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Abstract 

Cold-formed steel (CFS) studs in lightweight construction increasingly incorporate web slits to limit 

thermal bridging, yet these openings can reduce axial strength. This thesis integrates structural and 

thermal assessments through validated non-linear elasto-plastic finite element analysis (FEA) and 

complementary heat-transfer modelling. Shell-element FEA models were developed and validated against 

tests, then used in a 960-case parametric study spanning section dimensions, slit geometry, thickness, and 

member length to establish the influence of slits on concentric axial capacity. The results were evaluated 

against the Direct Strength Method (DSM) in AS/NZS 4600, leading to strength-reduction 

recommendations and modified DSM expressions that achieve reliability indices β ≥ 2.5. The programme 

was extended to combined axial compression and minor-axis bending using 1,134 FEA models with six 

eccentricities, demonstrating a systematic discrepancy in current AS/NZS 4600 interaction checks: 

strengths are generally underestimated at eccentricities of 10–25 mm and overestimated at 50 mm. A new 

interaction equation incorporating element and web slenderness ratios is proposed and verified within the 

AISI S100 reliability framework. Subsequently, a parametric three-dimensional heat-transfer study 

quantified the dependence of heat flux on geometry and slit parameters, providing a quantitative basis for 

thermal performance gains and their balance with strength. The thesis proposes design recommendations 

and revised equations for slitted CFS studs that satisfy codified reliability targets and support informed 

selection of slit configurations to balance energy efficiency and structural capacity in practice. 
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Chapter 1 Introduction  

1.1. Background and problem statement 

Cold-formed steel (CFS) structural members are widely used in residential construction. 

With advancements in manufacturing technologies and the need for more efficient building 

systems, there have been continuous developments in their shapes and configurations. However, 

one of their disadvantages is thermal efficiency. To help overcome this, slits (refer to Fig. 1-1) 

can be included in the webs of the channel sections [1], [2], [3], [4]. Fig. 1-2 illustrates that 

introducing slits extends the heat flow path, resulting in improved thermal efficiency compared 

to a similar section with an equivalent solid web. Although the thermal benefits of slits have been 

highlighted in previous studies, little attention has been given in literature to quantifying the 

reduced axial strength due to such slits. 

 
                         

Fig.1-  1. Cold-formed steel stud with slits after Laboube [4] 

 
Fig.1-  2. Heat flow paths through studs: (a) Plain web, (b) Slits in web 
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The Direct Strength Method (DSM), adopted in the North American Specification (2004) [5] and 

AS/NZS 4600 (2005) [6], is a modern design approach that predicts ultimate strength using 

elastic buckling loads, primarily for non-perforated cold-formed steel members. Moen and 

Schafer [7] extended DSM to perforated columns by introducing design equations that account 

for the effects of perforations on local, distortional, and global buckling. Subsequent studies have 

expanded on perforated section behaviour, including simplified equations for edge-stiffened 

circular holes [8][9], comparisons of unstiffened and stiffened elongated holes [10], the influence 

of perforation width [11], behaviour under pinned–pinned boundary conditions [12], local–

distortional interaction [13], and high-strength perforated channel sections [14]. Overall, these 

studies consistently reported reductions in axial capacity due to perforations; however, the focus 

has largely been on slots (refer to Fig. 1-3) rather than slits. 

 

 (a) Chen et al [9]                (b) Chandramohan et al  [10]           (c) Zhao et al [11] 

Fig.1-  3. Types of slots reported in literature on sections with perforations 

Eccentric loads in stud-based wall systems commonly arise from ledger framing connections 

[15], [16]. Perimeter studs [4] and moment-resisting frame columns are also subjected to 
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combined axial compression and lateral pressure or bending [17], [18]. However, most previous 

studies have focused on shear behaviour rather than axial strength under eccentric loading. 

Höglund  [1], [19] proposed an analytical method, based on the Swedish Code, to estimate the 

shear strength of slitted webs, which was later validated experimentally by others [20], [21]. 

Salmi [22] further identified shear-related failure modes in perforated studs. Nevertheless, these 

studies did not quantify axial capacity loss under eccentric loading using numerical or finite 

element methods. In addition, although previous studies have examined the thermal performance 

of wall panels with slitted CFS sections [4], they did not quantify how thermal efficiency depends 

on geometric or slit parameters. Thus, further research is needed on the structural behaviour of 

CFS sections under concentric axial compression as well as combined axial compression through 

eccentric loading and the quantification of the influence of slit parameters on the thermal 

performance of the wall panels with CFS sections with slits. 

1.2 Objective of the study 

The objective of this research is to investigate the behaviour of cold-formed steel (CFS) sections 

with web slits under concentric axial compression and combined axial compression due to 

eccentric loading, and to quantify the influence of slit parameters on the thermal performance of 

wall panels incorporating such sections. 

1. To develop non-linear FE models for slitted and plain CFS studs and validate them using 

the available experimental datasets, namely slitted sections under concentric loading and 

plain sections under eccentric loading, using previously reported experimental results. 

2. To perform comprehensive parametric analyses using the validated FE models to 

examine how channel dimensions, slit geometry, section thickness, and stud length 

influence axial capacity under concentric and eccentric loading. 
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3. To assess the applicability and accuracy of existing DSM-based design provisions 

(AS/NZS 4600) for predicting the strength of slitted CFS members and to propose 

improved DSM equations where required. 

4. To evaluate the reliability of the proposed design equations in accordance with AISI S100 

criteria.  

5. To quantify the effect geometric parameters of slits on the total heat flux of wall panels 

with slitted CFS studs. 

1.3 Thesis outline 

This thesis comprises six chapters, as outlined below: 

Chapter 1: Provides an introduction to the research topic, including problem statement, 

background, limitations in existing research, objectives and the overall methodology adopted in 

the study. 

Chapter 2: Presents a comprehensive literature review on cold-formed steel (CFS) members, the 

use of slits and perforations, axial and eccentric loading behaviour, and current design 

approaches such as the Direct Strength Method (DSM). Previous experimental and numerical 

studies are reviewed, and research gaps are highlighted. 

Chapter 3: Focuses on developing and validating non-linear elasto-plastic finite element (FE) 

models of CFS studs with slits using experimental results. The validated models are then used in 

a parametric study to examine the effects of channel geometry, slit configuration, thickness, and 

stud length on axial capacity. The FE results are compared with Direct Strength Method (DSM) 

predictions from AS/NZS 4600. Based on the findings, strength reduction factors and modified 

DSM design equations are proposed and calibrated through reliability analysis. 
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 Chapter 4: Focuses on extending the investigation to the behaviour of slitted CFS studs subjected 

to combined axial compression and minor-axis bending through eccentric loading. A 

comprehensive parametric study is conducted using finite element models to examine the 

influence of member length, thickness, cross-sectional dimensions, and varying eccentricities on 

axial capacity. The FE results are compared with the general interaction equation in AS/NZS 

4600, revealing limitations in existing design provisions. Based on the findings, a new design 

interaction equation is proposed, incorporating element and web slenderness ratios. The accuracy 

of the proposed equations is then assessed through reliability analysis in accordance with the 

AISI-S100 framework. 

              Chapter 5: Investigates the thermal performance of wall panels incorporating CFS studs with 

slits. Finite element thermal simulations are conducted to quantify the influence of geometric 

and slit parameters on heat flow and thermal efficiency. 

