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ABSTRACT 

Cold-formed steel (CFS) built-up sections are increasingly utilized in structural applications 

due to their lightweight properties, high strength-to-weight ratio, and enhanced moment 

capacity, which can be further improved by adding stiffeners to the webs or flanges. Accurately 

determining the moment capacity of these sections is important for practical use. This can be 

achieved through experimental testing or finite element analysis (FEA) using a four-point 

bending setup. However, conducting full-scale experimental tests is both expensive and time-

consuming, and developing a full-scale finite element (FE) model to replicate these tests can 

be computationally intensive.  

To address these challenges, this study introduces an accurate, efficient, and robust numerical 

method that replicates the behaviour of CFS built-up sections, applicable to both back-to-back 

and face-to-face configurations. The proposed numerical methodology demonstrates excellent 

agreement with available test results in terms of moment capacity and failure modes, 

highlighting its potential for determining the moment capacity of built-up sections. The study 

further investigates two cross-sectional types—stiffened nested and unstiffened nested—to 

evaluate their behaviour and moment capacity.  

The proposed simplified model was subsequently used in an extensive parametric study to 

determine the moment capacity of stiffened and unstiffened nested sections. Parameters 

considered in the study include varying section thicknesses (0.75 mm to 3.00 mm), web depths 

(150 mm to 600 mm), section configurations (nested and stiffened nested), and screw spacings 

(75 mm, 150 mm, and 300 mm). Given that existing design standards, such as those from the 

American Iron and Steel Institute (AISI 2016) and the Australian/New Zealand Standards 

(AS/NZS 2018), lack specific guidelines for calculating the moment capacity of these sections, 

this research aims to fill that gap. Furthermore, to simulate practical scenarios, models 
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incorporating screws in the webs (screw-web model) were developed and compared against 

the simplified model. The results of the parametric study revealed that the moment capacity of 

the built-up sections is significantly influenced by section thickness, web depth, and section 

configuration. Screw spacing, however, had a less significant impact. Notably, the moment 

capacity of the screw-web model was lower than that of the simplified model, emphasizing the 

importance of bimoment and warping deformation in connection design.  

The study concludes that the developed simplified model provides a computationally efficient 

tool for predicting the moment capacity of built-up beams, offering valuable insights for 

designers and engineers. Additionally, the nested section configuration is recommended for 

achieving higher moment capacity compared to the stiffened nested section. 

Keywords: Cold-formed steel, built-up beams, finite-element model, simplified model, 

moment capacity 
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NOTATION 

Cold-Formed Steel CFS 

Face-To-Face FTF 

Back-To-Back BTB 

American Iron and Steel Institute AISI 

Australian and New Zealand Standards AS/NZS 

Finite element FE 

Finite element analysis FEA 

Finite element modelling FEM 

Direct Strength Method DSM 

Effective Width Method EWM 

Genetic algorithms GA 

Hot Rolled Steel HRS 

Cross-section C/S 

Young’s modulus E 

True stress 𝜎𝑡 

True strain 𝜀𝑡 

Engineering stress 𝜎𝑒 

Engineering strain 𝜀𝑒 

Megapascal MPa 
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Kilo-Newton Metre kN · m 

Kilo-Newton kN 

Millimetres mm 

Metre m 

Thickness 𝑡 

Yield stress 𝑓𝑦 

Local buckling stress 𝑓𝑜𝑙 

Distortional buckling stress 𝑓𝑜𝑑 

Imperfection magnitude for local buckling 𝑆𝑜𝑙 

Imperfection magnitude for distortional buckling 𝑆𝑜𝑑 

Reference point RP 

Radius R 

Length 𝑙 

Screw spacing 𝑠 

Moment capacity from FEA 𝑀𝐹𝐸𝐴 

Elastic lateral-torsional buckling moment 𝑀𝑜 

Yield moment 𝑀𝑦 

Nominal member moment capacity for lateral-torsional buckling 𝑀𝑏𝑒 

Nominal member moment capacity for local buckling 𝑀𝑏𝑙 

Non-dimensional slenderness used to determine 𝑀𝑏𝑙 𝜆𝑙 
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Nominal member moment capacity for distortional buckling 𝑀𝑏𝑑 

Non-dimensional slenderness used to determine 𝑀𝑏𝑑 𝜆𝑑 

Elastic local buckling moment 𝑀𝑜𝑙 

Elastic distortional buckling moment 𝑀𝑜𝑑 

Buckling resistance moment 𝑀𝑏,𝑅𝑑 

Reduction factor for lateral-torsional buckling 𝜒𝐿𝑇  

Partial factor for resistance of members to instability  𝛾𝑀1 

Elastic critical moment for lateral-torsional buckling 𝑀𝑐𝑟  
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Chapter 1 – Introduction 

1.1 Background 

In recent decades, the use of cold-formed steel (CFS) sections in structural applications 

has gained significant popularity due to their numerous advantages over hot-rolled steel (HRS). 

These benefits include lightweight construction, recyclability, a high strength-to-weight ratio, 

durability, ease of installation, and greater flexibility in manufacturing a variety of cross-

sectional profiles and sizes [1-3] . However, Meza et al. reported that due to their thinner walls, 

the ultimate capacity of CFS members is often limited by phenomena such as local and 

distortional buckling, sometimes in conjunction with global buckling [3]. Therefore, joining 

sections through welding or fasteners provides a practical solution, allowing for the creation of 

built-up sections with various cross-sectional geometries, as illustrated in Figure 1-1. These 

built-up sections offer significant advantages, such as reducing susceptibility to certain 

buckling modes, enhancing torsional resistance, and doubling the moment capacity compared 

to single-channel sections. 

 

(a) Different cold-formed BTB built-up sections  

 

(b) Different cold-formed FTF built-up sections 

Figure 1-1: Examples of built-up sections [4]. 
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Moreover, the use of such built-up beams is common in lightweight portal frames, as 

shown in Figure 1-2. A typical practice involves fabricating rafters and columns by connecting 

two channel sections back-to-back (BTB), creating a doubly symmetric cross-section with 

enhanced capacity [5-8]. Similarly, face-to-face (FTF) built-up sections provide greater 

moment capacity compared to single-channel sections. 

 

(a) Beam-column connection 

 

(b) CFS built-up sections used for portal 

frames 

Figure 1-2: Portal frames made by Formsteel™ [7]. 

1.2 Problem statement 

With the increasing demand for strength, built-up sections have become more popular 

than single-channel sections. However, due to the complex geometrical configurations of built-

up beam sections, it is crucial to determine their moment capacity before on-site 

implementation. Typically, this requires either experimental testing or finite element analysis 

(FEA). Experimental methods face challenges such as logistical issues, ensuring accurate 

setups, and the potential for human error. Likewise, modelling the entire test setup in FE 

software requires careful attention, calibration, and considerable computational resources.   
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Currently, no alternative methods have been proposed to address these challenges. 

Therefore, a robust and computationally efficient approach must be developed to reduce 

computational demands and accurately predict the moment capacity of complex FTF and BTB 

built-up sections. 

1.3 Aim and scope of this research  

Specific objectives of this work are listed below:   

1. To develop nonlinear FE models that simulate the structural behaviour of CFS built-up 

beams under four-point bending. These FE models will be developed based on the 

measured cross-section dimensions and material properties reported in the literature, 

with geometric imperfections incorporated according to the literature and design 

guidelines. The FE models will then be validated by comparing them to the failure 

modes and moment capacities obtained from experimental tests documented in the 

literature. 

2. The validated FE model will be used to develop a computationally efficient simplified 

model that replicates the failure modes and moment capacities of the built-up section. 

To verify its accuracy, the simplified model will be compared with the experimental 

results reported in the literature and the full four-point bending FE model. 

3. The validated simplified FE model will be employed to conduct an extensive parametric 

study. Investigating the influence of various factors such as web depth, thickness of the 

sections, screw spacing, and the arrangement of single channel sections in a built-up 

section on the moment capacity under bending. 

4. To recommend the most effective design shape among the stiffened nested and nested 

built-up beams studied, based on the results of the parametric study.  



13 

 

1.4 Outline of the thesis 

The thesis is structured into the following six chapters: 

Chapter 1 provides a brief overview of the background, problem statement, aim, and scope of 

the research, along with an outline of the thesis.  

Chapter 2 provides a comprehensive review of prior studies on CFS single-channel sections, 

built-up box sections, and optimisation techniques and algorithms applied to concrete 

structures, HRS, and CFS. The literature review on CFS built-up beams reveals a lack of 

specific guidelines for determining the moment capacities of these sections in both FTF and 

BTB configurations. Furthermore, despite the growing use of built-up beams, researchers have 

yet to develop a simplified or optimised approach for determining their moment capacity. 

Chapter 3 offers a brief overview of the modelling technique used to develop the FE model 

for a four-point bending test setup. Additionally, the FE model was validated against the test 

results reported by Dai et al. [7], showing that the moment capacity and failure mode of the 

developed FE model closely matched the experimental results.  

Chapter 4 details the procedure used to simplify the four-point bending model. The process 

began by reducing the four-point model to a pure bending model, which was then further 

simplified. The FE results for both the pure bending and simplified models showed strong 

agreement with the FE results of the four-point bending model presented in Chapter 3, as well 

as the experimental data. Additionally, the study was extended to develop a model simulating 

a beam-column or beam-beam connection, aimed at determining the actual strength of built-up 

sections in connections. 

Chapter 5 outlines the application of the developed simplified model to various configurations 

of BTB and FTF built-up sections. 
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Chapter 6 presents a parametric investigation involving 190 models featuring two types of 

built-up sections: stiffened nested and nested sections. The study considered parameters 

including thicknesses ranging from 0.75 to 3.00 mm, screw spacings of 75, 150, and 300 mm, 

and web depths varying from 150 mm to 600 mm. Based on the parameters studied, conclusions 

were drawn regarding the following aspects: the impact of changes in web depth (𝑤𝑑), the 

effect of section thickness (𝑡), the positioning of the single-channel section within the built-up 

section, screw spacing (𝑠 ), and the placement of screws along the web in the longitudinal 

direction. 

Chapter 7 provides a concise summary of the thesis, along with detailed conclusions based on 

the parametric study and the influence of various parameters. It also addresses the limitations 

of the current study and offers recommendations derived from the findings. Furthermore, the 

chapter discusses potential future research directions related to this work. 

 
Figure 1-3: Flowchart for the outline of the thesis. 

Outline of thesis

Introduction

Numerical analysis 

of the CFS box 

section beam

Development of a 

simplified numerical 

model

A comprehensive literature review is

presented, covering topics such as CFS

single -channel sections, built -up sections,

and optimization studies
FEA model was developed and validated

against the experimental test data for

four-point bending

A computationally efficient simplified

numerical model was developed using

the validated model.

Literature 

review

Numerical validation of 

the developed simplified 

model

The simplified model developed was

validated against the experimental test

results for various BTB and FTF

configurations

Parametric Study

Parametric study: Variable web depth

(500mm to 150mm), three screw

spacings (75mm, 150mm, 300mm), and

thicknesses (0.75mm, 1mm, 1.5mm,

2mm, 3mm).Conclusion and future 

works
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Chapter 2  – Literature Review 

2.1 Introductory remarks 

This chapter provides a thorough literature review on the behaviour of CFS built-up 

beams under bending. The review is divided into five primary sections, addressing the 

behaviour of CFS single channel sections, built-up sections, optimisation studies, and 

parametric studies. The review highlights a gap in the existing literature regarding the influence 

of various parameters on moment capacity, underscoring the limited research dedicated to 

developing a simplified model for determining the moment capacity of built-up beams under 

bending. 

2.2 Previous studies on behaviour of CFS single channel section under bending 

Numerous studies in the literature have examined the moment capacity of CFS channel 

sections. Chen et al. [8] conducted a comprehensive investigation utilizing both experimental 

and numerical analyses on the moment capacity of cold-formed channel beams, considering 

various configurations such as edge-stiffened web holes (Figure 2-1 (a)), un-stiffened web 

holes (Figure 2-1 (b)), and plain webs. The study reported a total of 215 results, including 16 

four-point bending tests and 199 FEA simulations. A parametric study was conducted for 

varying beam lengths, fillet radius, stiffener length, and hole diameter. The study showed that 

the edge-stiffened web holes increases the moment capacity whereas the unstiffened web holes 

decreases the moment capacity with respect to plain channel sections. 

The study evaluated the precision of design guidelines according to AISI-2016 [9] and 

AS/NZS 4600:2018 [10] by comparing test and FEA results with the calculated moment 

capacities for CFS channel beams without web holes. These standards accurately predicted the 

moment capacity for such beams. In contrast, for CFS channel beams with web holes, the 
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design equations by Moen and Schafer [11] were found to be overly conservative for beams 

with un-stiffened and edge-stiffened web holes, respectively. 

 

Figure 2-1 Failure modes of CFS channel beams with holes under bending [8].  

Moen et al. [14-15], Zhao et al. [13], Yu et al. [17-18], and Thirunavukkarasu et al. [16] 

conducted experimental and numerical research that introduced the Direct Strength Method 

(DSM) for developing equations to determine the moment capacity of CFS channel sections. 

Their work provides key insights into the structural behaviour of these sections with unstiffened 

circular web holes. Building on this foundation, Degtyareva et al. [20-21] investigated how 

unstiffened slotted web holes affect moment capacity. 

Although existing research extensively covers CFS channel sections with unstiffened 

circular web holes, there is a significant lack of studies on sections with edge-stiffened circular 

web holes subjected to four-point bending. Chen et al. [8], Yu [19], and Dai et al. [20] have 

addressed this gap through a combination of experimental and numerical investigations, 

(a) Edge stiffened web holes

(b) Unstiffened web holes
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revealing that sections with edge-stiffened circular web holes exhibit enhanced moment 

capacity compared to those with plain webs. 

