 66 

and found that the optimised novel sections performed poorly compared to the lipped channel 67 

https://www.sciencedirect.com/topics/engineering/strength-to-weight-ratio
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/load-carrying-capacity
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beam with the same amount of material. Fig. 2 shows the novel optimised sections considering 68 

section moment capacity [13-16]. 69 

Fig.1 Different types of failure modes of CFS beams: (a) bending [1]; (b,c) shear [5, 6]; (d) web crippling [4]; 70 

(e) combined bending and shear [6]; (f) combined bending and web crippling [7]. 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

Fig. 2 Optimised CFS beam sections for bending maintaining the same amount of material [13-16]. 79 
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It is worth to note that there are circumstances where CFS beams can fail not only 80 

predominantly in bending but also in shear, and web crippling actions. Shear failure is critical 81 

in short spans while web crippling failure occurs when CFS beams subjected to concentrated 82 

loads. Therefore, it is necessary to consider the shear and web crippling behaviour of the 83 

sections during the optimisation process. This will ensure the optimised beams can also 84 

perform efficiently under bending, shear, and web crippling, and thus they can be used in 85 

specific building applications.  86 

The objectives of this paper are to (a) optimise the CFS lipped channel beams for bending, 87 

shear, and web crippling actions individually and (b) develop a novel concept of optimisation 88 

procedure to produce a lipped channel beam which can comparatively perform well in all three 89 

aforementioned actions. The optimisation was performed using Particle Swarm Optimisation 90 

(PSO) method and the objective functions were developed using Eurocode 3 [18, 19] 91 

guidelines. Finite Element (FE) models of lipped channel beams were developed and carefully 92 

validated against the test results. The validated FE models were then used to simulate the 93 

bending, shear, and web crippling strength and the combined behaviour of the optimised lipped 94 

channel beams. Finally, the optimised sections were compared with a commercially available 95 

lipped channel beam of the same amount of material (i.e., weight) to highlight any structural 96 

benefits. The potential advantages of employing specific optimisation techniques are also 97 

discussed via the analysed results and conclusions are drawn.  98 

2 Eurocode 3 design rules for lipped channel beams 99 

2.1 Bending 100 

For the lipped channel beam, bending capacity was determined based on the effective width 101 

method provisions adopted in EN1993-1-3 [18] and EN1993-1-5 [19]. Both local and 102 

distortional buckling was taken into account in calculating the stiffness of the lipped channel 103 

beams. The local buckling effects of the internal compression (web and flange), and outstand 104 

compression (lip) elements were calculated based on the effective widths (compressive stress 105 

concentration at the corners) as defined in EN1993-1-5 [19]. The local and distortional 106 

buckling of a typical lipped channel beam is shown in Fig. 3. According to EN1993-1-5 [19] 107 

the effective width of the internal and outstand compression elements for local buckling can be 108 

calculated using a reduction factor on the plate width (). Eqs. 1 and 2 provide the reduction 109 

factor values for internal and outstand compression elements, respectively. 110 
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 116 

 117 

 118 

Fig. 3 Buckling types of a laterally braced CFS lipped channel beam subjected to bending stress: (a) local 119 

buckling; (b) distortional buckling. 120 

 121 

 = [
𝜆𝑝−0.055(3+𝜓)

𝜆𝑝
2 ]                                 (1) 122 

 = [
𝜆𝑝−0.188

𝜆𝑝
2 ]                                  (2) 123 

In Eqs. 1and 2,   is the ratio of the end stress in the plate element and p is the slenderness 124 

ratio (= √𝑓𝑦 𝜎𝑐𝑟⁄  ; fy = yield strength and cr is the elastic critical plate buckling stress).  125 

In contrast to the cross-sectional width concept for local buckling, the distortional buckling of 126 

the flange-lip juncture is taken into consideration through reducing the effective plate 127 

thickness. The distortional buckling effect in lipped channel beam is mainly governed by the 128 

elastic critical stress of the edge stiffener (cr,s). This is calculated simulating the restrain 129 

provided by the adjacent plates into a spring stiffness (K) and determining the effective cross-130 

section area (As) and second moment of area (Is) of the edge stiffener. The corresponding 131 

Young’s modulus of the material (E) also needs to be used (see Eq.3). The reduction factor for 132 

the distortional buckling (d) is obtained from the slenderness ratio, and cr,s is to be used for 133 

this. The strength of the effective area of the stiffener is then reduced by d. This 134 

aforementioned step needs to be repeated until the convergence of d.  135 

𝜎𝑐𝑟,𝑠 =
2√𝐾𝐸𝐼𝑠

𝐴𝑠
                                  (3) 136 
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For the laterally braced beams, the ultimate bending capacity (Mc,Rd) is the minimum of the 137 

bending capacity subject to local and distortional buckling failure. 138 

2.2 Shear 139 

The shear resistance capacity of the CFS lipped channel beams majorly depends on the web 140 

buckling and the contribution from the flange is likely to be negligible [5]. According to 141 

EN1993-1-5 [19] the design shear resistance (Vb,Rd) is given by the sum of web shear resistance 142 

