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Structural behaviour of optimised cold-

formed steel beams 

 

Cold-formed steel (CFS) members have been significantly employed in light gauge steel buildings due to their inherent 

advantages. Optimising these CFS members in order to gain enhanced load bearing capacity will result in economical 

and efficient building solutions. This research presents the investigation on the optimisation of CFS members sub-

jected to flexural capacity and results. The optimisation procedure was performed using Particle Swarm Optimisation 

(PSO) method while the section moment capacity was determined based on the effective width method adopted in 

EN1993-1-3 (EC3). Theoretical and manufacturing constraints were incorporated while optimising the CFS cross-

sections. In total, four CFS sections (Lipped Channel Beam (LCB), Optimised LCB, Folded-Flange and Super-Sigma) 

were considered including novel sections in the optimisation process. The section moment capacities of these sections 

were also obtained through non-linear Finite Element (FE) analysis and compared with the EC3 based optimised 

section moment capacities. Results show that compared to the commercially available LCB with the same amount of 

material, the novel CFS sections possess the highest section moment capacity enhancements up to 65%. In addition, 

the performance of these CFS sections subject to shear and web crippling actions were also investigated using non-

linear FE analysis. 

1 Introduction 

CFS structural members sustain their position in the light gauge construction industry. This is due to the 

significant advantages of CFS including high strength to weight ratio, easy to transport, able to employ all 

conventional jointing methods, cost effective, high quality control, dimensional stability and flexibility in 

manufacturing profiles over hot-rolled sections. These advantages led the extensive use of CFS members 

in low-to mid-rise buildings and modular buildings. Conventional C, Z and hat CFS sections are commonly 

employed as flexural members in construction framework [1, 2]. The thin-walled nature of CFS is deemed 

to have local, distortional and global buckling instabilities even at a stress level below yield strength. To 

minimise the buckling instabilities by eliminating the free edges, hollow flange sections were developed 

and subjected to extensive research studies [3-6] to investigate their various structural behaviours of bend-

ing, shear and web crippling actions. The development of the Direct Strength Method (DSM) raised a 

subject of innovative and complex section profiles of CFS members [7]. In addition, advanced Finite Ele-

ment (FE) software packages have made a path to examine innovative CFS sections in detail. These inno-

vative and complex sections can be manufactured through advanced manufacturing technologies. Moreo-

ver, these sophisticated technologies offer the measurement of mechanical properties of CFS through non-

destructive testing methods. Generally, the main mechanical parameters of CFS such as yield strength and 

tensile strength are measured from destructive tensile tests (tensile coupon tests). Nowadays, non-destruc-

tive 3MA techniques are successfully employed to determine the unknown material characteristics of yield, 
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tensile strength as well as the residual stress distribution [8-10]. This leads to focus more towards optimi-

sation framework even though that results in complex sections because the difficulty in determining the 

mechanical properties of CFS members can be achieved via non-destructive testing methods. 

The optimisation process is essential to enhance the structural performance of the building and to ensure 

lightweight structures. To date, several optimisation methods have been adopted including the neural net-

work [11], genetic algorithm [12-14] and trust region method [15] to optimise the CFS beams for different 

criteria. Recently, Particle Swarm Optimisation (PSO) was used to optimise the bending capacity of CFS 

lipped channel beams (LCB) with intermediate and edge stiffeners, and an innovative folded-flange beam 

[16, 17]. It was noticed that the aforementioned studies were not assessed their performance under shear 

and web crippling actions and no optimisation works were carried out for sigma sections. 

This paper aims to introduce novel CFS beam sections which have enhanced flexural capacity along with 

minimal torsional effect. In addition, their corresponding behaviour under shear and web crippling actions 

were also investigated through FE analysis. To emphasise the structural benefits of the considered sections, 

bending, shear and web crippling capacities were compared with a commercially available LCB section 

with the same amount of material. 