 Chapter 6: Provides a summary of the research findings, draws key conclusions, and outlines 

directions for future research. 
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Chapter 2 Literature review 

2.1 Introduction 

Cold-formed steel (CFS) channel sections are integral to modern lightweight structural systems, 

including pallet storage racks and light-gauge steel-framed buildings. These thin-walled 

members offer high strength-to-weight ratios, but they often incorporate web perforations to 

accommodate services (e.g. wiring, plumbing) or connections. Such openings, however, can 

significantly reduce the member’s load-bearing capacity and alter its buckling behavior. For 

example, studies on perforated rack upright columns (common in warehouse storage racks) have 

reported strength reductions on the order of 10–30% due to the presence of web holes, along 

with changes in stiffness and failure modes. Given that CFS columns and beam‐columns in 

practice may be subject to axial compression as well as combined bending loads, understanding 

the structural implications of these perforations is critical for safe design. Within this broader 

context of perforations, slits, which are continuous and narrow openings introduced along the 

web, represent a distinct class of web modifications. Slits are increasingly used for purposes such 

as improving thermal performance by interrupting heat-flow paths in wall studs. However, 

despite their growing relevance in energy-efficient wall systems, limited research has been 

conducted on the structural behaviour of slitted CFS members, particularly under combined 

loading. The presence of slits introduces unique geometric discontinuities that differ from 

conventional service holes, and their influence on buckling modes, axial strength, and load 

interaction behaviour remains insufficiently understood. Therefore, while this thesis focuses 

specifically on CFS channel sections with web slits, a comprehensive review of the broader 

literature on CFS members with perforations, including unstiffened holes, stiffened openings, 

slots, and slits, is essential. This literature review therefore examines the state of knowledge on 

the axial and combined loading performance of perforated CFS channel sections including 

sections with slits, with an emphasis on current applications and experimental findings, in order 
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to identify research gaps and limitations of existing design methods. 

2.2 Axial compression behavior of CFS sections with openings 

2.2.1 Single lipped channel sections with web openings 

Cold-formed steel (CFS) structural members are increasingly popular in light-gauge construction 

due to their high strength-to-weight ratio and ease of fabrication. However, the introduction of 

web openings or slotted holes for practical purposes (e.g., plumbing or electrical conduits) 

significantly affects the axial load capacity of these sections. This section provides a 

comprehensive review of studies focusing on the axial compression behaviour of single lipped 

channel sections with unstiffened or slotted web holes. 

Sivakumaran [23] carried out early investigations into the influence of web openings on axial 

compression strength and web crippling of CFS members. His findings demonstrated that while 

hole shape had negligible influence, the size of openings substantially reduced axial capacity, 

particularly for a/W > 0.6. Moen and Schafer [24] through experimental testing of slotted web 

holes in short and intermediate-length columns. They observed only a limited strength reduction 

of up to 2.7 percent, but significant changes in buckling mode and post-peak ductility. Guo and 

Yao [3], [4] proposed effective width-based methods and finite element models to predict the 

axial capacity of lipped channel sections with rectangular web openings. They conducted 44 

axial compression tests, revealing that distortional or combined local-distortional buckling 

dominated failure modes. The capacity was found to reduce consistently with increased hole size, 

and their FE simulations using ABAQUS closely matched experimental results. A refined design 

method was proposed based on distortional buckling coefficients. Zhao et al. [5] conducted a 

study involving 20 experimental tests and 412 finite element simulations across a range of hole 

sizes. They reported that axial capacity reductions ranged between 11.7% and 31.5% as the hole 

width-to-web width ratio increased. They developed a modified Direct Strength Method (DSM) 

that does not require explicit calculation of elastic buckling stresses. Kulatunga and Macdonald 
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[25] (refer to Fig. 2-1) conducted finite element investigation using ANSYS to examine how the 

position of perforations in cold-formed lipped channel columns influences axial strength. Their 

numerical models, validated through both experimental and theoretical comparisons, revealed a 

notable sensitivity to perforation location, especially near the ends of slender members, leading 

to capacity reductions of up to 19%. They emphasized that local buckling was the dominant 

failure mechanism, and sections with perforations near the supports showed more pronounced 

weakness. Furthermore, they found that the load capacity was generally lower than the capacity 

calculated from net sectional area alone, and that British design standards (BS 5950) were 

conservative in strength estimation. Kulatunga et al. [26] (refer to Fig. 2-1) conducted both 

experimental and numerical studies on perforated columns, highlighting the interaction of local 

and distortional buckling modes near the perforation zones. Reductions in axial capacity were 

shown to correlate with increased perforation size and length, with up to 34.43% reduction in 

load capacity observed. Their comparison with FE analysis validated the performance of ANSYS 

models. Loov [27] focused on stub columns with punched webs, establishing effective width 

equations based on 36 tests. Although supporting CSA S136 yield stress provisions, Loov found 

existing code equations overly conservative for webs adjacent to openings. 

Pu et al. [28] proposed a formulation for predicting strength of symmetrically perforated 

channels, using unstiffened strip models and a modified Perry-Robertson approach. Their test 

results (63 stub columns) showed that the size and position of holes strongly influenced strength, 

while aspect ratio had marginal impact. Yao and Rasmussen [29], [30] presented studies on 

inelastic buckling of perforated C-sections using advanced isoparametric spline finite strip 

methods. They evaluated different hole geometries and material models, identifying that hole 

width had the most significant influence on strength, followed by length and spacing. A 

parametric DSM design method was proposed based on the results. Expanding on the 

understanding of buckling and interaction modes, Yao and Rasmussen [31] carried out a 
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comprehensive parametric study using ABAQUS to simulate 146,207 column configurations 

across five different cross-section types and a variety of perforation geometries. Their study 

focused on capturing interactions between local, distortional, and global buckling (L, D, G) as 

well as combined modes (LD, LG, DG, LDG), offering a broad understanding of how multiple 

buckling mechanisms occur in the presence of holes. 

 

 

 

 

        (a) [25]                                                         (b) [26] 

Fig. 2- 1. Experimental test setup and specimen configurations from Kulatunga and 

Macdonald [25]and Kulatunga et al. [26] 

 

They found that code specified guidelines based on the Direct Strength Method (DSM) 

significantly overestimated capacity in many cases, particularly when interaction between 

buckling modes was prominent. The study also showed that column length, material properties, 

and even centroid shift due to hole geometry altered strength outcomes, suggesting the necessity 

for a refined DSM formulation for perforated sections. The buckling shapes and failure 
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progressions are presented in their Fig.2-2 and Fig.2-3.  

 

Fig. 2- 2. Failure modes and normalised von Mises membrane stress distributions for 

perforated plates studied by Yao and Rasmussen [29]. 

 

 

 

(a)                               
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(b) 

Fig. 2- 3. Buckling modes and stress contour plots from the finite element simulations as 

reported by Yao and Rasmussen [31], illustrating the local buckling (a) as well as the 

interactions of local, distortional, and global buckling (b) in perforated cold-formed steel 

columns with rectangular holes. 

Singh and Singh [32] studied  rectangular hollow sections (RHS) and square hollow sections 

(SHS) stub columns with centrally placed circular perforations. A non-linear drop in strength 

was observed with increasing perforation diameter, reaching a 44% reduction at d/w = 0.9. 

Although most code predictions were conservative, the authors recommended refined equations 

for better accuracy. Sivakumaran [33], [34] also provided additional experimental and finite 

element insights into lipped channel members with various hole geometries. These studies 

reaffirmed the inadequacy of existing design codes in capturing the effects of different hole 

shapes and sizes on local buckling behaviour. Yao [35] tested 26 intermediate-length lipped 

channel columns with slotted web holes, observing distortional buckling dominance. FE analysis 

confirmed the impact of hole dimensions on both elastic buckling stress and ultimate strength. A 

modified effective width method was proposed for design applications. Moen et al. [36] (refer to 

Fig. 2-4) investigated cold-formed steel C-section joists with unstiffened rectangular web holes, 

showing that such perforations reduce flexural capacity and intensify distortional buckling. As 

https://www.sciencedirect.com/topics/engineering/rectangular-hollow-section
https://www.sciencedirect.com/topics/engineering/rectangular-hollow-section
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hole depth approached web depth, sudden flange and web buckling occurred above the opening. 