2.3 Previous studies on CFS built-up box sections under bending  

Chea et al. [21] conducted thorough testing involving 16 full-scale experiments under 

four-point bending conditions. Their investigation encompassed several parameters including 

thickness, connection spacing, web height, and flange width-to-thickness ratio. Subsequently, 

the test outcomes as shown in Figure 2-2 were verified through FEA modelling, revealing a 

variation of -14% to +12% when compared with the experimental results. Additionally, they 

concluded that increasing the section thickness and screw spacings would lead to an increase 

in the flexural capacity of beam.  

 

Figure 2-2: Four-point bending test on built-up beam [21]. 

In 2017, Wang and Young [22] presented a numerical investigation aiming to determine 

the moment capacities of CFS built-up sections featuring circular web holes under four-point 

bending. They developed FE analysis models for three section types: I-sections, BTB sections, 

and FTF sections connected at the lips. For simulating screw connections and reducing 

computational time, they adopted a simplified method where tie constraints were applied 

between connected nodes. Their findings indicated that FEA accurately predicted test results 

depicted in Figure 2-3. They also found that web holes had a more pronounced effect on beam 
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strengths in built-up closed sections compared to built-up open sections. Additionally, they 

observed that while the DSM formulae in the North American Specification [23] accurately 

predicted the design strengths for built-up open-section beams with holes, these formulae were 

somewhat conservative for closed-section beams with holes. 

 

Figure 2-3: Four-point bending test with experimental and numerical analysis [22]. 

In 2018, Wang and young [24] conducted an experimental (shown in the Figure 2-4) and 

numerical study on CFS built-up beams, examining both BTB and FTF connections. They 

subjected a total of 35 sections to four-point bending tests, employing various screw 

arrangements with self-tapping screws. Their findings indicated that FE models effectively 

predicted experimental outcomes across different screw arrangements. Moreover, they 

validated both FEA and test results against DSM outcomes. Finally, they highlighted that the 

spacing of screws significantly influenced the moment capacities of built-up closed sections, 

furthermore, they proposed modified DSM equations for local buckling failure since the design 

strengths determined by AISI-2016 [9] were found to be conservative. 

 
 

Figure 2-4: Four-point bending test with experimental and numerical analysis on the 

built-up beam [24].  
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Wang and Young [25] in 2016, carried out an extensive study on built-up sections under 

four-point and three-point bending in which the sections were assembled with self-tapping 

screws either located in flanges or webs. In this study, the experimental results were validated 

with FEA models accompanied by a parametric study which was further validated with DSM 

according to North American Specification [23]. The FE and experimental results were found 

in good agreement in terms of the ultimate moment and failure modes. Furthermore, they also 

concluded that there was no failure in the screws. Finally, they carried out a reliability analysis 

to verify the reliability of the design equations which they have proposed in their paper. 

In 2019, Anbarasu [26] conducted a numerical investigation (Figure 2-5) based on the 

experimental tests performed by Wang and Young [25] to validate the accuracy of FEA 

predictions. Additionally, Anbarasu utilized a similar modelling technique to conduct an 

extensive parametric study under four-point bending, comprising 114 models, which were 

subsequently validated with DSM predictions. Anbarasu's findings indicated that the modified 

DSM equations proposed by Wang & Young [25] underestimated the flexural strength of CFS 

built-up beams comprised of sigma sections. Considering both current design standards and 

the proposed equations by Wang & Young [25], Anbarasu suggested alternative equations that 

are deemed more reliable and safer. Lastly, Anbarasu suggested that further calibrations could 

enhance the design equations.  

 
Figure 2-5: Numerical simulation of four-point bending test on built-up beam [26]. 
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In 2024, Dai et al. [7] conducted experimental and numerical analyses on CFS built-up 

box beams under four-point bending, performing 13 full-scale tests to determine the moment 

capacities of novel CFS sections with identical stiffened channels joined by self-tapping 

screws. The tests involved sections with web depths of 270mm and 500mm and thicknesses of 

1.15mm and 1.95mm. Measurements of local and global geometric imperfections were taken, 

and the experimental setup included lateral restraints and a spreader loading beam to apply 

load. Three beam lengths were examined: 3000mm, 4000mm, and 5000mm. Results showed 

that the deeper sections (500mm) had higher flexural capacity than shallower sections 

(270mm), largely due to their larger cross-sectional area and thickness. Screw spacing effects 

varied across different cross-sections, and increased restrained lengths reduced flexural 

capacity. 

To validate the experimental results, Dai et al. [7] developed a nonlinear elastoplastic 

FEA model. A parametric study with 200 models examined variables like section thickness, 

screw spacing, and unrestrained length. Findings indicated section thickness significantly 

impacts flexural capacity, with deeper sections more sensitive to thickness changes. Screw 

spacing beyond 300mm had minimal effect on flexural capacity. Comparisons with DSM 

predictions revealed conservative estimates for local buckling but unconservative for global 

buckling, prompting Dai et al. [7] to propose new predictive equations. Reliability analysis 

confirmed these new equations' accuracy. Overall, FEA was found to accurately predict 

experimental, emphasizing section thickness over screw spacing in influencing flexural 

capacity. 
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Figure 2-6: Four-point bending test [7]. 

2.4 Previous studies on optimisation 

2.4.1 Summary of optimisation studies on concrete structures 

Various optimisation techniques have been applied to enhance the design and cost-

efficiency of reinforced concrete structures. Sahab et al. [27] utilized a hybrid algorithm 

combining genetic algorithms (GA) and the Hook and Jeeves method to optimize construction 

costs in flat slab buildings. Kohoutkova and Broukalova [28] optimized fibre-reinforced 

concrete (FRC) mixtures to improve structural performance. Eleftheriadis et al. [29] integrated 

BIM with a multi-objective GA to optimise cost and carbon emissions in structural design. 

Afshari et al. [30] compared six multi-objective optimization algorithms for RC beams, 

identifying derivative-free optimisation as the most effective. Whitworth et al. employed GA 

to minimize embodied energy in composite floor plates. Pierott et al. [31] used a GA-based 

model to optimise reinforced concrete beam dimensions and reinforcement layouts, achieving 

significant cost reductions. 

2.4.2 Optimisation study on retrofitting of HRS sections to CFS sections 

In 2023, Chobe et al. [32] conducted a numerical study, illustrated in Figure 2-7, to 

explore how retrofitting Hot-Rolled Steel (HRS) with Cold-Formed Steel (CFS) can improve 

the torsional rigidity of structural members and reduce Lateral-Torsional Buckling (LTB). They 

first validated their experimental results with finite element (FE) modelling before performing 



22 

 

a parametric study involving 600 models with varying CFS channel thicknesses, intermediate 

spot weld spacings, slenderness ratios, and cross-sectional dimensions of the HRS beam. Using 

a Machine Learning (ML) technique known as Symbolic Regression (SR), they developed an 

equation to predict the increase in moment capacity based on these parameters. The study offers 

a straightforward design approach for selecting the appropriate CFS channel thickness and spot 

weld spacing to achieve the desired moment capacity improvement. Furthermore, the ML 

method highlighted the benefits of using GA for analysing complex structural engineering 

problems to find optimal design solutions. 

 

Figure 2-7: Comparison of the experimental and FEA results [32]. 

2.4.3 Previous studies on optimisation of CFS structures 

In 2022, Liang et al. [33]  presented a review paper that examined 160 studies on 

methodologies for the structural optimisation of CFS members and the thermal performance of 

CFS sections. The review concluded that numerous studies focus on optimising the cross-

sections of CFS members, which included single channel sections, FTF sections, BTB sections, 

and gapped BTB sections, as shown in Figure 2-8, to enhance their structural performance. 

These studies incorporate various constraints to simulate real-world conditions and consider 

different loading scenarios. The review also found that GA are the most adopted optimisation 

algorithm for CFS structures. 
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Figure 2-8: Optimal sections developed by Liang et al [33]. 

 
(a) Channel section 

with two web 

stiffeners and 

return lips 

 
(b) FTF connected 

box-section 

 
(c) BTB built-up I- 

section 

 
(d) BTB gapped channel sections 

In 2019, Mojtabaei et al. [34] conducted a study to optimize the shape of a single 

channel section under Serviceability Limit State (SLS) and Ultimate Limit State (ULS) loading 

conditions, aiming to maximize flexural capacity and minimize deflection using the Big Bang 

and Big Crunch (BB-BC) optimisation methodology. The study evaluated 12 CFS cross-

sectional prototypes under both SLS and ULS conditions. FEA, accounting for material non-

linearity and initial geometric imperfections, was performed for each case and the results were 

compared to those from Eurocode-3 [35]. The study concluded that ULS optimisation yielded 

less efficient results than SLS for single-channel sections. Additionally, incorporating 

intermediate stiffeners in the web did not significantly improve performance, whereas adding 

stiffeners in the flange resulted in notable improvements. 

In 2016, Ye et al. [36] conducted a comprehensive investigation on the practical 

optimisation of CFS beams using a PSO method. The optimisation methodology included 

material, section, manufacturing, and design constraints. Six different CFS channels were 

selected for optimisation based on flexural strength, as determined by the effective width-based 

provisions of Eurocode 3 [35]. This led to significant improvement in the flexural strength of 

sections (Figure 2-9) considering the same amount of material suggesting the robustness of 

optimisation methodology for practical applications. 

(a)
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*The bold lines indicate the effective part of the sections 

Figure 2-9: Optimal cross-sections of beams [36].  

In 2019, Parastesh et al. [37] conducted a study to optimize symmetric Cold-Formed 

Steel (CFS) beam-column members for improved moment capacity using Genetic Algorithms 

(GA). They chose symmetric sections to avoid geometric impracticalities, suitable for both 

FTF and BTB configurations. The optimization process incorporated various manufacturing 

and construction constraints. A total of 132 beam-column sections were optimized considering 

three factors: eccentric loading for pure compression and bending, element length, and the 

complexity of cross-section shapes. Strengths for compression and bending moments were 

evaluated using the DSM with CUFSM software, accounting for local, distortional, and global 

buckling modes. The findings revealed that more complex shapes did not necessarily yield 

better design solutions. Increased eccentricity typically led to a broader range of optimal 

sections, particularly when distortional buckling was the dominant mode in short and 

intermediate-length beam columns, as shown in Figure 2-10. 

 

*e = eccentricity 

Figure 2-10: Optimised sections for different eccentricities [37]. 

*The bold lines indicate the effective part of the sections 

(e = 0) (e = 10) (e = 20) (e = 30)

*e = eccentricity
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In 2022, Laím et al.[38] conducted a study focused on optimizing closed built-up CFS 

sections under compression. They developed a framework that combined FEM and PSO 

algorithms. To achieve an optimal solution, they considered three parameters: the height, 

thickness, and length of the built-up section. The study offered design predictions for the 

optimal columns using both the European Code and the North American Specification, and 

these predictions were compared with numerical results. The findings emphasized the impact 

of different parameters—such as steel thickness, cross-section height, and column length—on 

the optimal solution of the studied objective function, which was the resistance-to-weight ratio. 

Among these parameters, steel thickness was found to have the most significant influence. 

In 2021, Mojtabaei et al. [39] developed a practical methodology for optimizing Cold-

Formed Steel (CFS) beam-column members of varying lengths and thicknesses, subjected to 

different axial compression and bending moment combinations, while maintaining consistent 

material usage. They used a Genetic Algorithm (GA) to maximize the resistances of CFS 

members according to Eurocode 3 [35]. The optimization began with six prototype cross-

sections, including both single (Figure 2-11-a) and built-up (Figure 2-11-b) channel sections, 

with variations allowed in their dimensions and edge stiffener configurations. Standard 

commercially available single and BTB-lipped channel sections were used as benchmarks to 

evaluate the efficiency of the optimized sections. The study demonstrated notable 

improvements in capacity over the initial cross-sections and provided insights into the material 

efficiency achievable with different cross-sectional shapes under combined loading conditions, 

ranging from pure bending to pure compression. 
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(a) Single channel sections 

 

(b) Built-up sections 

Figure 2-11: Different geometries of section used by Mojtabaei et al [39]. 

In 2020, Phan et al. [40] presented an optimisation study carried out with a combination 

of FEA and GA. The primary objective of the study was to demonstrate an alternative analytical 

design approach using EWM Eurocode 3 [35]. The parameters considered for the optimisation 

included three different bolt group lengths, variable beam lengths (refer Figure 2-12), and 

variable plate thicknesses. The study concluded that a shorter bolt-group length can decrease 

the flexural strength of Cold-Formed Steel (CFS) bolted connections, whereas a longer bolt-

group length typically results in a moment capacity close to the flexural strength of the CFS 

channel section. 

 

*h = web depth; hb = depth of bolt group; L = beam length; Lb = length of bolt group  

Figure 2-12: Representation of bolt assembly [40]. 

In 2021, Mojtabaei et al. [41] presented an optimisation framework aimed at developing 

more efficient CFS bolted moment connections with enhanced energy dissipation capacity and 

(a)
(b)

h

Bolts

Lb L

hb
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ductility. To achieve this, a PSO algorithm was linked to ABAQUS for finite FE analysis, 

incorporating experimentally validated FE models of the connections. Five different CFS beam 

cross-sectional shapes were selected, with key design variables including their relative 

dimensions, the location of intermediate stiffeners, and the inclination of the lip stiffeners as 

shown in Figure 2-13. 

The results indicate that adjusting the relative dimensions of the lipped-channel beam 

section can enhance the flexural strength, energy dissipation capacity, and ductility of 

connections compared to conventional lipped-channel beam sections. However, optimizing the 

angle of the lips yields only minimal improvements in structural performance. Additionally, 

the study found that optimizing Cold-Formed Steel (CFS) bolted moment connections under 

cyclic loading produces the same optimal sections and trends in energy dissipation and ductility 

as those achieved under monotonic loading. This suggests that effective optimization under 

monotonic loading can reduce computational costs while achieving similar performance 

outcomes. 