2 Optimisation of cold-formed steel sections 

This section provides detail on the optimisation process. Four CFS prototypes were considered for the 

optimisation as shown in Fig. 1. During the optimisation, the amount of material (Coil length = 415 mm 

and thickness = 1.5 mm) was maintained constant to evaluate the structural performance of the novel sec-

tions over a commercially available benchmark section (see Fig. 1a). Further, the modulus of elasticity, 

Poisson's ratio and yield stress were considered as 210 000 MPa, 0.3 and 450 MPa, respectively. 

Optimisation studies employing advanced algorithms are recently seen more often to improve the design 

and performance of structural elements and systems [18-22]. In this study, PSO was employed for the 

optimisation of CFS sections. PSO has similarities with the Genetic Algorithm (GA) as they both are based 

on populations. PSO, however, claims more recognition than GA because of the computationally efficient 

nature [23]. The solutions, termed particles (N), are treated as points within the problem space. The opti-

misation process is initiated by creating positions of particles and assigning them initial velocities. Each 

particle evaluates the objective function with respect to its position and updates the best function value and 

the best (optimum) location. During the iteration, particles tend to change their position by updating the 

velocity using the available information of current velocity, the particles individual best positions, and best 

locations of their neighbourhood mates. The comprehensive detail on PSO can be found elsewhere [16, 

17]. 

The aim of using the PSO tool is to maximise the section moment capacity of CFS prototypes. Therefore, 

the optimisation problem can be expressed as: 𝑀𝑐,𝑅𝑑 = [𝑊𝑒𝑓𝑓(𝑥)]𝑚𝑎𝑥. 𝑓𝑦      𝑑𝑚𝑖𝑛 ≤ 𝑥𝑖 ≤ 𝑑𝑚𝑎𝑥    𝑓𝑜𝑟 𝑖 = 1, 2, . . , 𝑁                (3) 

Where Mc,Rd  is the moment resisting capacity of the cross-section and Weff (x) is the effective section mod-

ulus about major axis bending. The section moment capacity is calculated according to the effective width 

method adopted in EN1993-1-3 (EC3) [24]. The theoretical constraints defined in EC3 and manufacturing 

limitations for the segments of the prototype sections are set as lower bound, dmin and upper bound, dmax. 

The aforementioned design and optimisation processes were executed with Matlab [25]. Similarly, effec-

tive with method based section moment capacity calculations adopted in AS/NZ 4600 [26] and AISI S100 

[27], and corresponding steel grades can also be used to develop the optimisation problem. The optimised 

dimensions of the considered novel prototypes are provided in Table 1. 
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The torsional effect in CFS members is highly governed by transverse eccentric loading. In general prac-

tice, CFS beam sections are often loaded eccentrically, commonly through the flange and few occasions 

through the web, for example, beam-beam connections (in floor panels and mezzanine floor systems). 

Hence, the failure type is combined bending and torsion, not pure bending failure [28]. Gotluru et al. [29] 

claimed that due to the open nature of the sections, the developed torque due to the eccentric loading also 

induces warping in the beam and concluded that the ultimate state is meaningless compared to the service-

ability limit state, due to the large rotation of the beams before failure. It is apparent that additional re-

straints are required to avoid torsional action. Moreover, the optimisation was performed with respect to 

the loads and have not taken into account practical connection details [30] that may change the load path. 

Super-Sigma section has an additional benefit of the closer shear centre to the web thus minimises the 

twisting action. Therefore, this alleviates the need for additional torsional restraints.  

3 Numerical modelling 

3.1 General 

This section provides the description of the material and geometrical non-linear FE modelling and analysis 

to investigate the flexure, shear and web crippling behaviour of selected CFS prototypes. The FE software 

package ABAQUS version 2017 [31] was employed for the analysis. All FE models were developed as 

perfect plasticity models with nominal yield stress due to the negligible strain hardening nature of CFS 

[32], while the magnitude of the geometrical imperfection was considered as a function of the clear web 

height (0.006d1) as proposed in [33]. This magnitude was incorporated into the nonlinear analysis through 

*IMPERFECTION command and performing buckling analysis. Thus two methods of analysis were per-

formed: (a) Eigenvalue buckling analysis to incorporate the geometrical imperfection magnitude, and (b) 

Non-linear static analysis to include the large deformations and material yielding effects.  