Strip buckling in the compressed web also accompanied distortional modes. Critical elastic 

buckling moments were calculated using finite strip methods and new engineering expressions. 

Preliminary DSM equations incorporating web holes showed good agreement with experimental 

results, demonstrating their potential for reliable flexural capacity prediction. 

 

Fig. 2- 4. Experimental observation of distortional buckling in cold-formed steel C-section 

joists with unstiffened rectangular web holes, as reported by Moen et al. [36]. 

A consistent set of observations can be drawn from the reviewed studies. Most failures were 

governed by distortional buckling or combined local-distortional buckling, heavily influenced 

by hole placement and dimensions [26], [29], [35], [37], [38]. Axial strength was consistently 

reduced by web perforations, with reductions up to 44% depending on hole width-to-web width 

ratio [11], [32]. Finite Element Analysis using tools such as ABAQUS and ANSYS was critical 

in simulating buckling behaviour, validating experiments, and developing prediction models 

[26], [34], [38]. Modified DSM and effective width-based approaches have been proposed to 

address the limitations of conventional codes [11], [30], [35], [38]. 

2.2.2 Channel sections with stiffened web holes 

Recent research has introduced edge-stiffened web holes as a strategy to mitigate the detrimental 
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effects of perforations under axial loading. This review analyses experimental and numerical 

research focused on the structural behaviour associated with this hole configuration. 

Chandramohan et al. [10] and Chen et al. [39] found improvements of up to 14% and 21% 

respectively in axial strength when comparing edge-stiffened configurations to unstiffened 

specimens. Their work was supported by extensive parametric FE simulations and experimental 

testing, all pointing to the enhanced load bearing capacity provided by stiffened edges. Fig. 2-5. 

and Fig. 2-6. show the post-buckling configurations and deformation patterns in stiffened 

specimens. In contrast, unstiffened openings led to strength reductions of up to 20%, mainly due 

to premature local or distortional buckling. 

 

Fig. 2- 5.  Failure modes of unstiffened and edge-stiffened CFS sections with circular web 

openings under axial compression as reported by Chandramohan et al. [1]. 

 
Fig. 2- 6. Experimental and numerical failure modes of edge-stiffened CFS sections under axial 

loading as reported by Chen et al. [2].  

Numerical investigations by Chen et al. [8] and Osgouei et al. [40], further demonstrated that the 
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axial capacity of members with edge-stiffened holes is strongly influenced by section slenderness 

and hole dimensions. Chen et al. [8] proposed bivariate regression-based DSM modifications to 

address this sensitivity. Osgouei et al. [40] (see Fig.2-7) validated their analytical model based 

on polynomial deflection functions, achieving less than 5% error.  

 

                                     
(a) Plate with and without opening under pure bending. 

 

 

(b) k5 error for plate above or below the opening. 
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(c) k5 error for stiffened plate with opening under pure bending. 

Fig. 2- 7. Finite element and analytical comparison for plates with and without openings under 

pure bending as reported by Osgouei et al.[40] 

 

Design standards such as AISI and AS/NZS were found to be overly conservative or inaccurate 

in predicting the axial strength of perforated sections with edge-stiffened holes. Chen et al. [8] 

and Shaker et al. [41] (see Fig.2-8) highlighted that these standards could underestimate capacity 

by up to 66%. Even the DSM, though improved when modified, struggled to account for local-

distortional and global interaction effects observed in tests by He et al. [13] and Chen et al. [42].  

 

Fig. 2- 8. Test setup and comparison of predicted and observed strengths for perforated, 

stiffened rack uprights under distortional–global interaction as reported by Shaker et al. [41] 

In summary, a consistent observation across literature is that edge-stiffening significantly 

improves the axial performance of CFS sections with web perforations. The integration of 
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stiffening at the hole boundary proves to be an effective and practical design strategy. However, 

accurate prediction of this behaviour remains a challenge under current design provisions. 

2.2.3 Back-to-back (built-up) channel sections with web openings 

Cold-formed steel (CFS) back-to-back (B2B) channel assemblies are increasingly used in 

structural applications due to their enhanced axial and flexural strength. These built-up sections 

often incorporate web perforations for service installations, which may either weaken or enhance 

structural performance depending on hole geometry, placement, and stiffening measures. Recent 

investigations have focused on evaluating the axial and flexural behavior of such B2B sections 

through experimental, numerical, and data-driven modeling techniques. 

Chen et al. [9] (refer to Fig. 2-9) conducted an extensive experimental and finite element study 

on the axial strength of B2B CFS channels featuring edge-stiffened holes, unstiffened holes, and 

plain webs. Through 27 compression tests and 135 FE analyses, they found that edge-stiffened 

holes increased axial strength by 6.6% over plain channels, while unstiffened holes reduced 

capacity by 12.4%. Composite action due to the built-up nature of the sections was observed to 

enhance capacity in longer columns (e.g., 1420 mm) but was negligible for stub columns. Their 

validated nonlinear FE model showed strong agreement with test results and served as the basis 

for a comprehensive parametric study, highlighting the effects of hole diameter, screw spacing, 

and stiffener geometry. In a subsequent study, Chen et al. [43] (refer to Fig. 2-9) evaluated the 

moment capacity of B2B channels under four-point bending. Test results from 14 specimens 

indicated that edge-stiffened holes increased flexural strength by 15.4%, while unstiffened holes 

caused a 15.1% reduction. Finite element simulations were validated against experimental 

results, and subsequent parametric studies and design strength comparisons showed that existing 

design codes such as AISI and AS/NZS conservatively estimated the strength of perforated 

channels by 23–49%. 
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                                 [9]                                                              [43] 

Fig. 2- 9. Comparison of experimental and FE results for B2B CFS channels with web holes 

under (a) axial compression [9] and (b) four-point bending [43] 

 

 

[44] 

Fig. 2- 10. Experimental and FE comparison of CFS channel beams with varying edge-

stiffened hole configurations under four-point bending [44]. 

Dai et al. [44] (refer to Fig. 2-10) proposed a novel machine learning framework using the 

eXtreme Gradient Boosting (XGBoost) algorithm to predict moment capacity of CFS channel 

beams with both edge-stiffened and unstiffened holes. The model, trained on 1620 data points 

from validated FE simulations, achieved an R² score near 99%. Compared to Moen and Schafer’s 

equations (for unstiffened holes) and Yu’s equations (for stiffened holes), the XGBoost model 

offered significantly improved accuracy. New design equations derived from the model showed 
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average absolute errors as low as 8.78%, with reliability indices above 2.5, aligning with AISI 

standards. Chi et al. [45] focused specifically on the axial capacity of B2B channels with edge-

stiffened holes, exploring the effect of hole spacing. Using 29 compression tests and 44 FE 

simulations, they observed a 19.2% increase in axial capacity relative to plain sections. Their 

findings confirmed that AISI and AS/NZS standards are reasonably conservative (9%) for plain 

channels, but Moen and Schafer’s design equations were conservative by 47% for channels with 

stiffened holes. 

Recent studies indicate that edge-stiffened web holes, when appropriately dimensioned and 

positioned, can improve both axial and flexural strength of back-to-back cold-formed steel 

channel sections relative to unstiffened or plain-web sections. The influence of built-up action 

between paired channels increases with member length, particularly in slender columns where 

interactions between local and global buckling are more prevalent. Existing design equations, 

including those in AISI and AS/NZS standards do not consistently capture the structural response 

of sections with perforations. To address this limitation, recent work has incorporated nonlinear 

finite element analysis and data-driven methods such as eXtreme Gradient Boosting, which have 

shown high predictive accuracy and can support the development of updated design provisions. 

2.2.4 Perforated cold-formed steel rack upright members 

Recent investigations into perforated cold-formed steel rack uprights under axial compression 

have provided insights into the effects of perforations and complex buckling interactions. 