(Vbw,Rd) and flange shear resistance (Vbf,Rd), as given in Eq. 4. Eq. 5 provides the formula for 143 

web shear resistance. 144 

𝑉𝑏,𝑅𝑑 = 𝑉𝑏𝑤,𝑅𝑑 + 𝑉𝑏𝑓,𝑅𝑑 ≤
𝜂𝑓𝑦𝑤ℎ𝑤𝑡

√3 𝛾𝑀1
                               (4) 145 

𝑉𝑏𝑤,𝑅𝑑 =
𝜒𝑤𝑓𝑦𝑤ℎ𝑤𝑡

√3 𝛾𝑀1
                                              (5) 146 

where fyw is the yield stress of the web, hw is the clear web depth between the flanges and t is 147 

the thickness of the plate. EN1993-1-5 [19] recommends the value of 1.20 for   up to the steel 148 

grade S460 and value of 1.0 for higher steel grades. M1 is the partial factor. w is the shear 149 

buckling reduction factor for the web. The web was assumed to be a rigid end post condition 150 

when calculating the shear buckling reduction factor of the web, w. Moreover, the condition 151 

of transverse web stiffeners at supports and intermediate span was considered to determine the 152 

slenderness ratio (w). The equation for the slenderness ratio is as follows: 153 

𝑤 =
ℎ𝑤

37.4𝑡√𝑘
                                                             (6) 154 

Where   and k  denote the factor depending on fyw and minimum shear buckling coefficient 155 

of the web panel, respectively. Annex A of EN1993-1-5 [19] carries the equations (see Eqs. 7 156 

and 8) for the shear buckling coefficient (k) of plates with rigid transverse stiffeners and 157 

without longitudinal stiffeners in terms of the distance between transverse stiffeners (a) and 158 

clear web depth between the flanges (hw). 159 

𝑘𝜏 = 5.34 +
4.00

(𝑎 ℎ𝑤⁄ )2      𝑓𝑜𝑟 
𝑎

ℎ𝑤
≥ 1                                                     (7) 160 

𝑘𝜏 = 4.00 +
5.34

(𝑎 ℎ𝑤⁄ )2      𝑓𝑜𝑟 
𝑎

ℎ𝑤
< 1                                                   (8) 161 

Even though provisions for the contribution from the flange on shear capacity are given in 162 

EN1993-1-5 [19], they were not considered in this study as the flange contributes a relatively 163 

small proportion to the total shear resistance [5, 20]. Their investigations showed that for most 164 
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of the lipped channel sections the condition to consider the contribution to the shear capacity 165 

from flange cannot be met and for the sections which meet the condition, the calculated shear 166 

contribution from flange is negligible. 167 

2.3 Web crippling 168 

Web crippling failure occurs when CFS beams are subjected to concentrated loads. EN1993-169 

1-3 [18] categorises the web crippling failure of the cross-sections with single web into four 170 

groups depending on the load cases: End-Two-Flange (ETF), Interior-Two-Flange (ITF), End-171 

One-Flange (EOF), and Interior-One-Flange (IOF). However, only the ETF load case was 172 

considered in this study. Because for a typical section with a lower thickness, web crippling 173 

strength is lower for ETF load case compared to other load cases based on  EN1993-1-3 [18] 174 

calculations. Eq. 9 presents the web crippling strength (Rw,Rd) as given in EN1993-1-3 [18]. 175 

This equation is valid for the cross-sections that comply with r/t ≤ 6 (r=internal radius) and hw/t 176 

≤ 200 conditions. 177 

𝑅𝑤,𝑅𝑑 =
𝑘1𝑘2𝑘3[6.66−

ℎ𝑤 𝑡⁄

64
][1+0.01

𝑆𝑠
𝑡

]𝑡2𝑓𝑦

𝛾𝑀1
                                                    (9) 178 

Where the values of the coefficient are determined such that k1=1.33-0.33k where k=fy/228, 179 

k2=1.15-0.15(r/t) but 0.5≤k2≤1.0, and k3=1 for lipped channel beams. Ss is the nominal length 180 

of the bearing plate. A graphical illustration for the cross-sectional dimensions is depicted in 181 

Fig.4. It is worth to note that EN1993-1-3 [18] carries no separate equations for fastened and 182 

unfastened situations for ETF load case. Therefore, as a conservative approach, the flanges 183 

unfastened condition was considered in this study. 184 

 185 

 186 

 187 

 188 

 189 

 190 

Fig. 4 Graphical illustration of the cross-sectional dimensions for ETF load case web crippling 191 

hw = Web height between the       

midlines of the flanges 

Ss = Nominal length of bearing plate 

r = Inner radius of the corners 

t = Thickness 
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3 Optimisation procedure for bending, shear, and web crippling 192 

3.1 General 193 

This section provides details on the formulation of the optimisation problem under different 194 

conditions and implemented practical and manufacturing constraints. Optimisation is 195 

nowadays an important approach to obtain economical designs with enhanced structural 196 

efficiency. The PSO algorithm was used to perform the optimisation while the cross-section 197 

resistant capacity design equations discussed in section 2 were used as objective functions.  198 