All prototype sections were created using three-dimensional S4R shell elements which have the ability of 

reduced integrations and less computation time. A uniform mesh size of 5 mm × 5 mm was used for the 

webs and flanges except for the corner regions. Since the corner regions are critical, therefore, 1 mm × 5 

mm mesh size was assigned. The load and boundary conditions were provided through the Web Side Plates 

(WSPs) which are attached to the model. The WSPs were also constructed using S4R shell elements, how-

ever, 10 mm × 10 mm mesh size was used as they do not influence the prototype’s behaviour. Moreover, 

WSPs for the Super-Sigma sections were simulated with coupling constraints as it has intermediate web 

stiffener and difficult to attach web plates. A detailed description of Flexural, shear and web crippling 

model development is presented, followed by its verification against experimental data. 

3.2 Flexural behaviour 

The flexural behaviour of CFS sections was analysed by developing a four-point loading test model (mid-

dle and two adjacent spans of 500 mm and 1500 mm, respectively) as it ensures the pure bending failure 

in the mid-span with the absence of shear force in that region. Simply supported boundary conditions were 

implemented and displacement control loading at the shear centre approach was performed for all proto-

types. These were achieved by attaching full height WSPs using ‘tie’ constrain option available in 

ABAQUS. Straps were simulated as boundary conditions in 250 mm intervals at the top and bottom flanges 

in order to simulate the floor joist and roof purlin as in real-world application where toppings are inevitable, 

for example, roof sheathing and concrete toppings. It is noteworthy to mention that non-linear static anal-

ysis was performed for bending. The extensive detailed work presented in [34-36] was followed to develop 

and analyse the flexural behaviour of CFS channels.  

 

The failure modes obtained for the Folded-Flange section at different stages are depicted in Fig. 2. The 
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ultimate bending capacities obtained from the FE analysis for the prototypes are verified against EC3 (see 

Table 1) 

3.3 Shear Behaviour 

This section investigates the shear behaviour of the novel sections with the aid of FE analysis. Several key 

parameters should be decided such as the aspect ratios, mainly, the ratio between shear span and clear web 

height to achieve pure shear failure. Relatively short span (aspect ratio = 1.0) three-point loading arrange-

ment was selected to construct the FE model which ensures the pure shear failure due to the presence of 

the negligible flexural moment. Simply supported boundary conditions were provided to the model. The 

extensive detail on finite element modelling of CFS beams subject to shear was followed from previous 

research work [37-39]. Fig. 3 shows the deformation failure mode obtained through FE analysis for Super-

Sigma sections at different stages. Straps were simulated as boundary conditions at the flanges in corre-

sponding edge points of WSPs. These straps were provided to cater the flange distortion due to unbalanced 

shear flow nature in open CFS sections when subject to shear loading. Similar to the bending model, shear 

center loading was performed with the aid of WSPs and these WSPs were connected to the model using 

‘tie’ constraint. The WSPs were simulated with coupling constraints for Super-Sigma sections as elabo-

rated in section 3.1. It is noteworthy to mention that non-linear static analysis was performed as similar to 

the bending model. 

3.4 Web crippling behaviour 

Web crippling is one of the special local and global failure modes of thin-walled CFS sections when sub-

jected to concentrated loads. In this study, all considered innovative optimised CFS prototypes were also 

evaluated under the web crippling failure. Even though four types of web crippling load cases are present, 

this study focuses on the interior two flanges (ITF) load case only. In order to develop the FE models for 

the ITF load case, the extensive detailed work presented in [40] was followed and the brief details used to 

construct the models are described in this section. 