 

Figure 2-13: Schematic of bolted moment connection used in the optimization process [41]. 

In 2024, Qadir et al. [42] presented a study focused on optimising the flexural strength 

of cold-rolled steel sections through experimental testing, FEM, and design optimization. FE 

models, validated against experimental data from four-point beam bending tests, showed strong 
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agreement in ultimate moment capacities and load-displacement curves. The optimisation 

aimed to quantify the effects of geometry and cold working, proposing optimal designs that 

resulted in significant improvements. The study found that cold working significantly increased 

the ultimate strength of optimized sections. The optimisation process led to substantial 

enhancements in both distortional buckling and ultimate strength, achieving increase for both 

channel sections, and for zed sections (Refer Figure 2-14) compared to standard sections. 

The inclusion of flange stiffeners greatly enhanced the flexural strengths of the sections. 

The optimisation process highlighted the critical impact of stiffener geometry and cold working 

on flexural strength, suggesting that these factors should be carefully considered in the design 

process for optimal performance. In conclusion, the study provided a comprehensive approach 

to optimizing the flexural strength of cold-rolled steel sections by integrating experimental 

testing, FE modelling, and optimisation techniques. The findings emphasized the significant 

benefits of including stiffeners and considering cold working effects, leading to substantial 

improvements in structural performance.  

 
(a) Channel section 

 
(b) Zed section 

Figure 2-14: Cross-section used by Qadir et al [42]. 

(a) (b)
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2.5 Design standards 

2.5.1 Effective width method 

The Effective Width Method (EWM), as specified in Eurocode 3 [35] and AS/NZS 

(2018) [10], is used to determine the design strengths of cold-formed built-up members. The 

method is based on the concept that the cold-formed elements near the corners of the cross-

section are the key load-bearing parts of the entire section. This cross-section comprises several 

components, such as the web, flange, and lip. The empirical effective width of each element is 

determined using reduction factors that depend on the geometric properties of the cross-section 

and other general properties. Once these effective widths are established, the effective cross-

sectional area can be calculated, which is essential for determining the member capacities. 

However, the method requires considering multiple parameters, making it very difficult to use. 

The formulae for determining the moment capacity of the built-up beams are provided in Table 

2-1. [4] 

2.5.2 Direct Strength Method 

A widely adopted method for determining the member strengths of cold-formed members 

in the AISI (2016) [9] and AS/NZS (2018) [10] design standards is the Direct Strength Method 

(DSM), with the relevant equations provided in Table 2-1. The DSM, as recommended by AISI 

(2016) [9] and AS/NZS (2018) [10], has gained significant popularity in recent years. Unlike 

the EWM, where individual effective coefficients must be calculated for each element to 

determine the effective width, the DSM relies on gross-sectional properties to assess member 

strength. This makes DSM a more computationally efficient option compared to other design 

methods. Moreover, DSM accounts for the effect of fastener spacing, resulting in more accurate 

calculations. [4] 
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Table 2-1: Equations from current design guidelines 

Standard code Year Equations 

AISI [9] &  

AS/NZS [10]  

2016 & 2018 Lateral-torsional buckling: 

For 𝑀𝑜 < 0.56𝑀𝑦, 𝑀𝑏𝑒 = 𝑀𝑜 

For 0.56𝑀𝑦 ≤  𝑀𝑜 ≤ 2.78𝑀𝑦 , 

𝑀𝑏𝑒 =  
10

9
 𝑀𝑦 (1 −

10𝑀𝑦

36𝑀𝑜

) 𝜆𝑑 ≤ 𝜆𝑑2 

For 𝑀𝑜 > 2.78𝑀𝑦, 𝑀𝑏𝑒 = 𝑀𝑦 

 

Local buckling: 

For 𝜆𝑙 ≤ 0.776, 𝑀𝑏𝑙 = 𝑀𝑏𝑒 

For 𝜆𝑙 > 0.776,  𝑀𝑏𝑙 = [1 − 0.15 (
𝑀𝑜𝑙

𝑀𝑏𝑒
)

0.4

] (
𝑀𝑜𝑙

𝑀𝑏𝑒
)

0.4

𝑀𝑏𝑒  

 

Distortional buckling: 

For 𝜆𝑑 ≤ 0.673, 𝑀𝑏𝑑 = 𝑀𝑦 

For 𝜆𝑑 > 0.673, 𝑀𝑏𝑑 = [1 − 0.22 (
𝑀𝑜𝑑

𝑀𝑦
)

0.5

] (
𝑀𝑜𝑑

𝑀𝑦
)

0.5

𝑀𝑦 

Eurocode – 3[35] 2006 Flexural strength: 

𝑀𝑏,𝑅𝑑 =
𝜒𝐿𝑇𝑊𝑒𝑓𝑓𝑓𝑦

𝛾𝑀1

 

𝜒𝐿𝑇 =
1

𝜑𝐿𝑇 + √𝜑𝐿𝑇
2 − 𝜆𝐿𝑇

2
 

𝜆𝐿𝑇 =  √
𝐴𝑒𝑓𝑓  𝑓𝑦

𝑀𝑐𝑟

 

2.6 Summary of previous parametric studies 

In 2021, Kartik and Anbarasu [43] carried out an extensive parametric study on 108 FE 

models made up of cold-formed ferritic stainless steel (CFFSS) closed built-up beam composed 

of lipped channel sections orientated FTF using FEA software ABAQUS [44]. Before carrying 

out the parametric study a numerical validation for four-point bending was carried out with the 

available experimental test data. The parameters taken into consideration were thirteen 

different sections, with varying plate slenderness, using two different materials, with three 

different material properties and wall thicknesses as presented in Table 2-2.  

Table 2-2: Parameters considered by Kartik and Anbarasu [43].  

Sr. No. Parameters  

1 Thirteen different cross-sections with variable web depth (H), flange width (B), 

depth of lip (Dlip) 
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Sr. No. Parameters  

 

 

2 Three different thicknesses (t): 1.0mm, 1.6mm, 2.0mm 

3 Three different material grades 

In 2019, Roy et al. [45] conducted a study on the experimental and numerical analysis of 

the axial capacity of CFS built-up box sections. They validated their experimental test results 

by creating Nonlinear FE models in ABAQUS [44]. Following validation, they conducted a 

numerical parametric study on 148 models to examine the impact of fastener spacing on the 

axial capacity of built-up CFS box sections. The study considered two different cross-sections 

as shown in Table 2-3, varied the number of fasteners (3, 5, and 10), and included column 

lengths ranging from stub (300 mm) to slender (2000 mm) to cover a wide range of slenderness. 

Table 2-3:  Parameters considered by Roy et al. [45].  

Sr. No. Parameters  

1 Two different cross-section properties with variable web depth (𝑤𝑑), flange width 

(𝑏𝑓), depth of lip (c), thickness (t), and radius of curvature (R) 

 

 



32 

 

Sr. No. Parameters  

 

 

2 Number of fasteners: 3, 5, and 10 

3 The length of the column varied from: 300, 500, 1000, and 2000mm 

In 2023, Dai et al. [46] conducted a study on the web crippling resistance of CFS box 

sections through both experimental and numerical modelling and proposed a deep belief 

network. To validate the test results, FE models were developed, and these validated models 

were subsequently used for a parametric study. The FEA revealed that the web crippling 

resistance showed negligible difference whether actual screws were modelled, or connector 

elements were used. Consequently, connector elements were used for the parametric study. The 

study investigated the effects of section thickness, yield strength, bearing length, and screw 

spacing on the web crippling resistance of stiffened box sections under interior-two-flange 

(ITF) and end-two-flange (ETF) loading conditions as shown in Table 2-4. 
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Table 2-4: Parameters considered by Dai et al. [46].   

Sr. No. Parameters  

1 Two different cross-sections (Refer to the image below) 

 

2 Variable section thickness from 0.95mm to 2.95mm 

3 Yield strength varied from 350 MPa to 450 MPa. 

4 Ratio of beam length to flange width varied from 0.5 and 3.0. 

5 Screw spacing was studied from 25mm to 500mm 

2.7 Summary 

The literature review reveals that researchers have employed three main approaches to 

determine the moment capacity of cold-formed steel (CFS) sections: experimental testing, 

finite element analysis (FEA), or a combination of both. Additionally, optimisation efforts have 

primarily focused on cross-sectional and material optimization.  

However, for built-up sections with various cross-sectional geometries, there is a notable 

lack of specific design guidelines for determining moment capacity. Researchers have often 
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compared their results with existing guidelines and developed their equations for calculating 

capacities. Despite these efforts, none have proposed a simplified methodology capable of 

efficiently determining moment capacity while reducing computational time. To address this 

gap, a numerically inexpensive model could be developed to calculate moment capacity across 

different cross-sectional dimensions.  
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Chapter 3 – Numerical analysis of the cold-formed steel box section beam 

3.1  Introduction 

To investigate the ultimate moment capacity of CFS built-up beams, numerical analysis 

was performed using ABAQUS [44]. The FE model was developed based on the centre line 

dimensions of the cross sections of the built-up beams. The FE models developed in this study 

were initially validated against experimental tests conducted by Dai et al. [7] on CFS built-up 

beams under four-point bending as shown in Figure 3-1. In the FEA modelling, connections 

between beams and between beams and lateral restraints were established using a "Cartesian" 

beam connector. Initially, the model was developed without considering any imperfections, 

resulting in a 10.67% difference between the FEA and test results for the maximum bending 

moment. Geometric imperfections were then incorporated as described by Schafer et al. [47], 

reducing the percentage difference to 2.71%. As shown in the Figure 3-7, the experimental and 

FEA results are 39.5 kN · m [7] and 40.6 kN · m, respectively. 

 

Figure 3-1: Experimental setup of four-point bending setup [7]. 

3.2 Modelling of geometry 

To accurately replicate the four-point bending test setup used by Dai et al. [7], four distinct 

parts were created in ABAQUS [44]. The geometric details are provided in Table 2-4. These 

parts were named as follows (refer to Figure 3-2): BeamL (representing the left side of the 

built-up beam), BeamR (representing the right side of the built-up beam), End (the support 

block at the far ends of the beam), and LB (the loading block used to apply displacement to the 
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beam). The final geometry (assembling BeamL and BeamR together) and the complete test 

setup (assembling BeamL, BeamR, End, and LB together) were created by connecting the parts 

using appropriate connectors as described in Section 3.6. The assembly is shown in Figure 3-3. 

 
 

C/S 

(a) Isometric and side view of view BeamL 

 
 

C/S 

(b) Isometric and side view of view BeamR 

 

(c) End 

 

(d) LB 

Figure 3-2: Numerical setup for FEA. 
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Figure 3-3: Assembly of the parts to resemble the four-point bending setup. 

3.3 Material modelling 

The nonlinear properties of the CFS material were included in the FE models based on 

the measured stress-strain curves obtained from the flat tensile coupon tests conducted by Dai 

et al. [7] as shown in Figure 3-4. To this end, equations (1) and (2) were used to convert an 

engineering stress-strain relationship to a true one in ABAQUS [44].  

𝜎𝑡 = 𝜎𝑒(1 + 𝜀𝑒)          (1) 

𝜀𝑡 = 𝑙𝑛( 1 + 𝜀𝑒) −
𝜎𝑡

𝐸
          (2) 

where E is Young’s modulus; 𝜎𝑡 refers to true stress; 𝜀𝑡 is true strain; 𝜎𝑒 indicates engineering 

stress; and indicates engineering strain. 

 
Figure 3-4: True and engineering stress-strain curve. 

LB

BeamL

BeamR
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3.4 Analysis methods 

Two methods of analysis were employed in the present study: (1) elastic buckling 

analysis and (2) non-linear analysis using static general incorporating artificial damping factor. 

For the buckling analysis, a similar model was used with modified boundary conditions by 

applying a concentrated unit load along the z-axis. The eigenvalues from the first mode were 

then incorporated into the model to conduct the non-linear analysis. 

Significant convergence challenges arose during the FE analysis of CFS built-up beams 

in ABAQUS [44], leading to premature termination and prolonged program running times. 

These challenges stemmed from considering material, geometric, and contact nonlinearities in 

the model. Despite the problem being well-defined and the surfaces initially in contact, 

ABAQUS [44] failed to reach a convergent solution in the initial analysis step. Various 

conventional attempts were made to address the issue, such as reducing the initial step size, 

refining the mesh, and adjusting contact parameters, but were unsuccessful.  

Ultimately, the problem was resolved by introducing artificial damping to the model, 

which did not compromise solution accuracy. An adaptive automatic stabilization scheme, 

consistent with the method proposed by Wang and Young [25], was employed throughout the 

study. Two general static steps were conducted, following this nonlinear solution approach. The 

“Static General” analysis step was utilized for the numerical simulation of the four-point 

bending test. In the first step, a small displacement load was applied to the built-up beam 

models to establish contact between master and slave surfaces gradually. This aimed to stabilize 

unstable quasi-static problems and convergence issues, aided by artificial damping with a 

default damping factor value of 0.00015. In the subsequent step, the full specified displacement 

load was applied until the collapse of the built-up beams. This approach, incorporating large 

displacements and a damping factor, utilized initial, minimum, and maximum increments of 
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0.001, 1e-9, and 0.1, respectively. The modelling approach effectively utilized the automatic 

stabilization algorithm in the two steps to address convergence problems in the current study. 