Extensive detail on the description of PSO optimisation can be found in the literature [13-16]. 199 

A commercially available lipped channel beam was set as a reference section (see Fig. 5). This 200 

section has a total coil length of 415 mm and thickness of 1.5 mm. The yield strength, Young’s 201 

modulus, and Poisson’s ratio of the reference section are 450 MPa, 210 GPa, and 0.3, 202 

respectively. Similar cross-sectional (coil length and thickness) and mechanical properties 203 

(yield strength, Young’s modulus, and Poisson’s ratio) were adopted in the optimisation 204 

process to assess the degree of improvement of the optimised sections for a given amount of 205 

material used.  206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

Fig. 5 Dimensions, mechanical properties, and cross-section resistance capacities of the reference section. 216 

Mechanical properties 

E = 210 000 MPa 

fy = 450 MPa 

v = 0.3 

 

Cross section resistance capacities 

Mc,Rd (Ref) = 10.30 kNm 

Vbw,Rd (Ref) = 47.92 kN 

Rw,Rd (Ref) = 4.16 kN 
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3.2 Optimisation formulation for bending 217 

As discussed in section 2.1, the bending failure of a CFS beam can occur subject to local and 218 

distortional buckling failures, assuming that beam is laterally braced. The objective function is 219 

formulated such that considering the minimum of local and distortional buckling capacities. 220 

The flange (b), web (h) and lip (c) length were considered as design variables during the 221 

optimisation for bending. The objective function for bending is defined by: 222 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 [𝑀𝑐,𝑅𝑑(𝑥)] = 𝑊𝑒𝑓𝑓(𝑥). 𝑓𝑦 𝛾𝑀1⁄                                                        (10) 223 

Where Mc,Rd (x) is the section moment capacity of the lipped channel beam for each design 224 

variable. Weff (x) is the section modulus of the lipped channel section. These variables were set 225 

to vary within the theoretical and manufacturing constraints. 226 

3.3 Optimisation formulation for shear 227 

To formulate the objective function to determine the shear capacity of the lipped channel 228 

beams, Eq. 5 was used. During the optimisation, only the web height was considered as design 229 

variable as the contribution from the flange is negligible, as explained in section 2.2. The 230 

objective function to optimise the shear capacity is defined by: 231 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 [𝑉𝑏𝑤,𝑅𝑑(𝑥)] =
𝜒𝑤(𝑥)𝑓𝑦𝑤ℎ𝑤(𝑥)𝑡

√3 𝛾𝑀1
                                                       (11) 232 

Where all the variables are defined similar in section 2.2. 233 

3.4 Optimisation formulation for web crippling 234 

Similar to shear behaviour, according to the provisions provided in Eurocode 3 [18, 19], the 235 

web crippling strength of the lipped channel beam is also mainly governed by the web. 236 

Therefore, only the dimension of the web was considered as variable during the optimisation. 237 

The considered objective function for the optimisation is given in Eq. 12. 238 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 [𝑅𝑤,𝑅𝑑(𝑥)] =
𝑘1𝑘2𝑘3[6.66−

ℎ𝑤(𝑥) 𝑡⁄

64
][1+0.01

𝑆𝑠
𝑡

]𝑡2𝑓𝑦

𝛾𝑀1
                                    (12) 239 

Where all the variables are defined as similar in section 2.3 and Fig 4. A value of 100 mm was 240 

selected for the length of the bearing plate, Ss. This length was selected to avoid the flange 241 
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crushing behaviour which has substantial influence in the web crippling capacity for low value 242 

of Ss [8]. 243 

3.5 Optimisation formulation for overall/combined performance 244 

The concept of combined optimisation of lipped channel beam is necessary to enhance the 245 

overall performance of the cross-section. Lee et al. [21] developed an optimum design 246 

procedure using micro genetic algorithm for simply supported CFS beams subjected to 247 

uniformly distributed loads. They aimed to reduce the weight of the CFS beam section subject 248 

to defined magnitude of distributed load to satisfy the bending, shear, web crippling, and 249 

deflection criteria. However, the optimisation was performed for un-lipped channels. 250 

Therefore, this study intends to develop a combined optimisation methodology under ultimate 251 

limit state conditions for lipped channel beams. The general design procedure for a lipped 252 

channel beam includes bending, shear, and web crippling failure considerations. The aim is to 253 

develop an optimised section with a maximised capacity which can over-perform under all 254 

bending, shear, and web crippling actions compared to the reference section (depicted in Fig. 255 

5) while having the same amount of material. Therefore, all the objective functions developed 256 

in section 3.1, 3.2, and 3.2 were combined to produce a unified objective function. The web, 257 

flange, and lip dimensions were considered as the design variables. Eq. 13 represents the 258 

developed unified objective function for combined optimisation. 259 

𝑀𝑎𝑥 [𝑀𝑉𝑅(𝑥)] = (
𝑀𝑐,𝑅𝑑 (𝑥)

𝑀𝑐,𝑅𝑑(𝑅𝑒𝑓)
) + (

𝑉𝑏𝑤,𝑅𝑑(𝑥)