For web crippling models, loading plates were constructed using R3D4 discrete rigid plate elements. The 

web crippling capacity is highly sensitive to the bending radius of the corners which governs the plastic 

deformation of the web-flange junction. Therefore, finer mesh refinement was accommodated to those 

critical regions. The extruding length of the model was taken as 5d1, where d1 is the clear web height of 

the prototype section, which is also acknowledged in Sundararajah et al. [41]. The width of the loading 

and supporting plates used was 100 mm. Simply supported boundary conditions (pin supports) were as-

signed to the reference point of the loading and bearing plates, while only the loading plate is allowed to 

translate vertically downwards by displacement control approach. The effect of the geometric imperfec-

tions was not considered in the model due to its negligible influence (less than 1%) in the web crippling 

capacity as reported in [40]. Moreover, surface-to-surface contact option in ABAQUS was assigned be-

tween the bearing and loading plates and the primary model, and the friction coefficient between these two 

was set to be 0.4. Contact formulation was chosen to be ‘hard’ contact available in ABAQUS. The analysis 

of this web crippling models was run using the quasi-static analytical option in order to avoid the contact 

difficulties in the non-linear static approach. The failure modes obtained in different stages for the Opti-

mised LCB section through FE analysis is illustrated Fig 4. 

Section 3.2, 3.3 and 3.4 elaborated about the FE model development of the considered innovative optimised 

sections subject to bending, shear, and web crippling actions, respectively. Fig. 5 depicts the load-displace-

ment behaviour obtained for all considered CFS sections obtained through FE analysis. 

3.5 Validation of finite element models 

All the aforementioned model characteristics for bending, shear and web crippling actions were validated 
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with the experimental results obtained by Pham and Hancock [2], Keerthan and Mahendran [42] and 

Sundararaja et al. [41], respectively. The four-point loading set-up used in Pham and Hancock’s [2] study 

is showed in Fig. 6a to account local and distortional buckling failures. The bending results provided in 

Table 2 are the ultimate bending capacities for LCB sections which allowed to fail under distortional buck-

ling by providing straps at top and bottom flange loading points and supports. The FE results showed a 

good agreement with the experiments with a mean of 0.97 and COV 0.07 for 6 bending test specimens. 

Keerthan and Mahendran [42] performed pure shear test of LCB sections with simply supported three-

point loading arrangement. Back-to-back test arrangement (see Fig. 6b) was used to avoid the eccentric 

loading of shear centre and straps were used at top and bottom flanges at loading and supporting points to 

cater the flange distortion due to the unbalanced shear flow. The comparison of 6 test results with FE 

ultimate shear capacities for LCB sections which allowed to fail under pure shear with an aspect ratio of 

1.0 is given in Table 3. FE results revealed a good agreement with the experimental results with a mean of 

0.99 and COV 0.08.  Sundararaja et al. [41] investigated the structural behaviour of LCB sections subject 

to ITF load case web crippling actions and in more advance several research studies on web crippling 

behaviour of European grade CFS beams with web openings [43-50]. The schematic diagram and web 

crippling test set-up used for ITF load case is shown in Fig. 6c. The ultimate web crippling capacities of 

the 6 test specimens and the FE results are presented in Table 4. The FE results revealed an excellent 

agreement with the experimental results with a mean and a COV of 0.99 and 0.02, respectively.  Fig. 7 

depicts the comparison of failure modes and load-vertical displacement behaviour obtained through vali-

dation. For the shear and web crippling, even though FE models reach the ultimate capacity with lesser 

displacement, their ultimate capacities show satisfactory agreement with test capacity. The aforementioned 

variation may due to the common initial bolt slip occur in experiments and it is hard to simulate this phe-

nomena in FE modelling. These comparisons further confirm the accuracy of the developed FE models to 

predict the ultimate capacity and failure modes of considered CFS sections for bending, shear and web 

crippling actions.  

4 Results and Discussion 

This study presents the optimised innovative CFS beam sections for flexural capacity and the structural 

performance of the optimised innovative sections subject to shear and web crippling actions. The results 

obtained for the considered CFS sections from the EC3 and FE analysis are compared with a commercially 

available benchmark LCB section to evaluate the performance. The overall results of the FE analysis con-

ducted for bending, shear and web crippling actions using a general purpose FE software package 

ABAQUS are demonstrated in Table 5.  

The bending capacities of the sections are compared by setting the ultimate bending capacity of the bench-

mark LCB section obtained from FE to 100%. Super-Sigma section is the efficient section in bending as it 

bears approximately 65% of higher capacity than the benchmark section with same amount of material. 