Baldassino et al. [46] (refer to Fig. 2-11) conducted a study involving 72 tests on solid and 

perforated thin-walled cold-formed profiles commonly used as uprights in pallet rack systems. 

Their findings revealed that perforations significantly influence both strength and stiffness, with 

capacity reductions ranging from 10% to 30% depending on specimen length and failure mode. 

Moreover, their bending tests indicated that relying on equivalent solid sections to evaluate 

second moments of area may not yield accurate results, highlighting the need for revised 
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provisions in current rack design codes. Neiva et al. [47] (refer to Fig. 2-12) carried out 18 

physical tests and 64 numerical simulations of uprights with rectangular web perforations, 

indicating that existing Direct Strength Method (DSM) formulations do not adequately predict 

the strength of members with perforations. Subsequently, they proposed modified distortional 

mode coefficients tailored for rack members with perforations. 

   

 

 

Fig. 2- 11. Various failure modes observed in profiles of different lengths,as reported by 

Baldassino et al. [46] 

 

 

 

 

 

 

 

 

 

Fig. 2- 12. Comparison between experimental and numerical failure modes as reported by 

Neiva et al. [47] 

Focusing on mode interactions, Miyazaki et al. [48] (refer to Fig. 2-13) explored distortional and 

global buckling interactions through over 3000 numerical simulations using ABAQUS. Their 
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study highlighted that boundary conditions critically affect failure loads and that conventional 

DSM equations lack consistency under this type of interaction. To address this, new DSM-based 

formulations were proposed, specific to support configurations. Casafont et al. [49] similarly 

examined perforated rack columns with a range of lengths and confirmed that distortional and 

global buckling interaction occurs in commonly used column sizes. Their experimental results 

showed that including such interaction in strength predictions using the DSM significantly 

improves accuracy. The study suggested two approaches to account for interaction effects: either 

using a lower-bound estimate of distortional buckling strength or applying an interaction 

formula, with the latter yielding better alignment with observed behavior. Moreover, their 

findings demonstrated that excluding this interaction could lead to strength overestimation of 10 

to 20 percent, reinforcing the need for its inclusion in design methodologies. 

 

 

                                                                      [48]  

Fig. 2- 13. Numerical deformation profiles showing distortional and global buckling interaction 

under different boundary conditions, as reported by Miyazaki et al. [48] 

Bertocci et al. [50] (refer to Fig. 2-14) conducted an extensive campaign involving 128 tests on 

mono-symmetric perforated profiles and supplemented their findings with nonlinear finite 

element analyses to develop three-dimensional compression-biaxial bending strength domains. 
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Their results revealed discrepancies between experimental behavior and EN 15512 predictions, 

especially for bending about the weak axis and under seismic-like load trajectories. Bonada et 

al. [51] (refer to Fig. 2-15) investigated the influence of bending moments on the load-carrying 

capacity of uprights and showed that distortional buckling becomes critical when induced by 

axial eccentricity. Their validated finite element models demonstrated the significance of 

incorporating residual stress and strength enhancement to achieve accurate predictions. 

 

Fig. 2- 14. Experimental and numerical buckling modes of 2000 mm long perforated profiles, 

illustrating global and various local failure mechanisms as reported by Bertocci et al. [50] 

 
Fig. 2- 15. Comparison of experimental and numerical failure modes under axial load with 0 

mm and 20 mm eccentricities, illustrating the effect of residual stresses and strain hardening, as 

reported by Bonada et al..[51] 

Orlando et al. [52] evaluated the reliability of current European codes by testing slender open-

section perforated columns under varying eccentricities. Their findings indicated that existing 

formulations might underestimate the collapse load, especially in cases of high eccentricity. 
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Pastor et al. [53] (refer to Fig. 2-16) examined uprights subjected to combined bi-axial bending 

and compression and compared experimental and numerical results with EN 15512. They 

observed up to a 53% reduction in load capacity under combined eccentricities and noted that 

the standard underestimates the strength in cases of negative bending about the minor axis. 

 

(a)                                                                    (b) 

Fig. 2- 16.  a) Numerical failure mode under bi-axial eccentric loading (ey = 0 mm, ez = 20 

mm); b) Corresponding experimental failure mode for ey = 0 mm, ez = 20 mm [53] 

Smith and Moen [54] developed approximate finite strip solutions to predict elastic buckling 

loads of thin-walled perforated columns. The methods accounted for reductions in plate stiffness 

due to perforations, affecting local, distortional, and global modes. A comprehensive validation 

against over 1,200 finite element models confirmed the accuracy of these approaches for 

perforated pallet rack columns, providing the basis for extending the DSM to include such 

sections.  

Expanding the scope to full upright frames, Dai et al. [55] performed axial compression tests and 

nonlinear simulations on cold-formed thin-walled rack upright frames. They identified global 

buckling and distortional-global buckling interactions as dominant failure modes. Their findings 

demonstrated that frame boundary conditions and slenderness significantly impact ultimate load 

capacity. They also confirmed that while the global DSM curve reasonably predicts strength, the 

distortional DSM curve requires modification. Consequently, they proposed an improved 

distortional buckling DSM formulation that accounts for buckling interactions specific to upright 
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frames. Taranu et al. [56] (refer to Fig. 2-17) conducted full-scale experiments and FEM 

simulations on cold-formed steel uprights with central stiffeners and perforated webs. The failure 

modes transitioned from local buckling in short columns to distortional–flexural interaction and 

global flexural buckling in longer specimens. DSM yielded predictions within 2 to 7 percent of 

experimental values, particularly when using the full net section. The study emphasized DSM’s 

reliability for moderately slender, stiffened perforated sections, while also identifying EWM as 

a conservative alternative. 

 

Fig. 2- 17. Influence of the perforation location on the local buckling mode as reported by 

Xiang et al. [56] 

These studies underline the critical role of perforation geometry, boundary conditions, and 

buckling mode interactions in the structural performance of cold-formed steel rack uprights and 

emphasize the necessity for experimentally validated updates to the DSM and racking standards 

to enhance safety and accuracy in practical design applications. 

2.2.5 Channel sections with edge-stiffened or complex stiffeners 

Wang et al. [57] investigated axially loaded cold-formed perforated columns featuring complex 

edge stiffeners and web stiffeners. Their experimental and numerical results showed that Σ-type 

web stiffeners improved load efficiency by 30 to 50 percent when compared to simpler channels. 

However, the presence of web holes reduced axial capacity, approximately 6 percent for channels 

and 25 percent for Σ-section specimens. The study also confirmed that the Direct Strength 
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Method (DSM) could be reliably applied to such complex perforated profiles. Another study by 

Wang et al. [58] involved a parametric finite element analysis on perforated lipped channel 

columns, examining the effects of hole height, width, shape, and spacing. Hole height had the 

most significant impact on axial capacity, while width, spacing, and shape mainly influenced the 

buckling mode. A modified DSM approach suited to Chinese specifications was proposed and 

validated, demonstrating its applicability to channels with complex edge stiffeners. Wang et al. 