𝑉𝑏,𝑅𝑑 (𝑅𝑒𝑓)
) + (

𝑅𝑤,𝑅𝑑(𝑥)

𝑅𝑤,𝑅𝑑(𝑅𝑒𝑓)
)                                    (13) 260 

                          𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜:                    (
𝑀𝑐,𝑅𝑑  (𝑥)

𝑀𝑐,𝑅𝑑(𝑅𝑒𝑓)
) ≥ 1.0  261 

(
𝑉𝑏𝑤,𝑅𝑑(𝑥)

𝑉𝑏,𝑅𝑑 (𝑅𝑒𝑓)
) ≥ 1.0  262 

  (
𝑅𝑤,𝑅𝑑(𝑥)

𝑅𝑤,𝑅𝑑(𝑅𝑒𝑓)
) ≥ 1.0    263 

Eq. 13 has been developed adding three ratios pertaining to bending, shear, and web crippling. 264 

These are the ratios between the relevant capacity of optimised sections and relevant capacity 265 

of the reference section (Fig. 4) for bending, shear, and web crippling, accordingly. Each ratio 266 

was set to be greater than 1.0 in order to obtain the optimum lipped channel section with higher 267 

capacities compared to the reference lipped channel section. This combined optimisation 268 

resulted in promising results, as none of the capacities was reduced compared to their 269 
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corresponding reference lipped channel beam capacities. Table 1 and Fig. 6 present the 270 

optimised capacities of the lipped channel beams with the same amount of material for bending, 271 

shear, web crippling and combined actions and the corresponding optimised dimensions, 272 

respectively. The performance of optimised lipped channel beams is illustrated in Fig. 7. 273 

 274 

Table 1: Results of the optimised bending capacities for bending, shear, and combined performance (Capacities 275 
based on Eurocode3) 276 

Actions 

interested in 

optimisation 

Optimised capacities 

and other capacities 

Reference and 

optimised dimensions 

Performance factor 

Mc,Rd 

(kNm) 

Vb,Rd 

(kN) 

Rw,Rd 

(kN) 

Web 

(mm) 

Flange 

(mm) 

Lip 

(mm) 

Mc,Rd /      

Mc,Rd(Ref) 

Vb,Rd /        

Vb,Rd(Ref) 

Rw,Rd /      

Rw,Rd(Ref) 

Total         

(Eq.13) 

Reference               

(Fig. 5) 
10.30 47.92 4.16 231 75 17 1.00 1.00 1.00 3.00 

Bending                 

(Eq. 10) 
13.38 49.96 3.75 270 50 22.5 1.30 1.04 0.90 3.24 

Shear                       

(Eq. 11) 
12.51 50.63 3.59 286 50 15 1.21 1.06 0.86 3.13 

Web crippling  

(Eq. 12) 
8.62 44.33 4.68 179 90 28 0.84 0.93 1.13 2.90 

Combined                 

(Eq. 13) 
11.59 47.92 4.16 231 64 28 1.12 1.00 1.00 3.12 

Note: Mc,Rd = Section moment capacity, Vb,Rd =  Shear resistance, Rw,Rd = Web crippling strength, Mc,Rd(Ref)= Section 277 
moment capacity of reference section, Vb,Rd(Ref) = Shear resistance of reference section, Rw,Rd(Ref)= Web crippling strength 278 
of reference section. 279 

 280 

 281 

      (a)                                    (b)                                     (c)                                     (d) 282 

Fig. 6 Dimensions of the optimised lipped channel beams under given constrains for considering individual and 283 

overall behaviour: (a) bending; (b) shear; (c) web crippling; (d) combined. 284 
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 285 

Fig. 7 Performance of optimised lipped channel beams 286 

3.6 Imposed theoretical and manufacturing constraints 287 

Theoretical and manufacturing constraints guide the optimisation to ensure the practicality of 288 

the resultant (optimum) dimensions of the lipped channel beams. The constraints for the 289 

optimisation were set in line with Eurocode 3 [18, 19] and current construction practices. 290 

EN1993-1-3 [18] states the following dimensional constraints for CFS beams: b/t ≤ 60, c/t ≤ 291 

50, 0.2 ≤ c/t ≤ 0.6, and h/t ≤ 500 in usual notations. These constraints were fed into the 292 

optimisation problem. Regarding the practical and manufacturing constraints and in order to 293 

find out the bounds of the segments of lipped channel beams, a survey was conducted with 294 

help from an industrial partner to assess the dimensional limitations of the commercially 295 

available lipped channel beams. In total 530 lipped channel profiles from 17 different 296 

manufacturers across the UK were analysed and the range of the dimensional and mechanical 297 

values was mapped. Table 2 presents the findings of the survey on commercially available 298 

lipped channel beams. Combining the dimensional bounds obtained from the survey alongside 299 

with manufacturing constraints reported by Ye et al. [13], additional constraints were imposed. 300 