3.5 Surface contact and constraints  

To simulate the interaction between two overlapping sigma channel sections in a built-

up box, “Surface-to-surface” interaction was employed. The contact properties were defined 

with frictionless tangential behaviour, and “Hard Contact” was set in the normal direction with 

a coefficient of friction of 0.2 to prevent any penetration between individual parts. Additionally, 

a simplified approach was used to join the two channel sections by employing “Cartesian” 

beam connectors (refer to Figure 3-5 and Figure 3-6(b)) between two nodes to represent the 

screw connections. This approach was chosen over modelling the screws with three-

dimensional solid elements for two main reasons: (1) no failure in the screw connections was 

observed in the experimental results reported by Dai et al. [7], and (2) the complex of meshing 

screws in 3D can lead to significant convergence challenges in FEA. 

For developing the interaction between the built-up beam and the lateral restraints, a 

similar “Surface-to-surface” interaction was implemented. Additionally, to represent the 

screws used in the experimental setup, a “Cartesian” beam connector was utilized as shown in 

Figure 3-5. 
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Figure 3-5: Contact properties and cartesian beam connector arrangement. 

3.6 Loading and boundary conditions 

As depicted in Figure 3-6(b), reference points were assigned at the midpoints on the top 

surface of the supports located beneath the loader beam. To simulate the experimental boundary 

conditions, displacements along the x and z axes and rotations around the y and z axes were 

restrained. For the two lateral restraints positioned towards the ends, displacements along the 

x and y axes, and rotations around the y and z axes were restrained to simulate a pin-ended 

boundary condition. 

3.7 FE Mesh  

The four-noded quadrilateral S4R shell elements were utilized to simulate CFS 

components. Three-dimensional solid elements (C3D8R) were used to simulate the lateral 

restraints. A 15×15 mm mesh size (length by width) was applied for CFS built-up box sections. 

A 20×20 mm mesh size was used when modelling the lateral restraints. Similar mesh sizes have 

been adopted in previous studies[7]. A finer mesh was applied to corner regions (see Figure 3-6 

(a)) to enable accurate predictions for the flexural capacity of the CFS built-up stiffened box 

sections.  

Cartesian beam connector
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(a) FE Meshing details 

 

 
(b) Loading and boundary condition 

Figure 3-6: Four-point bending setup. 

3.8 Geometrical Imperfections 

CFS sections, due to their thin walls, are prone to geometric imperfections. Measuring 

these imperfections is essential, as they affect both the local and global behaviour of CFS 

members [48]. Consequently, a sensitivity study was conducted, revealing that the local 

geometric imperfections of the built-up box section in this study were significant. First, elastic 

buckling modes were obtained from an eigenvalue buckling analysis in ABAQUS [44], where 

a unit load was applied to the beam model at the same loading points used in the tests. The 

lowest local buckling mode was identified and then scaled by the actual measured magnitude 

of the initial local geometric imperfection [24][48]. The moment capacity of the beam model, 

accounting for local geometric imperfections was found to be lower than that without 

considering these imperfections, as shown in Figure 3-8. The magnitudes of initial geometric 

imperfections were determined according to AS/NZS 4600:2018 [10]. The imperfection 

magnitude for local buckling was determined using equation (3), and the imperfection 

magnitude for distortional buckling was determined using equation (4).  

Mesh size of lateral restraint:

20 20 mm 

Mesh size of section:

15 15 mm 

Finer mesh around the corner

Vertical displacement Uy

Ux=Uz=URy=URz=0

Ux=Uy=URy=URz=0

Lateral restraint 

Screw connector
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𝑆𝑜𝑙 = 0.3𝑡√
𝑓𝑦

𝑓𝑜𝑙
                       (3) 

𝑆𝑜𝑑 = 0.3𝑡√
𝑓𝑦

𝑓𝑜𝑑
                   (4) 

Where 𝑡  means thickness; 𝑓𝑦  means yield stress; 𝑓𝑜𝑙  means local buckling stress; 𝑓𝑜𝑑 

means distortional buckling stress of the CFS built-up section. The geometric imperfection 

magnitudes used in FE models of CFS built-up stiffened box sections were scaled to the 

measured values. To incorporate the geometrical imperfections in FE models following 

keywords need to be added to the input file of ABAQUS [44], *IMPERFECTION, 

FILE=BUCKLE (i.e. Name of the Abaqus Output Database file), STEP=1.  

3.9 Residual stresses 

Residual stresses in CFS sections differ significantly from those in hot-rolled sections. In 

CFS sections, membrane residual stress is negligible compared to flexural residual stress, 

which is the reverse of the situation in HRS. In a cold-formed section, flexural residual stress 

is distributed linearly across the thickness, with compression on the inside surface and tension 

on the outside [48]. These residual stresses can be incorporated into an FE model as an initial 

state using the ABAQUS (*INITIAL CONDITIONS, TYPE=STRESS) option. However, 

previous studies have demonstrated that residual stresses have a negligible effect on the 

ultimate moment capacity of CFS beams [48][49][50]. Therefore, the present study did not 

consider residual stress to avoid complexity in modelling. 

3.10 FE Validation 

The validation has been carried out based on the test conducted by Dai et al. [7]. Figure 

3-7 illustrates the moment-displacement relationship of the specimens determined from the 

FEA, showcasing results both with and without imperfections, alongside the experimental test 

data. The FEA predictions for the CFS built-up stiffened box sections demonstrate reasonable 
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agreement with the experimental test data. Figure 3-8 displays the deformed shapes of the 

stiffened box sections as determined by the FEA. Both the initial stiffness and maximum 

flexural capacity predicted by the FEA closely match the experimental results. 

The initial stiffness was calculated using the reference point on the top surface of the 

restraints. For calculating the maximum force, the reference node on the farther end was 

considered. To determine the maximum flexural capacity, the maximum force obtained from 

the FEA results was multiplied by the pure-bending length. The maximum force was found to 

be 33.83 kN, and with a pure-bending length of 1.2 m, the resulting moment was 40.6 kN · m. 

The experimental result for the validated model was 39.5 kN · m, resulting in a percentage 

difference of 2.75%. 

 
Figure 3-7: Comparison between Experimental results and FEA results. 
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(a) 

 

(b) 

Figure 3-8: Deformed shape. 

 

3.11 Concluding remark 

This chapter discusses the development of the FE model for built-up box sections 

subjected to four-point bending. The FE model incorporates material non-linearity and 

imperfections. The developed model has been validated against the test setup in terms of the 

moment-displacement curve and deformed shape. Additionally, the four-point bending model 

will be used in the next chapter to develop a simplified model. 
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Chapter 4 – Development of a simplified numerical model 

4.1 Introduction 

This chapter shows the development of a computationally inexpensive simplified 

numerical model developed in ABAQUS [44] to reduce the complexity of the four-point 

bending model. The accuracy of the proposed model was evaluated by comparing the FEA 

results with the analysis results presented in Chapter 3. The simplified model was derived from 

the pure-bending model, which itself was developed from the four-point bending model (Figure 

4-1 (a-c)). The subsequent sections detail the modelling techniques used to develop the 

simplified FE model. 

4.2 Pure-bending model 

To develop the simplified numerical model shown in Figure 4-1 (c), two key steps were 

undertaken. Initially, a pure-bending model was developed as illustrated in Figure 4-2 (b), 

which was then further simplified to produce the final simplified model as shown in Figure 4-2 

(c) . 

 

Figure 4-1: Steps for development of simplified model from four-point bending model. 

Ux=Uz=URy=URz=0

Ux=Uy=URy=URz=0

Lateral restraint 

Screw connector
(a) Four point bending model

Vertical displacement Uy

L1

Ux=Uy=URy=URz=0

Rotational Displacement = UR x

(b) Pure bending model

L2

L3

Ux=Uy=Uz= URx=URy=URz=0
Rotational Displacement = UR x

(c) Simplified model

Screw connector
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The pure-bending model was validated against the experimental and FEA results 

presented in Chapter 3. The FE model for pure bending was developed in Abaqus [10]. The 

three lengths depicted in Figure 4-1 are as follows: L1 = (3600 + 200) mm, L2 = (1200 + 100) 

mm, and L3 = (600 + 50) mm. In these measurements, 3600, 1200, and 600 represent the 

bending lengths, while 200, 100, and 50 denote the widths of the support blocks, respectively. 

4.2.1 Introduction to pure-bending model 

To reduce the complexity of the four-point bending model and decrease computational 

time, a pure-bending model was developed that represented only one-fourth of the original 

four-point bending setup, as shown in Figure 4-2. This model had an overall length of 1300 

mm, comprising 1200 mm for the main section and an additional 100 mm at each end to 

accommodate the supports. The number of screws used to connect the single channel sections 

was reduced by 62.5% compared to the four-point bending model. Specifically, while the four-

point bending model required 24 screws spaced at 150 mm for connections, the pure bending 

model needed only 9 screws.  

 

Figure 4-2: Pure-bending model. 

4.2.2 Numerical study on pure-bending model 

The numerical model used for the pure-bending study was identical to the model 

described in section 3.2, except that the support and loading blocks were removed for 

1300mm

3600mm
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simplification. The material properties were sourced from the test data provided by Dai et al. 

[7]. Additionally, the stiffened single-channel sections, as shown in Figure 3-2, were positioned 

FTF. The analysis method and interaction properties outlined in Sections 3.5 and 3.6 were 

similarly applied. 

The four-node shell element S4R, which features six degrees of freedom (three 

translational and three rotational) per node with reduced integration, was used to discretize the 

CFS built-up beams. As shown in Figure 4-3, a fine mesh with dimensions of 5×5 mm (length 

by width) was applied to the CFS built-up beam sections. 

To simulate the interaction between two overlapping sigma channel sections in a built-

up box, the interaction properties described in Section 3.6 were utilized. 

 
Figure 4-3: Loading and boundary conditions for the pure-bending model. 

4.2.3 Loading and boundary conditions 

As shown in Figure 4-3, reference points (RP1 and RP2) were assigned at the midpoints 

on both ends of the section. These points were coupled to the edges of the section as shown in 

Figure 4-3, ensuring that one entire side of the section was connected to each reference point. 

Mesh size of section: 5 5 mm 

Cartesian axis

Rotational Displacement = UR x

RP2

RP1
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Various combinations were tested to match the boundary conditions of the four-point bending 

test. The boundary conditions that produced results most consistent with both FEA and 

experimental data were adopted. To replicate the experimental boundary conditions, 

displacements along the x and y axes, and rotations around the y and z axes, were restrained. 

To simulate the pure-bending condition, a rotational displacement was applied in the URX 

direction for both reference points. 

4.2.4 FE Validation 

The pure-bending model developed possessed similar geometric properties to the four-

point bending model as shown in Table 2-4. As illustrated in Figure 4-6, the moment capacity 

of the pure-bending model was 39.85 kN · m with imperfection, compared to 40.6 kN · m from 

the four-point bending model and 39.5 kN · m from the experimental results presented by Dai 

et al. [7]. The percentage difference between the moment capacity of the pure-bending model 

compared to the four-point bending FE model and test data is 1.86% and 0.88%, respectively. 

Based on the comparison of moment capacity, it can be concluded that the pure-bending model 

can accurately predict the test results presented in Dai et al.'s study [7]. 

4.3 Simplified model 

After validating the pure-bending model, a further simplified version was developed to 

reduce both complexity and simulation time. This simplified model, as illustrated in Figure 4-1 

(c), uses only half of the pure-bending model. As shown in Figure 4-4, this model has a length 

of 650 mm, which includes 600 mm of the main section and an additional 50 mm at one end 

for support. The number of screws was reduced to less than half of those required for the pure-

bending model. Specifically, the pure-bending model used 9 screws spaced at 150 mm, while 

the simplified model required only 5 screws, representing a 44.44% reduction. Overall, the 

reduction in the number of screws from the four-point bending model to the simplified model 
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amounts to 79.17%. The results of numerical modelling and finite element (FE) validation for 

the simplified model are discussed in the preceding sections.  

4.3.1 Numerical study on the simplified model 

The modelling techniques for the pure-bending model, as described in Section 4.2.2, were 

similarly applied. As shown in Figure 4-5, reference points (RP1 and RP2) were assigned at 

the midpoints on both ends of the section. These points were coupled to the edges of the section, 

as illustrated in Figure 4-3, ensuring that one entire side of the section was connected to each 

reference point. The boundary conditions that produced results most consistent with both the 

FEA results for both the four-point bending and pure-bending models, as well as the 

experimental data, were adopted.  

The boundary condition in the simplified model has been considered with one side as 

fixed and on another side, bending has been applied. To incorporate the cantilever boundary 

condition, RP1 was restrained in all three directions for both displacements and rotations. A 

rotational displacement was applied in the URX direction at RP2. 

 
Figure 4-4: Simplified model. 

650mm

1300mm
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Figure 4-5: Loading and boundary conditions for the simplified model. 

4.3.2 FE validation for the simplified model 

The simplified model developed possessed similar geometric properties to the four-point 

bending model as shown in Table 2-4. As illustrated in Figure 4-6, the moment capacity of the 

simplified model was 39.00 kN · m with imperfection, compared to 40.6 kN · m from the four-

point bending model and 39.5 kN · m from the experimental results presented by Dai et al. [7]. 

The percentage difference between the moment capacity of the simplified model compared to 

the pure-bending FE model and test data is 2.16% and 1.27 %, respectively. The slight 

difference in percentage, although negligible, is attributed to the simplified boundary and 

loading conditions applied in the simplified model. Based on the comparison of moment 

capacity and deformed shape presented in Figure 4-6 and Figure 4-7 respectively, it can be 

concluded that the simplified model can accurately predict the test results presented in Dai et 

al.'s study [7]. 

Cartesian axis

Rotational Displacement = UR x

Mesh size of section: 5 5 mm 

RP2

RP1
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Figure 4-6: Comparison of moment capacities for all cases. 

 

 

Figure 4-7: Comparison of deformed shapes for all the cases. 