[59] (refer to Fig. 2-18) also tested perforated built-up I-section columns with web and edge 

stiffeners under axial and eccentric loads. Web stiffeners notably improved ultimate strength, 

particularly in stub and medium-length columns. While the stiffeners effectively limited local 

deformation around perforations, they were found to reduce composite action between adjacent 

webs. The DSM formulations provided good agreement with both experimental and numerical 

results for these complex configurations. Xiang et al. [60] (refer to Fig. 2-19) examined G-section 

columns, which are channels with complex edge stiffeners, with and without perforations under 

axial loading. A test series of 36 specimens, supported by validated ABAQUS models, showed 

that larger perforation dimensions resulted in greater strength reduction, while changes in 

perforation location had a stronger influence on deformation shape. To mitigate strength loss and 

prevent web instability, circular hole spacing between three and six times the hole diameter was 

recommended. 
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Fig. 2- 18. Experimental and numerical comparison of perforated built-up I-section columns 

with stiffeners, including (a–c) failure mode comparisons and (d–e) load–displacement 

responses for selected specimens, as reported by Wang et al.[59] 
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Fig. 2- 19. Influence of the perforation location on the local buckling mode as reported by 

Xiang et al.[60] 

 

2.2.6. Non-channel perforated sections  

Recent investigations into perforated cold-formed steel (CFS) and aluminium alloy members 

have focused on their axial capacity and buckling behavior under compression. Singh and Singh 

[32] experimentally studied CFS stub columns with centrally located circular perforations and 

found that perforation ratios up to 0.1 had negligible influence on axial strength. However, 

increasing the perforation size ratio to 0.9 led to a strength reduction of up to 44%. Although 

most existing design equations provided conservative estimates, their predictions were scattered. 

Feng et al. [61] conducted a finite element study on aluminium alloy circular hollow sections 
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(CHSs) with circular holes. Their parametric study involving 300 validated models showed that 

existing design rules for perforated CFS sections were unsuitable for aluminium CHSs. As a 

result, new design equations were proposed based on the effective area method and demonstrated 

strong predictive accuracy through reliability analysis. Fang et al. [62] investigated aluminium 

alloy back-to-back (BTB) channels with web holes. Based on 14 experimental tests and 720 

parametric FE models, they concluded that section thickness had a strong effect on axial strength, 

while modified slenderness had minimal impact for stub and short columns. Existing AISI and 

AS/NZS standards were conservative by about 10%. Axial strength reduction factor equations 

were proposed and validated using reliability analysis. Further work by Fang et al. [63] focused 

on intermediate and slender BTB columns with centred web holes. The results showed that 

distortional buckling was the dominant failure mode, and axial strength was sensitive to hole size 

and screw spacing. Increasing the hole size reduced strength by 15–20%, and screw spacing 

affected whether the channels remained integrated or separated at failure. While AISI and 

AS/NZS guidelines were found to be conservative by about 15%, the authors proposed refined 

strength reduction factors. Fig.2-20     shows the failure pattern of the sections used in the above-

mentioned studies. 

 

 

                                                                                        

 [32]                           [61] 
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[63] 

Fig. 2- 20. Experimental and numerical buckling modes as reported by Singh and Singh [32], 

Feng et al. [61] and Fang et al. [62] 

2.2.7 Design methods and code provisions  

Cold-formed steel (CFS) members with web or flange perforations experience complex buckling 

interactions under combined axial compression and bending. Abdel-Rahman and Sivakumaran 

[64] developed effective width equations based on finite element models to estimate the ultimate 

strength of such members, accounting for various perforation geometries and configurations. 

Davis and Yu [65] experimentally established that holes reduce buckling capacity, with square 

holes inducing greater reductions than circular ones, though post-buckling strengths were 

comparable. They proposed modified effective width equations to better reflect these effects. 

Grey and Moen [66] proposed simplified elastic buckling methods incorporating edge-stiffened 

holes, demonstrating that global buckling predictions can be reliably extended using classical 

equations with adjusted section properties. Extending the Direct Strength Method (DSM), Moen 

and Schafer [7] validated DSM predictions for columns with holes using over 200 nonlinear FE 

models, suggesting that elastic buckling properties and net-section limits can effectively capture 

strength reduction in the inelastic regime. Smith and Moen [54] advanced finite strip analysis by 

introducing reduced thickness models that simulate the stiffness loss from perforations. Yao and 

Rasmussen [67] conducted a comparative study of 19 DSM-based methods using a dataset of 
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over 60,000 points and proposed a regression-enhanced approach that includes global–

distortional (DG) interaction, demonstrating strong accuracy for stiffened C-sections and rack 

profiles. Earlier work by Yu and Davis [68] highlighted the need for new design provisions due 

to the inadequate performance of existing standards when applied to perforated thin-walled 

members. Moen’s doctoral thesis [69] detailed how large or closely spaced holes initiate mixed-

mode buckling. Moen and Schafer [70] further explored the introduction of local, distortional, 

and global mode interactions, showing that failure often occurs prematurely at the net section. 

Yao and Rasmussen [71] validated ABAQUS-based FE models for a wide range of geometries 

and showed that mode interactions (LD, DG, LDG) critically affect capacity. Finally, Schafer 

and Peköz [72] demonstrated that numerically obtained elastic buckling solutions from tools 

such as CUFSM and ABAQUS can streamline DSM-based capacity estimates without relying 

on iterative effective width calculations. 

2.3  Perforated CFS sections under combined axial compression and bending 

Multiple studies have been conducted on perforated cold-formed steel (CFS) sections used in 

pallet racking systems, which have already been discussed in the earlier section. This section 

focuses on other studies involving CFS members with perforations subjected to combined axial 

compression and bending. Ren et al. [73] experimentally and numerically evaluated lipped CFS 

channel members with circular web openings under minor-axis bending and axial load. Their 

findings revealed dominant distortional-global buckling mode interactions and showed that the 

current Direct Strength Method (DSM) overestimates capacity. A modified DSM curve was 

proposed to improve strength predictions. Chen et al. [43] studied back-to-back channels with 

and without web perforations under four-point bending. Results indicated that edge-stiffened 

holes enhanced capacity by 15.4%, while un-stiffened holes reduced it by 15.1%, with 

distortional buckling as the predominant failure mode. The current AISI and AS/NZS design 

equations were found to be conservative by 23%–49%. Dai et al. [44] developed a machine 
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learning model using XGBoost trained on 1620 validated finite element simulations to predict 

moment capacities. The model achieved high accuracy (R² ≈ 0.99) and was used to propose new 

design equations with reliability indices above 2.5. Davies et al. [74] employed a modified 

Generalized Beam Theory (GBT) to account for local, distortional, and global buckling in singly 

symmetric perforated sections under axial and biaxial bending. Their approach allowed for 

conservative strength predictions that reduced the reliance on extensive physical testing. 

Casafont et al. [49] also emphasized the significance of including distortional-global buckling 

interaction in design formulations, showing that neglecting it could lead to strength 

overestimation by up to 20%. Their work supported modifications to the DSM framework to 

better reflect interaction effects in perforated members. Collectively, these studies highlight the 

need for refined analytical or data-driven design models to accurately capture the complex 

buckling and failure behaviour of CFS sections with web openings under combined loading. 

Pham [75] examined the effects of web holes on the elastic global buckling loads of cold-formed 

steel channel members under compression and bending. Using validated finite element models, 

the study found that holes positioned at mid-length caused a noticeable reduction in global 

buckling capacity, especially when the hole depth was large relative to the section depth. 

Although the AISI S100 “weighted average” method remained suitable for estimating flexural-

torsional buckling under compression, the study highlighted the importance of hole size and 

location in design. Earlier, Shan, LaBoube, and Yu [76], [77] conducted a series of experimental 

investigations to study the behaviour of cold-formed steel members with web openings under 

bending, shear, and combined loading. Based on 202 test specimens, they concluded that the 

AISI interaction equation could adequately predict member capacity if the nominal shear and 

bending strengths were modified to reflect the presence of web openings.  

In conclusion, these studies highlight that web perforations significantly affect the buckling 

behavior and strength of CFS members under combined loading. Standard design methods often 
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overestimate capacity, emphasizing the need for refined models that account for perforation 

effects, especially distortional-global interactions, hole geometry, and placement. 