Even though the flange dimensions vary in between 34 mm and 125 mm, the lower bound was 301 

set to 50 mm to ensure the proper connection of the joist with floorboards and trapezoidal 302 

decking [13]. While the upper bound was set in line with Eurocode 3 [18, 19] limit. For the lip, 303 

the lower and upper bounds were selected as 15mm [13] and 28 mm, respectively. The length 304 

of the web was decided based on the coil length, web, and flange length. However, the height 305 
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of the web was limited to 300 mm and the minimum height of the web was set to 100 mm in 306 

order to ensure connection plates can be fixed. 307 

Table 2: Dimensional and yield strength bounds of commercially available lipped channel beams. 308 

Profile parameters Range 

Web (mm) 60 – 500 

Flange (mm) 34 – 125 

Lip (mm) 7 – 28 

Radius (mm) 0.9 – 8 

Thickness (mm) 0.6 – 5 

Coil length (mm) 154 – 750 

Yield strength (MPa) 320 – 550 

 309 

4 FE analysis and results 310 

4.1 FE model 311 

The bending, shear, and web crippling capacities of the reference and optimised lipped channel 312 

beams were also obtained using a commercially available FE software, ABAQUS version 2017  313 

[22].  FE analysis was aimed to verify the proposed optimisation approach and to investigate 314 

the pre-buckling and post-buckling behaviours of the optimised lipped channel beams. For 315 

bending and shear, the whole analysis procedure included two phases: eigenvalue buckling 316 

analysis and non-linear analysis. For bending and shear models, initial geometric imperfections 317 

were applied to the critical buckling mode (the lowest) obtained from the linear buckling 318 

analysis while the imperfection magnitude was chosen according to Schafer and Pekoz [23]. 319 

For web crippling models, it was found that the effect of imperfection on web crippling strength 320 

was negligible. Therefore, imperfections were not incorporated into the FE models. 321 

Sundararajah et al.’s [8] finding also demonstrated that the effect of imperfection on web 322 

crippling capacity is negligible (<1%) for two flange load cases. 323 

A four-point bending arrangement was used for the bending tests. This set-up ensures the pure 324 

bending failure of the lipped channel beam at the mid-span with the absence of the shear force. 325 

Three-point bending set-up was used to simulate the lipped channel beam subject to shear. 326 

Herein, prominent shear failure was ensured by selecting the aspect ratio (=shear span/clear 327 

web depth) equal to unity. However, to develop the web crippling FE model under ETF load 328 

case, extrusion length of 3d1 [4], where d1 denotes the length of the flat portion of the web, was 329 
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used. Fig. 8 shows the schematic diagram of the FE models constructed in ABAQUS for 330 

bending, shear, and web crippling, while Table 3 presents the adopted boundary conditions. 331 

The load was applied in terms of displacement control at the loading points, while simply 332 

supported boundary conditions were adopted. In bending models, lateral restraints were 333 

provided at regular intervals (at top and bottom flanges) to restrain the lateral-torsional 334 

buckling of the lipped channel beams, while in shear models, straps were simulated as 335 

boundary conditions in flanges adjacent to the web side plates. The web side plates, in bending 336 

and shear models, were connected using the ‘tie’ constraint option available in ABAQUS. On 337 

the other hand, in web crippling models, bearing plates were connected using the ‘hard’ contact 338 

alongside with the input of friction coefficient 0.4. 339 

Material modelling is a key parameter. Haidarali and Nethecot [10] investigated four different 340 

material models to identify the suitable stress-strain relationship for FE modelling. They 341 

concluded that CFS material exhibits negligible strain hardening while the gradual yielding of 342 

the material is essential in FE modelling. Siahaan et al. [24],  Keerthan and Mahendran [25], 343 

and Sundararajah et al. [8] successfully employed a bi-linear stress-strain curve with nominal 344 

yield point and no strain hardening in the FE modelling of CFS beams subject to bending, 345 

shear, and web crippling. Therefore, the stress-strain behaviour of the CFS beam was assumed 346 

to be with an elastic-perfect plastic model with nominal yield-stress considering the negligible 347 

stain-hardening in CFS. It is worth to mention that the effect of the residual stresses and corner 348 

strength enhancement were not inputted into the FE models as both can approximately counter 349 

affect each other [26].  350 
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Fig. 8 Schematic diagram of the developed FE models with boundary conditions: (a) bending; (b) shear; (c) web 351 

crippling. 352 

A quadrilateral shell element with reduced integration, aka S4R in ABAQUS element library, 353 

was employed for all analyses. Fig. 9 depicts the element types and mesh sizes of the FE 354 

models. The lipped channel beams were refined with 5 mm × 5 mm mesh size. Finer mesh size 355 

(1 mm × 5 mm) was used in corner regions. The web side plates (in bending and shear models) 356 

and bearing plates (in web crippling model), which are used to provide the boundary conditions 357 

and apply the load, were meshed with 10 mm × 10 mm element size. In addition, bearing plates 358 

were modelled using R3D4 rigid plate elements. These type of element types and mesh sizes 359 

were successfully used in past research studies on FE modelling of CFS beams [6, 8, 9, 13, 15, 360 