Moreover, the Folded-Flange section claims about 60% of flexural capacity enhancement. It is noticed that 

when the available LCB section subjects to optimisation, it resulted in nearly 30% of the flexural capacity 

enhancement. These findings reveal the available LCB sections which are mostly used in light gauge steel 

construction as floor joists and purlins (flexural members) can be used in an effective way with the same 

amount of material. Thus provides the most economical and efficient design solutions. In addition, com-

monly sigma section used as purlins to date and rare usage has been noticed as floor joists. It is proposed 

that Super-Sigma sections can be employed as a flexural member in floor panels instead of conventional 

LCB section as it has enhanced flexural capacity, moreover, closer shear centre to the outer web which 

contributes to minimise the eccentric loading. 

The optimised innovative sections, when subject to shear actions, behave in a positive way in terms of 

structural capacity over available benchmark section except for the folded-flange section. The Optimised 
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LCB and Super-Sigma section show 1% and 16% of shear capacity enhancement while Folded-Flange 

section experiences a considerable 26% of shear capacity reduction as provided in Table 5. Therefore, 

further modification on the shape and size are required to avoid this shear capacity reduction. Similarly, 

the web crippling capacity of the optimised sections also registers a web crippling capacity loss over bench-

mark LCB section with same amount of material. The optimised LCB and Super-Sigma sections claim 

12% and 17% of web crippling capacity loss, respectively. However, Folded-Flange section experiences a 

substantial amount of web crippling capacity reduction of about 40%. It is worth to note that further mod-

ification on this innovative CFS sections are necessary to improve the web crippling capacity. The common 

practice is attaching rigid web plates at loading points. 

The proposed optimised sections have excellent characteristics in terms of enhanced flexural capacity. 

Super-Sigma section owns highest bending capacity enhancement among the considered CFS sections and 

its intermediate web stiffeners bring back the shear centre closer to the outer web thus minimises the tor-

sional effects under eccentric loading. This is an additional benefit of the Super-Sigma section. As a result, 

this research outcome would drive sigma sections to employ extensively in light gauge steel and modular 

building construction as load-bearing purlins, floor joist, and side rails. The general design method for 

thin-walled CFS beams is based on elastic theory, for example, effective with methods and direct strength 

methods. It should be noted that these methods are well established for LCB sections subjected to bending 

shear and web crippling actions and not for Folded-Flange and Super-Sigma sections. Therefore, further 

research needs to focus on creating a wide range of data set through physical testing and FE modelling and 

searching for modifications to improve for enhancing the web crippling and shear capacity. This would 

increase the use of these optimised novel sections. It is envisioned that incorporation of these optimised 

sections in construction will significantly reduce the entire structures’ weight. Therefore, the proposed 

novel sections including super-sigma sections are suitable for floor joist and roof purlin applications as 

well as for modular building applications. 

5 Concluding remarks 

This research presents the optimisation framework of CFS members to maximize flexural capacity through 

EC3 and PSO. In addition, the performance of the innovative optimised sections subject to shear and web 

crippling action were also investigated using FE analysis. It was found that for the same amount of material, 

Folded-Flange and Super-Sigma sections have a higher flexural capacity enhancement of approximately 

60% and 65%, respectively. The Super-Sigma section was found to be an efficient section investigating its 

overall performance under bending, shear and web crippling actions. Therefore, the Super-Sigma section 

is proposed to employ as floor/roof joists or purlins in light gauge steel construction as it claims substantial 

enhancement in flexural capacity and closer shear centre to the web thus minimises the torsional effect due 

to the eccentric loading. However, the behaviour of novel optimised CFS members after linear-response 

may not be predicted accurately through FE due to the new shapes and folding configurations. Thus, the 

predicted deflections may not be accurate, though the predicted the ultimate capacities from FE analysis 

are reasonably accurate. Considering this, further research is in progress to perform a series of structural 

tests for the optimised innovative sections for bending, shear and web crippling actions and developing 

new design equations.  
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Table 1. Optimised dimensions and capacities of the selected sections 