 

 

 

 

44.2 43.81
43.04

40.6
39.85

39

0

5

10

15

20

25

30

35

40

45

50

Four-point bending results Pure bending results Simplfied model results

M
o

m
en

t 
(k

N
m

)
Without Imperfections With Imperfections Experimental



52 

 

4.4 Comparison of computational time  

Table 4-1: Comparison of computational time 

Model name 
Number of 

elements [44] 

Mesh size 

(mm) 

Moment capacity 

(kN · m) 

CPU time (sec) 

[44] 

Experimental 

results 
- - 39.50 - 

Four-point 

bending 
1059844 5×5 40.60 265367.3 

Pure bending 64515 5×5 39.85 14339.0 

Simplified  30703 5×5 39.00 5811.4 

To demonstrate the comparison, a computational study was conducted where all models 

were assigned a fine mesh with dimensions of 5×5 mm (length by width). The data presented 

in Table 4-1 was extracted from the “Storm and Sanitary Analysis Data file” (.dat file). To 

obtain this data, an additional line was added to the ABAQUS .inp file (** JOB TIME 

SUMMARY _ USER TIME (SEC) _ SYSTEM TIME (SEC) _ TOTAL CPU TIME (SEC) _ 

WALLCLOCK TIME (SEC)). Among the various times available from the .inp file, "TOTAL 

CPU TIME (SEC)" was selected to facilitate comparison with previous studies. Table 4-1 

indicates that the number of elements required for the simplified model is 97.10% less 

compared to the four-point bending model, resulting in a 97.81% reduction in CPU time for 

the simplified model without compromising on the moment capacity.  

4.5 Effect of screws in the web of the built-up beam 

The study was further extended to replicate practical conditions, such as beam-column 

connections. In real-world scenarios, connections exist in beams that are often subjected to 

various loads. This study specifically considered bending. The practical condition was achieved 

by constraining the built-up section with screws on the web of the stiffened single-channel 
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members, as shown in Figure 4-8. In the earlier simplified model, one side was fixed while a 

moment was applied to the other. In this case, the fixed side has been replaced with screws, 

while a moment is applied to the other side. The fixity conditions for both the simplified model 

and the current screw-web model are shown in Figure 4-9. The details of the FEM and the 

boundary conditions used to simulate the screws in the web are described in the following 

sections. 

 

*h = depth of the built-up section, 𝑤𝑑 = web depth, L = length of beam, 𝑏𝑓 = flange width,  

  M = Moment 

**dimensions of the members are mentioned in Table 2-4 

 

Figure 4-8: Schematic of the screw placement in the web region of the built-up section. 

 

 
Figure 4-9: Left: Simplified model, right: Screw-web model. 

Applied 

Moment end

Applied 

Moment end

End with

screws

Fixed end

Simplified model Model with screws
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4.5.1 Numerical study 

The modelling techniques described in this section are similar to those mentioned for the 

simplified model in section 4.3.1. As illustrated in Figure 4-10, a reference point (RP1) was 

assigned at the midpoint of one end of the section, while the other end was equipped with 

screws in the web. The positioning and spacing of the screws are shown in Figure 4-8.  

As shown in Figure 4-10, the screws are restrained in all three directions for both 

displacements and rotations. A rotational displacement was also applied in the URX direction 

at RP1. 

 

Figure 4-10: Loading and boundary conditions for the screw-web model. 

4.5.2 Comparison of results with the simplified model 

The model developed with screws in the web had similar geometric properties to the four-

point bending model described in Table 2-4. The only difference was the added screws in the 

web region to simulate the practical condition, as shown in Figure 4-9. The moment capacity 

of the simplified model and screw-web model is shown in Figure 4-11. Geometric 

Mesh size of section: 5 5 mm 

Rotational Displacement = UR x



55 

 

imperfections were not incorporated into this model because the screws themselves created 

imperfections.  

Additionally, when comparing the FEA results of this model to the simplified model, a 

19.26% decrease in the moment capacity is observed. This can be attributed to the fact that the 

load transfer mechanism in CFS screw moment connections is mainly through the screw group 

in the web of built-up beam elements., which may lead to relatively large bimoment and 

warping deformations. A similar reduction in the moment capacity (20% in Lim and Nethercot 

[5], 25% in Phan et al. [40]) in the CFS connections has been observed in previous experimental 

and numerical studies.  

 
Figure 4-11: Comparison of moment capacities. 

4.6 Concluding remark 

This chapter presents the development of a simplified model, derived from a four-point 

bending model, designed to determine the moment capacity of various built-up sections without 

the need for comparison with experimental results. As illustrated in Figure 4-6, the simplified 
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model efficiently calculates moment capacity with significantly less computational time 

without compromising the accuracy of the results compared to the full four-point bending 

model. The simplified model exhibited reasonable agreement with both FEA and experimental 

results, showing percentage differences in moment capacity of 2.16% and 1.27%, respectively.  

The developed simplified model does not require any specific calibration to match the 

moment capacity observed in testing. The only necessary adjustments are to the boundary 

conditions, as described in this chapter. As a result, this model can be used to predict the 

moment capacity of various built-up beams without the need for experimental testing. This will 

allow engineers and researchers to efficiently determine the moment capacity of these complex 

built-up beams, as well as predict their failure modes, without the lengthy process of 

experimental setups or the complexity of finite FE modelling for the entire four-point bending 

test. This approach facilitates faster and more reliable studies on built-up CFS sections. 

Furthermore, a model incorporating screws (screw-web model), as depicted in Figure 

4-10, was developed to simulate the practical conditions of a beam-beam or beam-column 

connection. The results indicated that the moment capacity of the screw-web model was lower 

than that of the simplified model due to the large number of warping deformations and 

bimoment. Consequently, both the simplified and screw-web models will be employed in a 

comprehensive parametric study to determine the moment capacity of the built-up sections in 

the subsequent chapter. 
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Chapter 5 – Application of the proposed modelling technique 

5.1 Introduction 

In this chapter, the application of the simplified model has been extended to built-up 

beams with different cross-sections. This robust and efficient numerical model successfully 

simulates the behaviour of the four-point bending model in determining the moment capacity 

of built-up cross-sections for both face-to-face (FTF) and back-to-back (BTB) beams. The 

modelling approach used here is consistent with the technique described in Section 4.3. The 

FE models developed using the proposed method showed good agreement with the available 

test results for CFS BTB and FTF beams, highlighting the potential of the simplified model for 

accurately determining the moment capacity of built-up sections. 

5.2 Summary of the experimental study conducted by Wang and Young [25] 

Wang and Young [25] conducted an experimental study to evaluate the performance of 

built-up section beams with both BTB and FTF configurations, as illustrated in Figure 5-1. The 

beams were subjected to a four-point bending loading condition. These built-up sections were 

fabricated by connecting two channel sections using self-tapping screws, which were 

positioned either in the flanges or webs. The study included FTF and BTB sectional 

arrangements. 

In Figure 5-1 and Table 5-1, ℎ𝑤 denotes the overall depth of the beam, 𝑏𝑓 refers to the 

width of the flange, 𝑒 indicates the position of the screw on the section, 𝑏𝑙 represents the depth 

of the lip, 𝑟𝑖 is the inner radius of the rounded corner sections, 𝑡 refers to the thickness of the 

plate. 
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(a) BTB section (OV section) 

 
(b) FTF section with intermediate stiffeners 

(CV section) 

 
(c) BTB section with lip (OI section) 

 
 

 

(d) FTF section without intermediate stiffeners 

(COF section – bending about X-axis, 
COW section – bending about Y-axis) 

  

Figure 5-1: BTB and FTF sections. 

 

Table 5-1: Dimensional details of the sections employed for numerical validation [25]. 

Specimen Id 
(as per 

literature) 

𝒃𝒍 𝒃𝒇 𝒉𝒘  𝒘𝟏  𝒘𝟐  𝒘𝟑  𝒕  𝒕 ∗  𝒓𝒊  

mm mm mm mm mm mm mm mm mm 

OV-0.48-B4 - 53.2 85.0 25.0 23.9 - 0.570 0.480 3.5 

CV-1.0-B4 - 52.1 85.6 27.3 22.7 - 1.046 1.008 3.3 

OI-1.0-B4 16.5 29.2 99.2 26.3 27.1 18.7 1.034 0.992 3.4 

COW-1.0-B4 - 50.5 71.7 15.2 14.8 44.9 1.060 1.014 3.5 

COF-1.0-B4 - 51.9 70.2 15.0 15.4 44.8 1.065 1.019 3.5 
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5.2.1 Test setup 

Five different cross-sections [25], including both BTB (OV and OI sections) and FTF 

(CV, COF, and COW) configurations, were tested using a four-point bending setup, as depicted 

in Figure 5-2. The built-up sections were assembled using self-tapping screws. The material 

properties of all the built-up sections are provided in Table 5-2, while the cross-sectional 

dimensions for each section are detailed in  Table 5-1. 

 

Figure 5-2: Typical experimental setup for four-point bending test setup [25]. 

5.2.2 Material properties and cross-sectional dimensions 

As shown in Table 5-2, Young’s modulus is represented by (𝐸), the 0.2% proof stress by 

(σ0.2), the ultimate tensile strength by (σᵤ), and the strain at fracture by (εf). The measured 

cross-sectional dimensions (Table 5-1) and material properties (Table 5-2) were utilized for 

validating the finite-element model and estimating the strength. 

Table 5-2: Material properties of the sections [26]. 

Sections 
𝐄 𝛔𝟎.𝟐 𝛔𝐮 𝛆𝐟 

GPa MPa MPa % 

OV-0.48 213 661 690 2.0 

CV-1.0 213 598 599 9.7 

OI-1.0 216 592 599 8.6 

COF-1.0 / COW-1.0 216 572 583 9.6 
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5.3 Development of FE model 

The FE models of all the sections, using the proposed simplified model, were developed 

and validated against the test results reported in [25]. The simplifications from the four-point 

bending model to simplified model are illustrated in the schematic diagram shown in Figure 

5-3. A similar modelling approach, as described in Section 4.3, was employed, with two 

reference points assigned at either end of the built-up beams. These reference points were 

coupled with the nodes of the beams. As depicted in Figure 5-4, one end of the beam was fully 

restrained in all three directions for both displacements and rotations, while a rotational 

displacement was applied in the URx direction at the opposite end. The CFS built-up sections 

were modelled using four-noded quadrilateral S4R shell elements. Surface-to-surface contacts 

were defined between the two single-channel sections, and screw connections were simulated 

using a simplified method with "Cartesian" beam connectors between two nodes (see Figure 

5-4). The material properties outlined in Table 5-2 were incorporated into the FE model. 

 
Figure 5-3: Schematics of (a) four-point bending model [25] and (b) simplified model. 
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(a) OV section 

 
(b) CV section 

 
(c) COF section 

 
(d) COW section 

 

 

(e) OI section 

Figure 5-4: Boundary conditions and FE meshing. 

 

5.4 FE results and validation 

The moment capacities obtained from both the experimental tests and FE models are 

presented in Table 5-3. As can be seen, the FE models show reasonable agreement with the 

experimental results in predicting the ultimate moment capacity. The average ratio of the 
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moment capacities from the experimental data to the FE models is 1.00, with a coefficient of 

variation (COV) of 11%. 

Figure 5-5 compares the deformation shapes from the tests and FE models, showing that 

the FE models accurately replicate the observed deformations. The FE validation confirms that 

the proposed numerical method in the FE models can efficiently simulate cold-formed built-up 

beams with complex cross-sectional shapes. Additionally, the simplified model provides 

accurate predictions while reducing computational time, making it suitable for various cross-

sectional configurations. 

Table 5-3: Comparison of experimental and FEA results. 

Specimen Id 

(as per literature) 

Moment capacities (kNmm) 𝑴𝑬𝑿𝑷

𝑴𝑭𝑬𝑨𝑺

 
𝑴𝑬𝑿𝑷 [25] 𝑴𝑭𝑬𝑨𝑺

 

OV-0.48-B4 1246 1336 0.93 

CV-1.0-B4 4088 3937 1.04 

OI-1.0-B4 6092 6067 1.00 

COW-1.0-B4 4691 5459 0.86 

COF-1.0-B4 3749 3156 1.19 

Mean   1.00 

COV   0.11 

Note: 𝑴𝑭𝑬𝑨𝑺
= Moment capacity predicted by the simplified FEA model 

 

 
 

(a) Comparison of experimental [25] and numerical observations of specimen OV-

0.48-B4. 
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(b) Comparison of experimental [25] and numerical observations of specimen CV-1.0-

B4. 

  
(c) Comparison of experimental [25] and numerical observations of specimen OI-1.0-

B4. 

  
(d) Comparison of experimental [25] and numerical observations of specimen COF-

1.0-B4. 

 
 

(e) Comparison of experimental [25] and numerical observations of specimen COW-

1.0-B4. 

Figure 5-5: Comparison of experimental and numerical observations of specimens. 
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5.5 Concluding remark 

Modelling of the cold-formed steel (CFS) built-up sections subjected to four-point 

bending is computationally expensive due to their intricate structural behaviour, which involves 

material non-linearities, imperfections, and surface-to-surface contacts. In this chapter, a robust 

numerical approach developed in Chapter 4, capable of accurately replicating the behaviour of 

CFS built-up sections, was extended to the experimental test results from several CFS FTF and 

BTB built-up section connections. 