16, 27, 28]. The selected mesh sizes showed a good agreement with test results during the 361 

validation process.  362 

 363 

 364 
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Table 3: Adopted boundary conditions in FE models 365 

Locations 

marked in 

Fig.8 

Boundary conditions 

Translations Rotations 

UTx UTy UTz URx URy URz 

Bending        

B1 Restrained Restrained Restrained Free Free Restrained 

B2 Restrained Free Free Free Free Restrained 

B3 Restrained Free Free Free Free Restrained 

B4 Restrained Restrained Free Free Free Restrained 

B5 Restrained Free Free Free Free Restrained 

       

Shear       

V1 Restrained Restrained Restrained Free Free Restrained 

V2 Restrained Free Free Free Free Restrained 

V3 Restrained Restrained Free Free Free Restrained 

V4 Restrained Free Free Free Free Restrained 

       

Web crippling       

W1 Restrained Free Restrained Free Free Restrained 

W2 Restrained Restrained Restrained Free Free Restrained 

Note: UTx = Translation in x-direction, UTy = Translation in y-direction, UTz = Translation in z-direction, URx = Rotation 366 
about x-axis, URy = Rotation about y-axis, URz = Rotation about z-axis 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

Fig. 9 Meshing outline and element types in FE models. 377 

 378 

1 mm × 5 mm mesh size 

for corner regions 

5 mm × 5 mm mesh 

size at flat regions 

10 mm × 10 mm mesh 

size for WSPs 

10 mm × 10 mm mesh size 

for loading and bearing plate 

Bending FE model Shear FE model Web crippling FE model 

S4R shell elements R3D4 rigid plate elements 
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4.2 Validation of FE models 379 

The aforementioned modelling characteristics were validated against the experimental results 380 

to ensure their capabilities in predicting accurately the cross-section resistance and behaviour. 381 

Pham and Hancock [1], Keerthan and Mahendran [5], and Sundararajah et al. [4] investigated 382 

the structural behaviour of the lipped channel beams subject to bending, shear and, web 383 

crippling through experimental studies. Six test results from each study were selected and 384 

validated against the FE results. Table 4 presents the comparison of ultimate moment capacities 385 

obtained from the FE analyses and test results. Section moment capacities obtained from FE 386 

analyses showed a good agreement with experiment bending test results with a mean value of 387 

0.97 and a Coefficient of Variation (COV) value of 0.07. Further, the comparison between the 388 

shear resisting capacities obtained from FE analyses and Keerthan and Mahendran’s [5] test 389 

results is presented in Table 5. The shear resisting capacity ratios of FE models and test results 390 

registered in a good agreement with a mean and a COV values of 0.99 and 0.08, respectively. 391 

The six web crippling test results for the ETF load case with 100 mm bearing plate was selected 392 

for the web crippling validation as in the optimisation procedure; similar bearing plate length 393 

was also selected. Table 6 compares the web crippling capacity generated from FE models and 394 

tests results. From the scatter of results (COV=0.05) and a mean value of 0.93, it can be 395 

concluded that FE models are capable of predicting web crippling strength.  396 

 397 

Table 4: Comparison of experimental and FE section moment capacities 398 

LCB specimen h  
(mm) 

b 
(mm) 

c 
(mm) 

r 
(mm) 

t 
(mm) 

fy 
(MPa) 

Test [1] 
(kNm) 

FE 
(kNm) 

Test/FE 

Mw_C15015 152.70 64.77 16.57 5.00 1.50 514.10 9.5 9.6 0.99 

Mw_C15019 153.38 64.47 16.00 5.00 1.90 534.50 12.9 13.6 0.95 

Mw_C15024 152.60 62.70 19.70 5.00 2.40 485.30 17.7 16.6 1.08 

Mw_C20015 203.70 76.08 16.42 5.00 1.50 513.40 12.2 13.3 0.92 

Mw_C20019 202.60 77.92 17.28 5.00 1.90 510.50 18.9 21.3 0.89 

Mw_C20024 202.35 76.61 20.38 5.00 2.40 483.50 27.8 27.6 1.01 

Mean 0.97 

COV 0.07 

Note: h = Web depth, b = Flange width, c = Lip length, r = Corner inner radius, t = Thickness, fy = Yield strength 399 

 400 

 401 

 402 

 403 
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Table 5: Comparison of experimental and FE shear resistance capacities 404 

LCB specimen a/d1  d1 

(mm) 

t (mm) fy 

(MPa) 

Test [5] 

(kN) 

FE (kN) Test/FE 

160×65×15×1.90 1.0 156.8 1.92 515 73.8 77.58 0.95 

200×75×15×1.50 1.0 197.0 1.51 537 57.0 61.90 0.92 

160×65×15×1.50 1.0 157.5 1.51 537 54.5 55.20 0.99 

120×50×18×1.50 1.0 116.8 1.49 537 43.3 47.80 0.91 

200×75×15×1.95 1.0 198.0 1.93 271 55.1 50.07 1.10 

120×50×18×1.95 1.0 118.6 1.95 271 38.1 34.88 1.10 

Mean 0.99 

COV 0.08 

Note: a = Shear span, d1 = Clear web depth, t = Thickness, fy = Yield strength 405 