2.4 Shear and web crippling behavior of perforated CFS sections 

Keerthan and Mahendran [78] began this line of investigation by conducting 26 shear tests on 

LiteSteel Beams (LSBs) with web openings using a three-point loading configuration. The 

specimens, with an aspect ratio of 1.5, were tested to determine the impact of web openings on 

shear performance. Results indicated that the AS/NZS 4600 and AISI design provisions were 

conservative. Based on these findings, the authors proposed modified shear capacity reduction 

factors tailored to LSBs with web openings. In a subsequent study [79], they developed and 

validated nonlinear finite element models to replicate the observed shear behavior and failure 

modes. A parametric study was then performed, covering variations in hole geometry and beam 

dimensions. The results supported an alternative shear design method based on an equivalent 

reduced web thickness. The authors concluded that shear design rules applicable to LSBs without 

web openings could be extended to those with openings by adopting this equivalent thickness 

approach. Keerthan and Mahendran [80] (refer to Fig. 2-21) expanded their research to include 

cold-formed lipped channel beams (LCBs), conducting 40 shear tests under mid-span loading 

for beams with aspect ratios of 1.0 and 1.5. The experimental results revealed that existing code 

provisions were conservative for LCBs with small openings but unconservative for those with 

large ones. A combined failure mode involving shear and flange distortion was identified in 

short-span LCBs without flange restraints. Modified reduction factors were proposed to address 

these behaviors. In a follow-up study [81](refer to Fig. 2-22), finite element models of LCBs 

with unreinforced circular web openings were developed and validated against experimental 

data. These models accurately predicted shear capacity and failure modes. A detailed parametric 

study led to improved shear design equations, which the authors recommended for future 

inclusion in design codes. Shan et al.[76], [77] performed an extensive series of 202 tests on 
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standard cold-formed steel C-sections to examine the effects of web openings under pure 

bending, pure shear, and combined bending and shear. They found that the interaction equations 

in the AISI Specification could be adapted to predict member strength if the nominal shear and 

bending capacities were adjusted to reflect the influence of web openings. Uzzaman et al.,[82], 

[83] investigated the web crippling strength of cold-formed channel sections with unstiffened 

and edge-stiffened circular web holes under end-two-flange (ETF) and interior-two-flange (ITF) 

loading. They conducted 60 laboratory tests and developed validated finite element models. A 

parametric study involving 1116 FEA for each loading condition was carried out, considering 

variables such as hole diameter, edge-stiffener length, fillet radius, hole position, and bearing 

plate length. Based on the findings, web crippling strength reduction factors were proposed. 

 

Fig. 2- 21. Failure modes of LCBs with web openings and no straps as reported by Keerthan 

and Mahendran [80] 
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Fig. 2- 22. Failure modes of LCBs as reported by Keerthan and Mahendran [81] 

  

These factors were found to be conservative when validated against both experimental and 

numerical results. Chen et al. [84] extended this work by focusing on the effect of fastening 

flanges in cold-formed steel channel sections with web holes. A total of 36 web crippling tests 

were conducted under ETF and ITF loading, and a parametric study using 912 finite element 

models was performed. The results showed that flange fastening significantly improved web 

crippling capacity, by approximately 71 percent for ETF and 33 percent for ITF loading. The 

authors validated their models against experimental data and confirmed the reliability of the 

reduction factors proposed by Uzzaman et al. when applied to fastened configurations. In 

summary, these studies clearly demonstrate the significant influence of web openings on the 

shear and web crippling performance of cold-formed steel members. While current design codes 

are generally conservative for small openings, they tend to be unconservative for larger or 

unreinforced holes. Extensive experimental and numerical investigations have led to the 

development of refined reduction factors and alternative design methods, such as the use of 
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equivalent web thickness and improved shear and crippling equations. These findings highlight 

the need to update existing design provisions to ensure accurate and reliable predictions for 

perforated cold-formed steel members. 

2.5 Structural behavior of CFS sections with slits 

The introduction of slitted web studs originated from the need to reduce thermal bridging in light 

steel framing systems used in cold climates. Höglund and Burstrand [1] (refer to Fig. 2-23) 

demonstrated that slitting the web significantly increased the heat flow path through steel studs, 

leading to notably improved thermal resistance. Their work enabled the use of steel studs in 

external walls in countries such as Sweden and contributed to the development of Light Steel 

Framing systems. They also highlighted that slitted studs influence not only thermal performance 

but also serviceability-related aspects such as sound insulation, fire performance, vibration, and 

construction processes. 

LaBoube [4] through hot-box thermal tests reported that slit-web studs improved overall wall R-

values by approximately 17% compared to solid-web studs. When combined with angle tracks 

or thin external insulation, further enhancements up to 28% were achieved.  

 

Fig. 2- 23. Slitted stud. a) cross section, b) loading, c) slits, d) failure modes [1]. 
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2.5.1 Axial behaviour  

 Andreassen and Jönsson [3] (refer to Fig. 2-24) conducted compression tests on slitted load-

bearing studs connected to tracks. They examined different column lengths (500–1000 mm), 

thicknesses (0.7–1.0 mm), and the presence or absence of web stiffeners. Interestingly, web 

stiffeners provided almost no improvement to ultimate capacity. Failure modes were dominated 

by global–distortional interaction, even in relatively short columns, confirming that slits 

significantly influence buckling behaviour. For some configurations, failure included both end 

crushing and distortional-local interaction, indicating complex mode coupling. 

 

 

 

 

 

 

 

 

 

 

                Fig. 2- 24. Test setup: front view [3] 

Kesti [85] performed an extensive combined numerical and experimental study on perforated 

steel wall studs under concentric compression. The study demonstrated that perforations reduce 

perpendicular flexural stiffness and significantly decrease distortional buckling strength. The 

European code (Eurocode 3) was shown to produce inaccurate elastic distortional buckling 

predictions. Methods by Lau and Hancock, and Schafer and Peköz, were found to be more 

accurate.  

Kesti [85] also reported that gypsum sheathing provides significant rotational restraint to the 

stud, which can double the distortional buckling stress. In some cases, even a minimal level of 
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restraint was sufficient to eliminate flexural buckling, highlighting the importance of sheathing–

stud interaction. Screw pitch was also identified as a critical factor, reducing the screw spacing 

from 600 mm to 200 mm doubled the distortional buckling stress. Based on these findings, Kesti 

proposed design equations for perforated studs and provided practical guidelines for 

incorporating sheathing restraint and web stiffening to enhance buckling resistance. 

2.5.2 Behaviour of slitted CFS members under other load combinations 

Although axial studies are scarce, relatively more but still limited research has been conducted 

on slitted or perforated CFS members under shear, bending, combined loading, and web 

crippling.  

(a) Shear Behaviour 

Degtyarev and Degtyareva [86] (refer to Fig. 2-25) used validated FE models to examine the 

shear buckling and ultimate shear strength of slitted channels. They found that changing 

boundary conditions from test setups to realistic restraints had minimal effect (1–4%) on solid 

webs but caused 52% reductions in elastic shear buckling load and 39% reductions in ultimate 

shear strength in slitted webs. This shows slitted webs are highly sensitive to realistic boundary 

conditions, and design based on idealised test conditions may be unconservative. They concluded 

that future parametric studies must consider realistic boundary conditions. 

In another experimental study by the same authors [87](refer to Fig. 2-26), 15 slitted and 10 solid 

channels were tested. Slitted webs caused 50–71% strength reduction, decreasing with thicker or 

deeper sections. Slitted members exhibited more ductile behaviour due to plastic deformation of 

web strips. Reinforcing flanges improved shear strength by up to 31% due to Vierendeel action. 

Tentative shear design equations were proposed, and the inclusion of tension field action resulted 

in good agreement with test results. 
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Fig. 2- 25. Failure mode shapes of tested specimens (left column) and FE models (right 

column) [86]. 

 

Fig. 2- 26. Failure modes of test specimens with stiffened webs [87]. 