The comparisons demonstrate that the proposed numerical method effectively captures 

both the structural behaviour and moment capacity of the built-up sections. At the structural 

level, the approach proves to be computationally efficient in terms of analysis time, accuracy, 

and easier converge. Moreover, this method can be applied to simulate other types of CFS built-

up sections. Consequently, using a similarly efficient computational method, an extensive 

parametric study is conducted in Chapter 6. 
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Chapter 6 – Parametric Study  

6.1 In general 

A parametric study based on 190 validated FE models was conducted on CFS built-up 

sections with stiffened single channel sections connected with screws in the lip as shown in 

Figure 6-1. The validated FEA model presented in Chapter 4 was used for this study. The 

parametric study was divided into two parts: the first part involved a parametric study using 

the simplified model mentioned in Section 4.3, for which 150 FE models were developed. The 

second part examined the effect of screws in the web region, as described in Section 4.4, 

generating 40 FE models. The material properties obtained from the coupon testing mentioned 

in Appendix “A” were used for both parametric studies. A semi-automated approach was used 

in which the base models were generated in ABAQUS [44], and then the thickness of the 

models was changed with Python scripting to generate all the FE models for the parametric 

study (refer Appendix B-B.2). Additionally, a Python script (refer Appendix B-B.4)  was 

written for post-processing of the data from the generated from the ABAQUS output database 

(.odb) file. Four types of cross-sections were considered, as shown in Figure 6-1. To determine 

the moment capacity of the different sections, the following parameters were varied: 

thicknesses (𝑡) from 0.75 mm to 3 mm, web depths (𝑤𝑑) from 150 mm to 600 mm, and screw 

spacing (𝑠)  of 75 mm, 150 mm, and 300 mm. The moment capacities of the built-up CFS 

sections obtained from the FEA are presented in Table 6-1. 

Three types of labels were used for the labelling of specimens, as shown in Figure 6-2. 

For the parametric study, the specimens were labelled to indicate the type of section, web depth, 

member length, and thickness. For example, the label “N500-L650-S150-T0.75” denotes the 

specifics as illustrated in Figure 6-2. 
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(a) Nested stiffened section (𝑤𝑑 = 500mm) 

 
(b) Nested section (𝑤𝑑 = 500mm) 

 
(c) Nested section (𝑤𝑑 = 150mm) 

 
(d) Nested stiffened section (𝑤𝑑 = 250mm) 

Figure 6-1: Cross-sections used in parametric study. 
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(a) Labelling for Nested section 

 
(b) Labelling for Stiffened Nested section 

 

(c) Labelling for Stiffened Nested section with screws in web as shown in Figure 4-10 

Figure 6-2: Labelling of specimen. 

6.2 Parametric study results 

The Table 6-1 presents the results of the parametric study, and the outcomes from the 

table are discussed in further sections.

N500-L650-S150-T0 75

Screw spacing

Member length

Cross section type: Nested(N) 

section with 500mm depth

Member length

SN500-L650-S150-T0 75

Screw spacing

Member length

Cross section type : Stiffened

Nested (SN) section with 500mm

depth

Member length

SNS 500-L650-S150-T0 75

Screw spacing

Member length

Cross section type : Stiffened

Nested Screws in Web (SNSW)

section with 500mm depth

Member length
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Table 6-1: Parametric study results. 

Specimen 
𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨  

mm mm mm mm 𝒌𝑵 · 𝒎 

SN500-L650-S75-T0.75 500 650 75 0.75 61.71 

SN500-L650-S150-T0.75 500 650 150 0.75 60.87 

SN500-L650-S300-T0.75 500 650 300 0.75 59.46 

SN500-L650-S75-T1.0 500 650 75 1.00 90.76 

SN500-L650-S150-T1.0 500 650 150 1.00 89.26 

SN500-L650-S300-T1.0 500 650 300 1.00 90.15 

SN500-L650-S75-T1.5 500 650 75 1.50 158.88 

SN500-L650-S150-T1.5 500 650 150 1.50 158.31 

SN500-L650-S300-T1.5 500 650 300 1.50 157.41 

SN500-L650-S75-T2.0 500 650 75 2.00 233.48 

SN500-L650-S150-T2.0 500 650 150 2.00 234.05 

SN500-L650-S300-T2.0 500 650 300 2.00 235.09 

SN500-L650-S75-T3.0 500 650 75 3.00 374.06 

SN500-L650-S150-T3.0 500 650 150 3.00 374.14 

SN500-L650-S300-T3.0 500 650 300 3.00 374.62 

SN450-L650-S75-T0.75 450 650 75 0.75 52.33 

SN450-L650-S150-T0.75 450 650 150 0.75 52.18 

SN450-L650-S300-T0.75 450 650 300 0.75 53.03 

SN450-L650-S75-T1.0 450 650 75 1.00 80.96 

SN450-L650-S150-T1.0 450 650 150 1.00 79.39 

SN450-L650-S300-T1.0 450 650 300 1.00 79.85 

SN450-L650-S75-T1.5 450 650 75 1.50 140.62 

SN450-L650-S150-T1.5 450 650 150 1.50 141.92 

SN450-L650-S300-T1.5 450 650 300 1.50 141.95 

SN450-L650-S75-T2.0 450 650 75 2.00 198.35 

SN450-L650-S150-T2.0 450 650 150 2.00 204.87 

SN450-L650-S300-T2.0 450 650 300 2.00 204.61 

SN450-L650-S75-T3.0 450 650 75 3.00 311.17 

SN450-L650-S150-T3.0 450 650 150 3.00 321.60 

SN450-L650-S300-T3.0 450 650 300 3.00 320.60 

SN400-L650-S75-T0.75 400 650 75 0.75 47.68 

SN400-L650-S150-T0.75 400 650 150 0.75 47.71 

SN400-L650-S300-T0.75 400 650 300 0.75 47.61 

SN400-L650-S75-T1.0 400 650 75 1.00 70.51 

SN400-L650-S150-T1.0 400 650 150 1.00 69.49 

SN400-L650-S300-T1.0 400 650 300 1.00 70.83 

SN400-L650-S75-T1.5 400 650 75 1.50 122.22 

SN400-L650-S150-T1.5 400 650 150 1.50 122.09 

SN400-L650-S300-T1.5 400 650 300 1.50 122.17 

SN400-L650-S75-T2.0 400 650 75 2.00 174.83 

SN400-L650-S150-T2.0 400 650 150 2.00 172.72 



69 

 

Specimen 
𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨  

mm mm mm mm 𝒌𝑵 · 𝒎 

SN400-L650-S300-T2.0 400 650 300 2.00 173.76 

SN400-L650-S75-T3.0 400 650 75 3.00 272.44 

SN400-L650-S150-T3.0 400 650 150 3.00 270.74 

SN400-L650-S300-T3.0 400 650 300 3.00 271.14 

SN350-L650-S75-T0.75 350 650 75 0.75 42.01 

SN350-L650-S150-T0.75 350 650 150 0.75 40.65 

SN350-L650-S300-T0.75 350 650 300 0.75 40.86 

SN350-L650-S75-T1.0 350 650 75 1.00 60.56 

SN350-L650-S150-T1.0 350 650 150 1.00 58.88 

SN350-L650-S300-T1.0 350 650 300 1.00 59.42 

SN350-L650-S75-T1.5 350 650 75 1.50 105.50 

SN350-L650-S150-T1.5 350 650 150 1.50 104.94 

SN350-L650-S300-T1.5 350 650 300 1.50 105.27 

SN350-L650-S75-T2.0 350 650 75 2.00 143.75 

SN350-L650-S150-T2.0 350 650 150 2.00 143.71 

SN350-L650-S300-T2.0 350 650 300 2.00 144.32 

SN350-L650-S75-T3.0 350 650 75 3.00 225.10 

SN350-L650-S150-T3.0 350 650 150 3.00 220.44 

SN350-L650-S300-T3.0 350 650 300 3.00 213.10 

SN300-L650-S75-T0.75 300 650 75 0.75 33.80 

SN300-L650-S150-T0.75 300 650 150 0.75 32.66 

SN300-L650-S300-T0.75 300 650 300 0.75 32.43 

SN300-L650-S75-T1.0 300 650 75 1.00 48.20 

SN300-L650-S150-T1.0 300 650 150 1.00 48.27 

SN300-L650-S300-T1.0 300 650 300 1.00 48.19 

SN300-L650-S75-T1.5 300 650 75 1.50 84.61 

SN300-L650-S150-T1.5 300 650 150 1.50 83.77 

SN300-L650-S300-T1.5 300 650 300 1.50 85.05 

SN300-L650-S75-T2.0 300 650 75 2.00 114.89 

SN300-L650-S150-T2.0 300 650 150 2.00 114.83 

SN300-L650-S300-T2.0 300 650 300 2.00 114.81 

SN300-L650-S75-T3.0 300 650 75 3.00 179.09 

SN300-L650-S150-T3.0 300 650 150 3.00 178.17 

SN300-L650-S300-T3.0 300 650 300 3.00 176.56 

SN250-L650-S75-T0.75 250 650 75 0.75 11.81 

SN250-L650-S150-T0.75 250 650 150 0.75 11.56 

SN250-L650-S300-T0.75 250 650 300 0.75 11.50 

SN250-L650-S75-T1.0 250 650 75 1.00 16.50 

SN250-L650-S150-T1.0 250 650 150 1.00 16.37 

SN250-L650-S300-T1.0 250 650 300 1.00 16.37 

SN250-L650-S75-T1.5 250 650 75 1.50 28.62 

SN250-L650-S150-T1.5 250 650 150 1.50 28.56 

SN250-L650-S300-T1.5 250 650 300 1.50 28.56 
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Specimen 
𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨  

mm mm mm mm 𝒌𝑵 · 𝒎 

SN250-L650-S75-T2.0 250 650 75 2.00 39.43 

SN250-L650-S150-T2.0 250 650 150 2.00 39.12 

SN250-L650-S300-T2.0 250 650 300 2.00 39.12 

SN250-L650-S75-T3.0 250 650 75 3.00 60.99 

SN250-L650-S150-T3.0 250 650 150 3.00 60.46 

SN250-L650-S300-T3.0 250 650 300 3.00 60.46 

SN200-L650-S75-T0.75 200 650 75 0.75 17.67 

SN200-L650-S150-T0.75 200 650 150 0.75 17.56 

SN200-L650-S300-T0.75 200 650 300 0.75 17.23 

SN200-L650-S75-T1.0 200 650 75 1.00 25.59 

SN200-L650-S150-T1.0 200 650 150 1.00 25.23 

SN200-L650-S300-T1.0 200 650 300 1.00 25.17 

SN200-L650-S75-T1.5 200 650 75 1.50 42.49 

SN200-L650-S150-T1.5 200 650 150 1.50 42.17 

SN200-L650-S300-T1.5 200 650 300 1.50 42.15 

SN200-L650-S75-T2.0 200 650 75 2.00 57.80 

SN200-L650-S150-T2.0 200 650 150 2.00 57.39 

SN200-L650-S300-T2.0 200 650 300 2.00 57.55 

SN200-L650-S75-T3.0 200 650 75 3.00 93.35 

SN200-L650-S150-T3.0 200 650 150 3.00 93.00 

SN200-L650-S300-T3.0 200 650 300 3.00 88.55 

N150-L650-S75-T0.75 150 650 75 0.75 11.81 

N150-L650-S150-T0.75 150 650 150 0.75 11.56 

N150-L650-S300-T0.75 150 650 300 0.75 11.50 

N150-L650-S75-T1.0 150 650 75 1.00 16.50 

N150-L650-S150-T1.0 150 650 150 1.00 16.37 

N150-L650-S300-T1.0 150 650 300 1.00 16.37 

N150-L650-S75-T1.5 150 650 75 1.50 28.62 

N150-L650-S150-T1.5 150 650 150 1.50 28.56 

N150-L650-S300-T1.5 150 650 300 1.50 28.56 

N150-L650-S75-T2.0 150 650 75 2.00 39.43 

N150-L650-S150-T2.0 150 650 150 2.00 39.12 

N150-L650-S300-T2.0 150 650 300 2.00 39.12 

N150-L650-S75-T3.0 150 650 75 3.00 60.99 

N150-L650-S150-T3.0 150 650 150 3.00 60.46 

N150-L650-S300-T3.0 150 650 300 3.00 60.46 

N350-L650-S300-T0.75 350 650 300 0.75 47.04 

N350-L650-S300-T1.0 350 650 300 1.00 69.05 

N350-L650-S300-T1.5 350 650 300 1.50 112.86 

N350-L650-S300-T2.0 350 650 300 2.00 157.69 

N350-L650-S300-T3.0 350 650 300 3.00 240.17 

N400-L650-S300-T0.75 400 650 300 0.75 55.93 

N400-L650-S300-T1.0 400 650 300 1.00 79.25 
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Specimen 
𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨  