Table 6: Comparison of experimental and FE web crippling strength under ETF load case 406 

LCB 

specimen 

lb  

(mm) 

fy 

(mm) 

t 

(mm) 

r 

(mm) 

t 

(mm) 

b 

(mm) 

c 

(mm) 

h 

(MPa) 

L 

(mm) 

Test [4] 

(kN) 

FE 

(kN) 

Test/

FE 

C10010 100 581 1.03 3.50 1.50 50.2 14 99.8 306 2.13 2.43 0.88 

C10015 100 540 1.52 4.00 1.90 50.9 15.3 100.4 306 5.27 5.58 0.94 

C15012 100 556 1.21 4.00 2.40 61.9 19.6 150.9 456 2.46 2.56 0.96 

C15015 100 531 1.52 4.50 1.50 60 19.8 150 456 4.03 4.18 0.96 

C20019 100 506 1.91 5.00 1.90 76.5 22 203.4 606 6.01 6.12 0.98 

C20024 100 526 2.41 5.00 2.40 76.4 20.4 203.5 609 9.45 10.72 0.88 

Mean 0.93 

COV 0.05 

Note: lb = Bearing plate length, fy = Yield strength, t = Thickness, r = Corner inner radius, b = Flange width, c = Lip length, 407 
h = Web depth, L = Specimen length. 408 

 409 

Figs. 10-12 show the moment/force-displacement responses and failure mode comparisons for 410 

bending, shear, and web crippling, respectively. In Fig. 11, initial displacements obtained from 411 

FE analysis are associated with lower displacements in comparison to laboratory test curve. 412 

This is because the initial bolt slip which commonly occurs in laboratory tests. This is difficult 413 

to simulate in FE modelling. Similar variation in force-displacement behaviour between test 414 

and FE analysis has also been obtained by Pham and Hancock [6]. The trend of force-415 

displacement responses and failure modes obtained from the FE models correlate reasonably 416 

well with the experimental results. Thus, pre-collapse, collapse, and post-collapse mechanisms 417 

can be well-approximated through developed FE models. This ensures the accuracy of the FE 418 

models predicting the cross-section resistance capacities. Therefore, the adopted FE model 419 

characteristics produced a satisfactory agreement with experiment results, in terms of ultimate 420 
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cross-sectional resistance capacity prediction, force-displacement response, and failure mode 421 

comparison.  422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

Fig. 10 Comparison of experimental [1] and FE bending failure modes and force-displacement behaviour for 431 
Mw_C20015 specimen 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

Fig. 11 Comparison of experimental [5] and FE shear failure modes and force-displacement behaviour for 440 
120×50×18×1.95 specimen 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

Fig. 12 Comparison of experimental [4] and FE web crippling failure modes and force-displacement behaviour 450 
for C15012 specimen 451 
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4.3 FE results 452 

The validated FE models were then used to predict the strength and behaviour of the optimised 453 

lipped channel beams. Fig. 13 shows the stage-by-stage failure mode obtained from FE analysis 454 

for the optimised lipped channel beams for bending and its corresponding moment – 455 

displacement behaviour. Similarly, stage-by-stage failure modes obtained for the optimised 456 

lipped channel beams for shear and web crippling are illustrated in Fig. 14 and Fig. 15, 457 

respectively. The failure modes have shown a good illustration of the failure mechanism; 458 

failure at the compression flange for bending, diagonal failure for shear, and web buckling for 459 

web crippling. Moreover, the proposed optimisation approach can be verified by this FE 460 

analysis using the optimised sections. For that, the cross-sectional resistance capacities 461 

obtained from FE analyses were compared against the results obtained from Eurocode 3 462 

(presented in Table 1). Table 7 presents the cross-sectional resistance capacities obtained from 463 

FE analyses for the optimised dimensions of lipped channel beams. The computational cross-464 

section resistance capacities show a reasonable agreement with Eurocode 3 [18, 19] results 465 

except for the case for web crippling. Fig. 16 depicts the performance of the optimised lipped 466 

channel beams based on the FE results.  467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

Fig. 13 Bending failure mode progression of optimised lipped channel beam for bending 477 
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Fig. 14 Shear failure mode progression of optimised lipped channel beam for shear 478 

Fig. 15 Web crippling failure mode progression of optimised lipped channel beam for web crippling 479 

 480 

 481 
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Table 6: Comparison of the bending, shear, and web crippling capacities of optimised lipped channel beams 482 
obtained from Eurocode3 (EC3) and FE analysis. 483 

Optimisation 

criteria 

Optimised capacities and other 

capacities (Eurocode 3) 

Optimised capacities and other 

capacities (FE analysis) 

EC3 /FE 

Mc,Rd  

(kNm) 

Vb,Rd   

(kN) 

Rw,Rd 

(kN) 

Mc,Rd 

(kNm) 

Vb,Rd 

(kN) 

Rw,Rd  

(kN) 