(b) Flexural behaviour 

Degtyareva et al. [88] (refer to Fig. 2-27) investigated local buckling strength of CFS beams with 

staggered slitted perforations. A validated 3D FE model formed the basis of 432 parametric 

models. Results showed that staggered slitted perforations caused up to 11% reduction in bending 

capacity due to local buckling. Modified DSM-based design equations were developed and 

shown to provide good agreement with FE results, improving accuracy compared to existing 

DSM formulations. 

In another study [89], the same authors focused on distortional buckling under bending, which 

was not previously addressed. Up to 23% reduction in bending capacity was reported. The 



 

38 
 

current DSM provisions in AISI S100 (2016) and AS/NZS 4600 (2018) were found inadequate 

for predicting distortional buckling in slitted beams. New design rules were proposed, with 

modified DSM slenderness formulations, which significantly improved accuracy and reliability. 

 

Fig. 2- 27. Failure mode comparison between test and FE model of the Specimen  [88]. 

(c) Combined bending and shear 

Degtyareva et al. [90] (refer to Fig. 2-28) conducted a numerical study on slitted CFS channels 

subjected to combined bending and shear. The parametric study varied depth (d), thickness (t), 

slot length and width, number of rows, yield strength, and aspect ratio. Staggered slitted 

perforations caused significant reductions in combined capacity. New empirical interaction 

equations were proposed, improving prediction accuracy. However, the study did not consider 

axial forces or eccentric loading. 

 

Fig. 2- 28. Critical buckling mode of solid and slitted channels subjected to combined bending 

and shear [90] 
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(d) Web crippling 

Several recent studies have investigated the web crippling behaviour of slitted perforated CFS 

sections under different loading conditions. Under the Interior-One-Flange (IOF) load case, 

Gatheeshgar et al. [91] (refer to Fig. 2-29) reported that staggered slitted perforations resulted in 

reductions of up to 49% in web crippling strength. Based on their findings, reduction factor-

based equations were proposed, which showed good agreement with finite element (FE) 

predictions. Under the End-One-Flange (EOF) load case, Gatheeshgar et al. [92] tested 48 

specimens with solid and slitted webs and observed even more severe strength reductions, 

reaching up to 74%. They also demonstrated that existing design provisions in AISI S100, 

AS/NZS 4600, and EN 1993-1-3 were unable to accurately predict the capacity of slitted 

sections, leading to the development of a new design equation that significantly improved 

prediction consistency. Furthermore, Degtyareva et al. [93] experimentally validated web 

crippling design equations and confirmed that current code provisions often underestimate or 

overestimate the capacity of slitted members. They proposed modified equations that explicitly 

account for slitted effects and achieved strong agreement with experimental results. Overall, 

these studies establish that web perforations can severely compromise web crippling capacity 

and necessitate modified design rules; however, they primarily focus on local bearing failures 

and do not address global buckling or axial–bending interaction. 
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Fig. 2- 29. Failure mode progression of specimen in conjunction with applied load vs vertical 

displacement plot [91]. 

2.6 Thermal performance of CFS sections with slits 

Liu et al. [2] investigated the fire performance of non-load-bearing slitted steel stud walls using 

full-scale ISO-834 standard fire tests. Temperatures were recorded at the exposed surface, 

unexposed surface, and within the stud cross-section. The study analysed the influence of web 

height, number of slot rows, number of gypsum board layers, and the application of mortar on 

the unexposed side. Increasing stud height, slot density, and gypsum layers reduced heat transfer, 

while spalling of the gypsum board during fire increased temperatures in the steel components. 

A three-dimensional finite element (FE) model was developed in ABAQUS and validated against 

experimental data. Parametric analysis confirmed the influence of geometric and material 

parameters on temperature distribution. However, the timing and extent of gypsum spalling could 

not be predicted, indicating the need for further investigation of thermal degradation. 

Lipták-Váradi [94] examined the thermal behaviour of slitted steel girders and introduced the 

concept of equivalent thermal conductivity to simplify modelling. Finite element simulations 
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using ANSYS and HEAT3 were used to analyse heat transfer through various slot geometries. 

Equivalent thermal conductivity values were calculated so that a solid section could replicate the 

heat transfer of a slitted section. The comparison showed agreement between the original slitted 

models and the equivalent solid models. The study showed that slot geometry has a direct effect 

on heat flow and proposed modified slot configurations to reduce thermal conductance. The 

equivalent conductivity approach reduces computational time in multi-dimensional thermal 

modelling and can be used in facade and thermal bridge simulations. Martins et al. [95] 

conducted a parametric study on thermal bridge mitigation strategies in lightweight steel-framed 

wall systems. The study examined insulation materials, air layers, and geometric modifications 

to steel components. Conventional mitigation strategies reduced U-values, while further 

reductions were achieved through the use of advanced insulation materials such as aerogel and 

vacuum insulation panels. The study proposed design rules for the thermal improvement of 

lightweight steel-framed elements. Although slitted studs were not the main focus, the work 

showed that geometric modifications to steel profiles are an effective method for reducing heat 

transfer and can be combined with material-based strategies. Li et al. [96] analysed a lightweight 

assembled exterior wall panel (LAEWP) system incorporating steel studs and insulation using 

experimental testing and three-dimensional FE modelling. The FE model showed agreement 

with experimental results and was used for parametric analyses. The study evaluated the effects 

of changing insulation material, reducing the number or size of studs, introducing web openings, 

and combining multiple strategies. Changing insulation material reduced the U-value by 13.2%, 

while combining geometric and material changes reduced the U-value by 23.7%. Web openings 

were shown to decrease heat transfer and improve insulation efficiency. The authors noted that 

environmental factors such as moisture content may affect thermal performance and require 

further study through in-situ monitoring. Alekperov and Aksenov [97] focused on modifying slot 

shape to improve thermal performance while maintaining structural capacity. Finite element 
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simulations in COMSOL Multiphysics were used to analyse steel studs with different web hole 

geometries. Experimental testing was used to compare the thermal performance of prototype 

studs with standard slitted studs. The results showed a 9–19% reduction in heat conduction for 

modified slot shapes, with triangular slots performing best. The proposed slot configurations 

reduced thermal bridging without requiring additional insulation layers. A new manufacturing 

method was also suggested, where slot patterns are interrupted at billet cutting locations to 

preserve web shear resistance near supports. 

2.7 Summary of literature review 

Extensive research to date has established that the introduction of web perforations in CFS 

channels generally diminishes member strength and can precipitate complex buckling mode 

interactions (local, distortional, and global). Strengthening measures such as adding edge 

stiffeners around holes have been shown to partially recover lost capacity, yet accurately 

predicting the load resistance of perforated sections remains challenging under current design 

provisions. Existing design specifications and classical calculation methods often do not fully 

capture the observed behavior of members with web holes, tending to be conservative in some 

instances and unconservative in others when critical buckling interactions are present. This 

highlights significant limitations in present design methods and underscores the need for 

continued research. Also, existing studies show that slotted or slitted CFS studs reduce thermal 

bridging and improve energy performance. Experimental and numerical evidence confirms that 

web geometry, stud height, insulation configuration, and facing materials affect temperature 

distribution. Slitted studs have also been observed to exhibit reductions in axial capacity, altered 

stiffness characteristics, and shifts in governing failure modes, effects that differ from those 

associated with conventional service holes. Despite these observations, only limited studies have 

explored the structural performance of slitted CFS members, and even fewer have examined 

behaviour under combined axial and bending actions. 
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Future studies are required to develop refined analytical models and structural design approaches 

that account for perforation geometry, stiffening strategies, and combined loading effects. While 

the thermal efficiency benefits of slits have been acknowledged, previous studies have not 

quantified how geometric and slit parameters influence thermal performance. Addressing these 

gaps will improve the reliability of strength thermal performance predictions and facilitate the 

safe, economical use of perforated CFS channel sections in structural applications.  