Prototypes h (mm) b (mm) c (mm) d (mm) w1 (mm) w2 (mm) w3 (mm) δ1 (°) δ2 (°) MEC3 
(kNm) 

 MFE 
(kNm) 

MFE / 
MEC3 

 

Benchmark 231 75 17 - - - - - - 10.30 10.41 1.01 

Optimised-LCB 269 50 23 - - - - - - 13.38 13.28 0.99 

Folded-Flange 185 48 50 17 - - - 105 95 16.12 16.60 1.03 

Super-Sigma 270 50 17.5 - 41 30 139 34 - 17.43 16.90 0.97 

Mean 1.00 

COV 0.026 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Validation of finite element results for bending with experiment results reported in [2] 
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LCB Specimens h (mm) b (mm) c (mm) r (mm) t (mm) fy (MPa) Test [2] 

(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: r = inner radius, t = thickness, fy = yield strength and others are defined in Figure 2(a) 
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Table 3. Validation of finite element results for shear with experiment results reported in [42] 

LCB Specimens a/d1 (mm) d1 (mm) t (mm) fy (MPa) Test [34] 
(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 height, t = thickness, fy = yield strength 
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Table 4. Validation of finite element results for web crippling with experiment results reported in [41] 

LCB Specimens lb (mm) b (mm) c (mm) h (mm) t (mm) r (mm) L (mm) fy (MPa) Test [33] 
(kN) 

FE        
(kN) 

Test/ FE 

ITF-C10010 100 50.7 13.3 100.1 1.03 3.5 510 581 6.45 6.55 0.98 

ITF-C10015 100 50.9 15.5 100.8 1.52 4.0 510 540 14.34 14.91 0.96 

ITF-C15012 100 62.3 19.6 150.4 1.21 4.0 760 556 8.14 7.95 1.02 

ITF-C15015 100 62.7 18.3 150 1.52 4.5 760 531 12.92 13.07 0.99 

ITF-C20019 100 77.3 19.4 203.1 1.91 5.0 1015 506 20.19 19.93 1.01 

ITF-C20024 100 76.7 20.2 203.6 2.41 5.0 1013 526 33.68 34.38 0.98 

Mean 0.99 

COV 0.02 

Note: lb = bearing plate length, t = thickness, r = inner radius, L = specimen length, fy = yield strength and others are defined in Figure 2(a) 
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Table 5. Summary of the FE results for bending, shear and web crippling capacities for considered CFS sections 

Prototypes Bending Shear Web crippling 

Benchmark 

10.41 kNm (100%) 53.70 kN (100%) 11.12 kN (100%) 

Optimised-LCB 

13.28 kNm (128%) 54.32 kN (101%) 9.76 kN (88%) 

Folded-Flange 

16.60 kNm (159%) 39.75 kN (74%) 6.35 kN (57%) 

Super-Sigma 

 16.90 kNm (163%) 62.08 kN (116%) 9.21 kN (83%) 
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 Fig. 1. Selected CFS sections for investigation: (a) Benchmark; (b) Optimised LCB; (c) Folded-Flange; (d) Super-Sigma 
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Fig. 2. Failure modes (stress pattern) of Folded-Flange section subject to bending at different stages 
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Fig. 3. Failure modes (deformation pattern) of Super-Sigma section subject to shear at different stages 
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Fig. 4. Failure modes (stress pattern) of Optimised LCB section subject to web crippling at different stages 
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a)                                                                         b)                                             c) 

 

Fig. 5. Load-displacement behaviour of all considered CFS obtained for (a) bending; (b) shear; and (c) web crippling actions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Steel Construction – Design and Research                                        Manuscript Template 

Last update 10.10.2019 3:00  

 

Fig. 6. Test arrangements considered for validation: (a) Bending [2]; (b) Shear [42]; (c) Web crippling [41] 
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Fig. 7. Comparison of FE failure modes and load-displacement behaviour with test results: (a) Bending [2]; (b) Shear [42]; (c) Web crippling [41] 

 

 

 

 

 

 