MEC3 / 

MFE 

VEC3 / 

VFE 

REC3 / 

RFE 

Reference               

(Fig. 5) 
10.30 47.92 4.16 10.41 53.70 3.09 0.99 0.89 1.35 

Bending                 

(Eq. 10) 
13.38 49.96 3.75 13.28 54.32 2.76 1.01 0.92 1.36 

Shear                       

(Eq. 11) 
12.51 50.63 3.59 11.76 54.97 2.56 1.06 0.92 1.40 

Web crippling  

(Eq. 12) 
8.62 44.33 4.68 7.95 48.80 3.74 1.08 0.91 1.25 

Combined                 

(Eq.13) 
11.59 47.92 4.16 12.08 53.70 3.09 0.96 0.89 1.34 

Mean 1.02 0.91 1.34 

COV 0.055 0.014 0.047 

Note: Mc,Rd = Section moment capacity, Vb,Rd =  Shear resistance, Rw,Rd = Web crippling strength. 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

Fig. 16 Performance of the optimised lipped channel beams based on FE results 493 

5 Discussion of results 494 

Several observations were made while performing the optimisation process for bending, shear, 495 

web crippling, and combined actions. The optimisation for bending resulted in a relatively 496 

slender section of lipped channel beam and showed approximately a 30 % enhancement in the 497 

bending capacity over the same amount of material used. The optimised dimensions for 498 

bending also resulted in shear capacity enhancement of 4 % and web crippling strength 499 
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reduction of 10% compared to reference lipped channel section. Optimising the dimensions 500 

intend to maximise the shear capacity registered only 6 % of the shear resisting capacity 501 

enhancement. In addition, the optimisation for shear reduces the web crippling capacity by 502 

14% and enhancement in bending capacity by 21% compared to the reference lipped channel 503 

beam. Optimisation for web crippling resulted in 13 % of the web crippling capacity 504 

enhancement compared to the reference lipped channel beam. However, the performance of 505 

under bending and shear actions is relatively poor with 16% and 7 % reduction, respectively. 506 

The overall optimisation strategy appeared to be acceptable, as it showed reasonable results 507 

without any reduction of the bending, shear, and web crippling capacities compared to 508 

reference lipped channel beam. The shear and web crippling capacities remained similar as the 509 

reference lipped channel beam, thus there was not any alteration in the dimension of the web 510 

compared to the reference section. This can be argued that shear capacity increases with web 511 

depth while web crippling capacity reduces with web depth. To satisfy both shear and web 512 

crippling, the optimisation resulted in similar dimensions for the web as a reference section. 513 

However, the flange and lipped dimensions varied themselves during the combined 514 

optimisation such that the lip reached the upper bound and the flange attained the remaining 515 

material thus maximising the second moment of area. However, the bending capacity 516 

enhancement was 12%, compared to reference lipped channel beam.   517 

The accuracy of the optimisation results was examined by developing FE models. The 518 

developed FE models showed excellent agreement with the experiment results. The section 519 

moment capacities obtained from FE analyses showed satisfactory agreement with the 520 

capacities obtained using Eurocode 3 [18, 19] for the optimised sections.  The EN1993-1-5 521 

[19] shear predictions are, however, relatively conservative compared to FE results as EN1993-522 

1-5 [19] does not consider the enhanced value of shear buckling coefficient due to the 523 

additional fixity in web-flange juncture as proposed in [5]. It is important to note that unsafe 524 

predictions for web crippling capacities were observed from EN1993-1-3 [18]  compared to 525 

the FE results. Sundararajah et al. [4] have also acknowledged that EN1993-1-3 [18] prediction 526 

for web crippling strength under ETF and ITF load case are either over-conservative or unsafe. 527 

Therefore, shear and web crippling calculations appear in Eurocode 3 [18, 19] need an update. 528 

It is finally proposed that based on the results obtained in this study the combined optimisation 529 

criteria suits well with ~12 % bending capacity increase without compromising the shear and 530 

web crippling capacities. Optimisation for bending criteria also suits well with enhancements 531 

in bending and shear capacities and only 10% reduction in web crippling capacity. 532 
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6 Conclusions  533 

In this paper, the CFS lipped channel beam was optimised for combined bending, shear, web 534 

crippling using PSO algorithm. The ultimate capacity and structural behaviour of the optimised 535 

lipped channels also simulated using validated FE models. Based on the findings following 536 

conclusions can be drawn. 537 

• The individual optimisation for bending, shear, and web crippling actions resulted 538 

in 30 %, 6 %, and 13 % of capacity increase, respectively compared to the reference 539 

section with the same amount of material.  540 

• The newly proposed concept of combined optimisation resulted in the ~12 % 541 

bending capacity increase without compromising the shear and web crippling 542 

capacities.  543 

• It is concluded that individual optimisation for bending and combined optimisation 544 

will both result in efficient lipped channel CFS beams.  545 

• FE models predicted satisfactorily the section moment capacities of the optimised 546 

sections. Eurocode 3 calculations for shear and web crippling are conservative and 547 

unsafe, respectively compared to FE predictions.  548 

• The combined performance of bending, shear, and web crippling can be enhanced 549 

using the proposed novel optimisation concept. 550 
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