mm mm mm mm 𝒌𝑵 · 𝒎 

N400-L650-S300-T1.5 400 650 300 1.50 134.16 

N400-L650-S300-T2.0 400 650 300 2.00 192.21 

N400-L650-S300-T3.0 400 650 300 3.00 300.34 

N450-L650-S300-T0.75 450 650 300 0.75 64.63 

N450-L650-S300-T1.0 450 650 300 1.00 95.26 

N450-L650-S300-T1.5 450 650 300 1.50 160.59 

N450-L650-S300-T2.0 450 650 300 2.00 227.94 

N450-L650-S300-T3.0 450 650 300 3.00 354.68 

N500-L650-S300-T0.75 500 650 300 0.75 70.47 

N500-L650-S300-T1.0 500 650 300 1.00 112.53 

N500-L650-S300-T1.5 500 650 300 1.50 190.97 

N500-L650-S300-T2.0 500 650 300 2.00 272.85 

N500-L650-S300-T3.0 500 650 300 3.00 425.96 

N550-L650-S300-T0.75 550 650 300 0.75 81.67 

N550-L650-S300-T1.0 550 650 300 1.00 131.65 

N550-L650-S300-T1.5 550 650 300 1.50 214.94 

N550-L650-S300-T2.0 550 650 300 2.00 325.52 

N550-L650-S300-T3.0 550 650 300 3.00 515.68 

N600-L650-S300-T0.75 600 650 300 0.75 93.67 

N600-L650-S300-T1.0 600 650 300 1.00 152.39 

N600-L650-S300-T1.5 600 650 300 1.50 262.61 

N600-L650-S300-T2.0 600 650 300 2.00 387.73 

N600-L650-S300-T3.0 500 650 300 3.00 617.18 

SNSW500-L650-S75-T0.75 500 650 75 0.75 54.04 

SNSW500-L650-S75-T1.0 500 650 75 1.00 78.27 

SNSW500-L650-S75-T1.5 500 650 75 1.50 133.64 

SNSW500-L650-S75-T2.0 500 650 75 2.00 197.20 

SNSW500-L650-S75-T3.0 500 650 75 3.00 339.92 

SNSW450-L650-S75-T0.75 450 650 75 0.75 38.76 

SNSW450-L650-S75-T1.0 450 650 75 1.00 59.49 

SNSW450-L650-S75-T1.5 450 650 75 1.50 112.26 

SNSW450-L650-S75-T2.0 450 650 75 2.00 165.73 

SNSW450-L650-S75-T3.0 450 650 75 3.00 278.38 

SNSW400-L650-S75-T0.75 400 650 75 0.75 33.07 

SNSW400-L650-S75-T1.0 400 650 75 1.00 50.51 

SNSW400-L650-S75-T1.5 400 650 75 1.50 95.45 

SNSW400-L650-S75-T2.0 400 650 75 2.00 141.00 

SNSW400-L650-S75-T3.0 400 650 75 3.00 231.83 

SNSW350-L650-S75-T0.75 350 650 75 0.75 28.07 

SNSW350-L650-S75-T1.0 350 650 75 1.00 41.80 

SNSW350-L650-S75-T1.5 350 650 75 1.50 54.39 

SNSW350-L650-S75-T2.0 350 650 75 2.00 68.88 

SNSW350-L650-S75-T3.0 350 650 75 3.00 121.94 
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Specimen 
𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨  

mm mm mm mm 𝒌𝑵 · 𝒎 

SNSW300-L650-S75-T0.75 300 650 75 0.75 23.86 

SNSW300-L650-S75-T1.0 300 650 75 1.00 36.28 

SNSW300-L650-S75-T1.5 300 650 75 1.50 62.98 

SNSW300-L650-S75-T2.0 300 650 75 2.00 90.73 

SNSW300-L650-S75-T3.0 300 650 75 3.00 150.99 

SNSW250-L650-S75-T0.75 250 650 75 0.75 15.36 

SNSW250-L650-S75-T1.0 250 650 75 1.00 23.94 

SNSW250-L650-S75-T1.5 250 650 75 1.50 41.33 

SNSW250-L650-S75-T2.0 250 650 75 2.00 60.71 

SNSW250-L650-S75-T3.0 250 650 75 3.00 101.75 

SNSW200-L650-S75-T0.75 200 650 75 0.75 12.01 

SNSW200-L650-S75-T1.0 200 650 75 1.00 17.64 

SNSW200-L650-S75-T1.5 200 650 75 1.50 30.55 

SNSW200-L650-S75-T2.0 200 650 75 2.00 45.22 

SNSW200-L650-S75-T3.0 200 650 75 3.00 74.11 

NSW150-L650-S75-T0.75 150 650 75 0.75 6.33 

NSW150-L650-S75-T1.0 150 650 75 1.00 9.58 

NSW150-L650-S75-T1.5 150 650 75 1.50 17.52 

NSW150-L650-S75-T2.0 150 650 75 2.00 26.74 

NSW150-L650-S75-T3.0 150 650 75 3.00 45.69 

 

6.3 Effect of web depth (𝑤𝑑) 

Figure 6-3 and Figure 6-4 demonstrates the influence of web depth on the moment 

capacity of CFS built-up box sections under bending. As shown in Figure 6-3, the moment 

capacity of stiffened nested sections increased by 249.24% for a web depth increase from 200 

mm to 500 mm with a thickness of 0.75 mm, and by 374.06% for a thickness of 3.00 mm. A 

similar trend is observed in Figure 6-4, where the moment capacity of the nested section 

increased by 99.15% and 156.98% for web depth increases from 350 mm to 600 mm for 

thicknesses of 0.75 mm and 3.00 mm, respectively.
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Figure 6-3: Effect of change in 𝑤𝑑 for stiffened nested section. 

 

 
Figure 6-4: Effect of change in 𝑤𝑑 for nested section. 
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6.4 Effect of section thickness (𝑡) 

Figure 6-5 demonstrates the influence of section thickness on the moment capacity of 

CFS built-up stiffened box sections under bending. For a section with a web depth of 500 mm, 

an increase in thickness leads to a corresponding increase in moment capacity. Specifically, the 

moment capacities for thicknesses of 0.75 mm, 1.00 mm, 1.5 mm, 2.00 mm, and 3.00 mm are 

61.71 kN·m, 90.76 kN·m, 158.88 kN·m, 233.48 kN·m, and 374.06 kN·m, respectively. This 

shows a 157.46% increase in moment capacity when the thickness is raised from 0.75 mm to 

1.5 mm. A further increase to 3 mm results in an additional 118.44% increase in moment 

capacity compared to the 1.5 mm thickness. Overall, the moment capacity increases by 

462.41% when the thickness is increased from 0.75 mm to 3.00 mm. 

Similarly, for the same cross-section with a web depth of 200 mm, the moment capacities 

for thicknesses of 0.75 mm, 1.00 mm, 1.5 mm, 2.00 mm, and 3.00 mm are 17.67 kN·m, 25.59 

kN·m, 42.49 kN·m, 57.80 kN·m, and 93.35 kN·m, respectively. This indicates a 140.46% 

increase in moment capacity when the thickness is increased from 0.75 mm to 1.5 mm. 

Additionally, increasing the thickness to 3 mm leads to a further 119.7% increase in moment 

capacity compared to the 1.5 mm thickness. Overall, the moment capacity increases by 

428.30% when the thickness is raised from 0.75 mm to 3.00 mm. These findings clearly 

indicate that section thickness significantly impacts the moment capacity of stiffened box 

sections under bending.  

 
(a) S = 75 mm 

 
(b) S = 150 mm 
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(c) S = 300 mm 

Figure 6-5: Effect of thickness on the moment capacity of the built-up CFS stiffened beam. 

 

6.5 Effect of change in the positioning of the channel sections  

Figure 6-6 shows the impact of changing the position of the channel sections referred to 

as nested and stiffened nested built-up box sections (as shown in Figure 6-1) on the moment 

capacity of the sections with web depths of 350 mm, 400 mm, 450 mm, and 500 mm. The data 

shows that the moment capacity of the nested box section increases by 13.70%, 10.63%, 

10.77%, and 12.70% compared to the stiffened nested box section for web depths of 350 mm, 

400 mm, 450 mm, and 500 mm respectively. On average, the moment capacity of the nested 

box section is 11.95% higher than that of the stiffened nested box section. The reason for this 

increase could be attributed to the flange of the channel section functioning as a stiffener in the 

nested box section. 
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Figure 6-6: Effect of change in the positioning of the channel sections. 

6.6 Effect of screw spacing on CFS built-up section 

Figure 6-7 shows the effect of screw spacing (75 mm, 150 mm, and 300 mm) on the 

moment capacity of cold-formed steel (CFS) built-up stiffened box sections with web depths 

of 200 mm, 250 mm, 300 mm, 350 mm, 400 mm, 450 mm, and 500 mm under bending. The 

data indicates that screw spacing has a minimal effect on the moment capacity of the built-up 

box sections, with the percentage change in capacity being less than 2%. Furthermore, previous 

studies have shown a similar negligible impact on the moment capacity of built-up beams when 

screw spacing exceeds 300 mm [7]. 
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(c) SN300 

 
(d) SN350 

 
(e) SN400 

 
(f) SN450 

 
(g) SN500 

 

Figure 6-7: Effect of screw spacing on moment capacity of SN sections for varying web 

depth.  

6.7 Effect of longitudinal screws on the built-up sections 

Furthermore, to simulate the practical condition a parametric study was carried out 

presented in Table 6-2 to see the effect of screws in the web regions as described in section 4.4. 

As can be seen, the moment capacity of the stiffened nested section with screws in the web has 

a lesser moment capacity than the corresponding stiffened nested sections this was accounted 

due to the effect of large warping deformations and bimoment as detailed in section 4.5.2. The 
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average ratio of moment capacity (𝑀𝐹𝐸𝐴𝑆𝑁𝑆𝑊
 / 𝑀𝐹𝐸𝐴𝑆𝑁

 ) for the web depth of 150 mm, 200 

mm, 300 mm, 350 mm, 400 mm, 450 mm, 500 mm is 0.63, 0.73, 0.77, 0.58, 0.77, 0.80, 0.87, 

respectively. 

Table 6-2: Effect of screws in the longitudinal direction. 

Specimen 𝒘𝒅 𝒍 𝒔 𝒕 𝑴𝑭𝑬𝑨𝑺𝑵
 𝑴𝑭𝑬𝑨𝑺𝑵𝑺𝑾

 𝑴𝑭𝑬𝑨𝑺𝑵𝑺𝑾
 

/ 𝑴𝑭𝑬𝑨𝑺𝑵
 SN SNS  mm mm mm mm 𝒌𝑵 · 𝒎 𝒌𝑵 · 𝒎 

SN500-L650-S75-T0.75 SNSW500-L650-S75-T0.75 500 650 75 0.75 61.71 54.04 0.88 

SN500-L650-S75-T1.0 SNSW500-L650-S75-T1.0 500 650 75 1.00 90.76 78.27 0.86 

SN500-L650-S75-T1.5 SNSW500-L650-S75-T1.5 500 650 75 1.50 158.88 133.64 0.84 

SN500-L650-S75-T2.0 SNSW500-L650-S75-T2.0 500 650 75 2.00 233.48 197.20 0.84 

SN500-L650-S75-T3.0 SNSW500-L650-S75-T3.0 500 650 75 3.00 374.06 339.92 0.91 

SN450-L650-S75-T0.75 SNSW450-L650-S75-T0.75 450 650 75 0.75 52.33 38.76 0.74 

SN450-L650-S75-T1.0 SNSW450-L650-S75-T1.0 450 650 75 1.00 80.96 59.49 0.73 

SN450-L650-S75-T1.5 SNSW450-L650-S75-T1.5 450 650 75 1.50 140.62 112.26 0.80 

SN450-L650-S75-T2.0 SNSW450-L650-S75-T2.0 450 650 75 2.00 198.35 165.73 0.84 

SN450-L650-S75-T3.0 SNSW450-L650-S75-T3.0 450 650 75 3.00 311.17 278.38 0.89 

SN400-L650-S75-T0.75 SNSW400-L650-S75-T0.75 400 650 75 0.75 47.68 33.07 0.69 

SN400-L650-S75-T1.0 SNSW400-L650-S75-T1.0 400 650 75 1.00 70.51 50.51 0.72 

SN400-L650-S75-T1.5 SNSW400-L650-S75-T1.5 400 650 75 1.50 122.22 95.45 0.78 

SN400-L650-S75-T2.0 SNSW400-L650-S75-T2.0 400 650 75 2.00 174.83 141.00 0.81 

SN400-L650-S75-T3.0 SNSW400-L650-S75-T3.0 400 650 75 3.00 272.44 231.83 0.85 

SN350-L650-S75-T0.75 SNSW350-L650-S75-T0.75 350 650 75 0.75 42.012 28.07 0.67 

SN350-L650-S75-T1.0 SNSW350-L650-S75-T1.0 350 650 75 1.00 60.56 41.80 0.69 

SN350-L650-S75-T1.5 SNSW350-L650-S75-T1.5 350 650 75 1.50 105.5 54.39 0.52 

SN350-L650-S75-T2.0 SNSW350-L650-S75-T2.0 350 650 75 2.00 143.75 68.88 0.48 

SN350-L650-S75-T3.0 SNSW350-L650-S75-T3.0 350 650 75 3.00 225.1 121.94 0.54 

SN300-L650-S75-T0.75 SNSW300-L650-S75-T0.75 300 650 75 0.75 33.8 23.86 0.71 

SN300-L650-S75-T1.0 SNSW300-L650-S75-T1.0 300 650 75 1.00 48.2 36.28 0.75 

SN300-L650-S75-T1.5 SNSW300-L650-S75-T1.5 300 650 75 1.50 84.61 62.98 0.74 

SN300-L650-S75-T2.0 SNSW300-L650-S75-T2.0 300 650 75 2.00 114.89 90.73 0.79 

SN300-L650-S75-T3.0 SNSW300-L650-S75-T3.0 300 650 75 3.00 179.09 150.99 0.84 

SN200-L650-S75-T0.75 SNSW200-L650-S75-T0.75 200 650 75 0.75 17.67 12.01 0.68 

SN200-L650-S75-T1.0 SNSW200-L650-S75-T1.0 200 650 75 1.00 25.59 17.64 0.69 

SN200-L650-S75-T1.5 SNSW200-L650-S75-T1.5 200 650 75 1.50 42.49 30.55 0.72 

SN200-L650-S75-T2.0 SNSW200-L650-S75-T2.0 200 650 75 2.00 57.8 45.22 0.78 

SN200-L650-S75-T3.0 SNSW200-L650-S75-T3.0 200 650 75 3.00 93.35 74.11 0.79 

N150-L650-S75-T0.75 NSW150-L650-S75-T0.75 150 650 75 0.75 11.81 6.33 0.54 

N150-L650-S75-T1.0 NSW150-L650-S75-T1.0 150 650 75 1.00 16.5 9.58 0.58 

N150-L650-S75-T1.5 NSW150-L650-S75-T1.5 150 650 75 1.50 28.62 17.52 0.61 

N150-L650-S75-T2.0 NSW150-L650-S75-T2.0 150 650 75 2.00 39.43 26.74 0.68 

N150-L650-S75-T3.0 NSW150-L650-S75-T3.0 150 650 75 3.00 60.99 45.69 0.75 
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Chapter 7 – Conclusion and future works  

7.1 Introductory remarks 

The aim of this research was to develop a computationally efficient simplified model 

without compromising the accuracy of results. The study focused on investigating the moment 

capacity of CFS built-up sections, specifically looking at both stiffened nested and nested 

configurations. The simplified FE model incorporated nonlinear material properties and initial 

geometric imperfections. It was validated against experimental results reported by Dai et al. 

[7] and Wang and Young [25], showing good agreement in terms of failure modes and ultimate 

moment capacity. Following validation, a comprehensive parametric study was conducted 

using 190 FE models based on the validated simplified FE model. The validated FE models 

were used to examine the effects of web depth, section thickness, channel section positioning, 

and the impact of screws on the web in determining the reduction in moment capacity under 

practical conditions, such as beam-beam or beam-column connections.  

7.2 Conclusion 

A simplified nonlinear finite-element modelling technique was developed to evaluate the 

moment capacity of cold-formed steel (CFS) built-up beams. This method was subsequently 

used to validate experimental test results for both moment capacity and failure modes. The 

simplified model demonstrated strong agreement in predicting moment capacity and accurately 

representing failure modes when compared to the experimental results. 

However, the limitations and conditions of the FE models can be summarized as follows: 

(1) the boundary conditions in the simplified FE models were calibrated based on those used 

in the four-point bending model, (2) the friction factor was determined through the calibration 

of the FE models, (3) screw connections were simplified and idealized in the FE models rather 

than physically modelling the screws. 



80 

 

 The validated FE models were then utilized to conduct a parametric study with 190 

models to explore how various parameters affect the bending capacity of CFS built-up stiffened 

nested and nested sections. The results of this study revealed that key factors such as thickness, 

web depth, the positioning of the channel section, and the impact of screws on the web 

significantly influence the moment capacity of these sections. 

The conclusions from the present study are given as follows: 

• A simplified model was developed as an alternative to the traditional four-point bending 

model and was validated based on its moment capacity and deformed shape. 

• The simplified model was derived from the full-scale four-point bending setup by 

applying the appropriate boundary conditions. A key simplification involved reducing 

the length of the section by about 18% compared to the full model. This reduction also 

minimized the contact area between the single-channel sections forming the built-up 

section, thereby decreasing the number of screws required for connections. 

Furthermore, simplified boundary conditions were applied to assess the moment 

capacity of the section. The resulting model, with these adjustments, accurately 

predicted the moment capacity with a negligible margin of error when compared to both 

experimental results and FEA outcomes from the full-scale four-point bending model. 

• A study was conducted to compare the reduction in computational time across all three 

models (i.e., the four-point bending model, pure-bending model, and simplified model). 

The results demonstrated a significant decrease in CPU time for analysis. The 

simplified model required 97.81% less computational time than the four-point bending 

model, while maintaining the accuracy of the results when compared to experimental 

tests. This substantial reduction in computational time was attributed to the decreased 

number of elements needed to develop the simplified FE model. 
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• The simplified model was modified to include screws at one end to simulate beam-

beam and beam-column connections. The moment capacity of the screw-web model 

was lower than that of the simplified model. This difference was attributed to the load 

transfer mechanism in CFS screw moment connections, which primarily occurs through 

the screw group in the web of the built-up beam elements, leading to significant 

bimoment and warping deformations. To analyse the variation in moment capacity, both 

models were used in an extensive parametric study. 

• A parametric study for varying range of parameters was conducted, including web 

depths (𝑤𝑑) from 150 to 600 mm, screw spacings (𝑠) from 75 to 300 mm (used to 

connect two single-channel sections to form the built-up section), thicknesses (𝑡) from 

0.75 to 3.00 mm, and the impact of longitudinal screws in the web. Two types of 

sections were analysed: stiffened nested and nested sections.  

• The parametric study results showed that increasing web depth improved the moment 

capacity for both stiffened nested and nested sections. For stiffened nested sections with 

web depths between 200 mm and 500 mm, the average increase in moment capacity 

was 26.01% for thicknesses ranging from 0.75 mm to 3.00 mm. Similarly, for nested 

sections with web depths between 350 mm and 600 mm, the average moment capacity 

increased by 16.63% for the same range of thicknesses. Therefore, the study revealed 

that section thickness has a significant effect on moment capacity. The spacing between 

screws used to connect channel sections for forming built-up beams had a negligible 

effect on the moment capacity under bending. However, the longitudinal screws in the 

web had a significant influence on the moment capacity of the built-up beams, with an 

average reduction of 26.43% in capacity observed. 
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• The study also found that the stiffened nested sections exhibited lower moment capacity 

compared to nested sections, indicating that the positioning of the sections affects the 

moment capacity of built-up beams. 

7.3 Limitations of the study 

These are the limitations of the current study: 

• Only one channel length (𝑙 = 650 mm, which is half the length of the pure bending 

model with a length of 1300 mm, as shown in Figure 4-1) was considered. However, 

previous research suggests that the length of the sections also influences the structural 

behaviour and moment capacity of built-up sections. 

• The structural performance of the built-up sections was evaluated only for bending, 

excluding other loading conditions such as shear, web crippling, and combinations of 

bending, shear, and web crippling. 

• In this study, screws in the longitudinal direction of the web were arranged in a linear 

pattern with three screws horizontally and four vertically. For a more practical scenario, 

a circular pattern of screws could also be used. Additionally, the distance between the 

screws was set to one-third of the web depth, which can be adjusted based on specific 

requirements. 

7.4 Recommendations 

• To determine the moment capacity of the box section, it is important to understand the 

effect of screws in the longitudinal direction. This will help determine the true moment 

capacity of the section under bending, allowing designers to create safer cross-sections. 

Since there are no existing design guidelines for these built-up sections, performing a 

FE analysis on such sections with screws in the web can provide an accurate measure 

of their moment capacity. Also, the designer can consider various screw patterns which 
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will be required according to the on-site conditions to accurately measure the strength 

of the section.  

• Additionally, the simplified model developed in this study can help designers assess the 

moment capacity of various types and shapes of built-up sections more efficiently. This 

approach reduces both computational time and the effort needed to set up a full four-

point bending test in any finite element software. By using this model, designers can 

save time and streamline their analysis process. 

• Furthermore, screw spacing does not significantly impact the moment capacity of the 

built-up sections, so a larger spacing between screws can be used. However, it is 

important to consider other criteria such as serviceability criteria when determining the 

optimal screw spacing to be used. 

• Finally, the placement of the single-channel section within the built-up sections 

significantly influences the moment capacity. Based on this study, it is recommended 

to use a configuration similar to the Nested section, as shown in Figure 6-1 (b), rather 

than the Stiffened Nested section depicted in Figure 6-1 (a). This is because the moment 

capacity of the Nested section was found to be greater than that of the Stiffened Nested 

section for the same depth. 

7.5 Future works 

From the present study and previous observed studies, future scopes are found. 

1. The study can be extended to investigate the effects of various loading conditions, 

including shear, web crippling, and combinations of bending, shear, and web crippling. 

2. The built-up sections can be tested under dynamic loads to observe the behaviour of 

such beams with various configurations and cross-sectional dimensions. 

3. The research could be expanded to explore different materials. 
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4. Different screw configurations on the web can be analysed according to specific user 

needs and optimised as required. 

5. The effects of varying thicknesses and lengths can be examined. 

6. Web holes can be introduced in the built-up sections in different forms, such as slotted, 

edge-stiffened, or stiffened, to accommodate various utilities and services. 

7.  FE modelling of beam-beam and beam-column connections under cyclic loading can 

also be performed. 

8. Cross-section optimisation can be explored.  
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Appendix “A” – Coupon testing for material properties 

To determine the material properties of the samples provided coupon testing was 

conducted, and the results were used to carry out the parametric study as mentioned in the 

Chapter 5. The details of the Instron machine are provided in the Figure A-1. The deformed 

shape of the coupon samples is shown in the Figure A-2. 

 

Figure A-1: Instron testing machine 

 

 
Figure A-2: Deformed shape of the coupons 
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Material properties obtained from the coupon testing can be seen in the Figure A-3. 

 
Figure A-3: Stress-strain curve from the coupon testing 
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Appendix “B” – Python scripts  

B.1 Flow chart for the post-processing of data 

 

Figure B-1: Flowchart used for model generation and data extraction 

 

B.2 Python script for changing the thickness of the built-up sections for conducting a parametric 

study 

import os 

 

# Get the current directory where the script is located 

current_folder = os path dirname(os path abspath(__file__)) 

 

# Get all .inp files in the directory 

inp_files = [file for file in os listdir(current_folder) if file endswith(".inp")] 

 

if inp_files: 

    for inp_file in inp_files: 

        inp_path = os path join(current_folder, inp_file) 

         

        # Read the file content 

        with open(inp_path, 'r') as file: 

            lines = file readlines() 

 

        # Prepare the lines to search and replace 

        search_lines = [ 

            "*Shell Section, elset=_PickedSet7, material=Steel\n", 

            "2., 5\n"  #Replace with thickness that is to be changed 

Model Generation

Creating input (.inp) files

Creating a batch.bat file 

from the .inp files (B.3)

Extract the data from the 

.ODB files (B.4)

Analysing the Extracted data

Run the batch.bat file 

Models are made for three parameters:

 Variable web depth: 150mm to 

600mm

 Three screw spacings: 75mm, 150mm, 

300mm

 Thickness: 0.75mm

Extraction of data is done into an Excel file

Variable thicknesses: 

0.75mm, 1mm, 1.5mm, 2mm, 3mm 

Change of thickness (B.2)

Pre-Processing of data

Post-Processing of data
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        ] 

        replace_lines = [ 

            "*Shell Section, elset=_PickedSet7, material=Steel\n", 

            "1., 5\n" #Replace with thickness that is required 

        ] 

 

        # Replace the lines if found 

        with open(inp_path, 'w') as file: 

            i = 0 

            while i < len(lines): 

                if lines[i:i + len(search_lines)] == search_lines: 

                    file writelines(replace_lines) 

                    i += len(search_lines) 

                else: 

                    file write(lines[i]) 

                    i += 1 

 

        print(f"File '{inp_file}' has been updated.") 

else: 

    print("No .inp files found in the directory.") 

 

 

print("completed") 

 

B.3 Python script for creating batch files 

# This code takes the ABAQUS input files and generates the batch file. 

 

# File paths 

commands_text_file = r'Command.txt' 

commands_batch_file = r'Batch.bat' 

 

# Range of job numbers 

start = 2 

end = 121 

 

# Generate the commands text file 

with open(commands_text_file, 'w') as file: 

    for i in range(start, end + 1): 

        if i<10: 

            file write(f'call abaqus job={i:03} cpus=4 int\n') 

        elif 10<=i<100: 

            file write(f'call abaqus job={i:04} cpus=4 int\n') 

        else: 

            file write(f'call abaqus job={i:05} cpus=4 int\n') 

 

print("Commands text file generated successfully.") 

 

# Convert the text file to a batch file 
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with open(commands_text_file, 'r') as text_file: 

    with open(commands_batch_file, 'w') as batch_file: 

        batch_file write('@echo off\n') 

        for line in text_file: 

            batch_file write(line) 

 

print("Batch file created successfully.") 

 

B.4 Python script for extracting the data from the Output Database (.odb) file 

import re 

import openpyxl 

 

def extract_maximum_value(file_path): 

    max_value = float('-inf') 

    read_values = False 

 

    with open(file_path, 'r') as file: 

        for line in file: 

            line = line strip() 

            if line startswith('MAXIMUM'): 

                max_value_line = re search(r'MAXIMUM\s+(-?\d+\.?\d*(?:[Ee][+-]?\d+)?)', 

line) 

                if max_value_line: 

                    max_value = max(max_value, abs(float(max_value_line group(1)))) 

            elif line startswith('NODE'): 

                read_values = True 

            elif read_values: 

                value_match = re search(r'-?\d+\.?\d*(?:[Ee][+-]?\d+)?', line) 

                if value_match: 

                    value = abs(float(value_match group())) 

                    max_value = max(max_value, value) 

                else: 

                    read_values = False 

 

    return max_value 

 

# Range of files to process 

start = 2 

end = 121 

 

# Create a new Excel workbook and sheet 

wb = openpyxl Workbook() 

sheet = wb active 

 

# Set the header 

sheet cell(row=1, column=1, value="File") 

sheet cell(row=1, column=2, value="Maximum Value") 



95 

 

 

# Process each file in the range 

for file_num in range(start, end + 1): 

    if file_num < 10: 

        file_path = fr'Z:\Arthur_study\Ryan\6.ShearModels\1.N500\\{file_num:03}.dat' 

        max_value = extract_maximum_value(file_path) 

    elif 10 <= file_num < 100: 

        file_path = fr'Z:\Arthur_study\Ryan\6.ShearModels\1.N500\\{file_num:04}.dat' 

        max_value = extract_maximum_value(file_path) 

    else: 

        file_path = fr'Z:\Arthur_study\Ryan\6.ShearModels\1.N500\\{file_num:05}.dat' 

        max_value = extract_maximum_value(file_path) 

 

    # Write file number and maximum value to Excel 

    row = file_num - start + 2 

    sheet cell(row=row, column=1, value=f"{file_num:03}") 

    sheet cell(row=row, column=2, value=max_value   1000000) 

 

# Save the workbook 

wb save(r"Z:\Arthur_study\Ryan\6.ShearModels\1.N500\\Compressive_strength1.xlsx") 

print("Extraction completed and saved to 'Compressive_strength1.xlsx'.") 

 

 

 

 