Tables 2-1 and 2-2 are provided subsequently summarise the major experimental, numerical, and 

analytical findings from the reviewed literature, providing a consolidated overview of perforation 

types, methods, structural as well as thermal responses. 

2.8 Research gaps 

From the comprehensive literature review presented in this chapter, several critical research 

gaps have been identified: 

• Although numerous studies have investigated perforated and slotted CFS members, 

research specifically focused on CFS studs with slits in the web is extremely limited, 

particularly in relation to their structural performance. 

• Existing studies on slitted CFS sections have primarily considered concentric axial 

loading, and no systematic investigation has been conducted on the behaviour of slitted 

members under eccentric or combined axial–bending loads, which are common in 

practical wall systems. 

• The current Direct Strength Method (DSM) and codified design provisions (AS/NZS 

4600 and AISI S100) do not accurately predict the axial strength of slitted members, 

especially when buckling mode interactions or eccentric loading are involved. 

• While the thermal efficiency benefits of slits have been acknowledged, previous studies 

have not quantified how geometric and slit parameters influence thermal performance.
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Table 2- 1:Summary of Previous Studies on the Axial Behaviour of Perforated Cold-Formed Steel Members  

Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[23] Sivakumaran Experimental Axial 

compression 

Lipped channel Unstiffened 

web holes 

Hole shape negligible, size affects strength; significant 

reduction for a/W > 0.6 

[24] Moen & 
Schafer 

Experimental + 
FEM 

Axial 
compression 

Short/intermediate 
lipped channels 

Slotted web 
holes 

Modest strength reduction (up to 2.7%); changes in buckling 
mode and ductility 

[37] Guo & Yao Experimental + 

FEM 

(ABAQUS) 

Axial 

compression 

Lipped channels Rectangular 

holes 

Distortional or combined buckling dominant; refined design 

method proposed 

[11] Zhao et al. Experimental + 

FEM 

Axial 

compression 

CFS channels Various 

rectangular 

holes 

Capacity reduction (11.7–31.5%) with hole width; modified 

DSM proposed 

[25] Kulatunga & 

Macdonald 

FEM 

(ANSYS) 

Axial 

compression 

Lipped channels Hole position 

variation 

Strength sensitive to hole location; lower than net section 

predictions 

[26] Kulatunga et 

al. 

Experimental + 

FEM 

Axial 

compression 

Perforated 

columns 

Various hole 

sizes 

Up to 34.43% reduction; interaction of local & distortional 

buckling 

[27] Loov Experimental Axial 

compression 

Stub columns Punched 

webs 

Proposed effective width; existing code conservative 

[28] Pu et al. Experimental Axial 

compression 

Symmetrically 

perforated 

channels 

Unstiffened 

holes 

Hole size & position affect strength; aspect ratio negligible 

[29] Yao & 

Rasmussen 

Spline FSM + 

ABAQUS 

Axial 

compression 

C-sections Various 

holes 

Hole width most critical; proposed parametric DSM 

[31] Yao & 
Rasmussen 

FEM 
(ABAQUS) 

Axial 
compression 

Various cross-
sections 

Multiple 
geometries 

Interaction of L, D, G buckling; DSM overestimates; centroid 
shift critical 

[33] Sivakumaran Experimental + 

FEM 

Axial 

compression 

Lipped channel Various 

holes 

Local buckling dominant; codes inadequate 

[34] Sivakumaran FEM Axial 

compression 

Lipped channel Various 

holes 

Reinforces effect of geometry on buckling; confirms prior 

experiments 

[35] Yao Experimental + 

FEM 

Axial 

compression 

Lipped channel Slotted holes Distortional buckling mode; effective width method suggested 

[36] Moen et al. Experimental + 

FSM 

Flexural 

(linked to 

compression) 

C-section joists Unstiffened 

rectangular 

holes 

Distortional & web buckling; preliminary DSM equations 
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Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[32] Singh & Singh Experimental Axial 

compression 

RHS & SHS Centrally 

placed 

circular holes 

Up to 44% loss at d/w = 0.9; new equations recommended 

[10] Chandramohan 

et al. 

Experimental + 

FEA 

Axial 

Compression 

Lipped Channel Edge-

stiffened 

Rectangular 

Edge-stiffening improved axial strength by up to 14% 

[39] Chen et al. Experimental + 
FEA 

Axial 
Compression 

Lipped Channel Edge-
stiffened 

Rectangular 

Edge-stiffening improved axial capacity by 21%, more 
uniform deformation 

[40] Osgouei et al. Analytical + 

FEA 

Axial 

Compression 

Lipped Channel Edge-

stiffened 

Circular 

Analytical model with <5% error; polynomial deflection 

functions accurate 

[8] Chen et al. FEA + 

Regression 

Axial 

Compression 

Lipped Channel Edge-

stiffened 

Rectangular 

Proposed DSM modifications, captured sensitivity to 

slenderness and hole size 

[41] Shaker et al. FEA Axial 

Compression 

Lipped Channel Edge-

stiffened 

Rectangular 

Design codes underestimate strength by up to 66% 

[13] He et al. Experimental Axial 

Compression 

Lipped Channel Slotted 

(Edge-

stiffened) 

Observed buckling interaction modes not captured by existing 

codes 

[42] Chen et al. Experimental + 

FEA 

Axial 

Compression 

Lipped Channel Slotted 

(Edge-
stiffened) 

Complex buckling interaction, recommended design 

considerations 

[45] Chi et al. Experimental Axial 

Compression 

Back-to-Back 

Channels 

Multiple 

Edge-

stiffened 

Circular 

19.2% strength gain, conventional equations inadequate 

[9] Chen et al. Experimental + 

Finite Element 

Analysis (27 

tests + 135 FE 

simulations) 

Axial 

compression 

Back-to-back 

cold-formed steel 

channels 

Edge-

stiffened, 

unstiffened, 

plain 

Edge-stiffened holes increased axial strength by 6.6%, 

unstiffened reduced by 12.4%. Composite action enhanced 

capacity in longer columns. Validated FE model used for 

parametric study. 

[43] Chen et al. Experimental + 

Finite Element 

Analysis (14 

tests) 

Four-point 

bending 

Back-to-back 

cold-formed steel 

channels 

Edge-

stiffened, 

unstiffened 

Edge-stiffened holes increased flexural strength by 15.4%, 

unstiffened reduced by 15.1%. Distortional buckling 

dominated. Design codes conservative by 23–49%. 
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Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[44] Dai et al. Machine 

Learning 

(XGBoost 

model with 

1620 FE data 
points) 

Moment 

capacity 

prediction 

Cold-formed steel 

channel beams 

Edge-

stiffened, 

unstiffened 

XGBoost model achieved R² ~99%, outperforming Moen & 

Schafer and Yu’s equations. New design equations showed 

8.78% error, reliability indices >2.5. 

[45] Chi et al. Experimental + 

Finite Element 

Analysis (29 

tests + 44 

simulations) 

Axial 

compression 

Back-to-back 

cold-formed steel 

channels 

Edge-

stiffened 

19.2% axial capacity increase with stiffened holes. AISI and 

AS/NZS conservative by 9% for plain channels. Moen & 

Schafer’s equations overly conservative by 47%. 

[50] Bertocci et al. Experimental 

and FEA 

Combined 

Axial and 

Bending 

Mono-symmetric 

perforated profiles 

Perforated Identified discrepancies with EN 15512, especially under 

weak axis bending and seismic loading; developed 3D 

strength domains. 

[51] Bonada et al. Experimental 

and FEA 

Axial and 

Eccentric 

Bending 

Perforated 

Uprights 

Perforated Distortional buckling critical due to axial eccentricity; 

validated FE models highlight role of residual stresses and 

strength enhancement. 

[52] Orlando et al. Experimental Combined 

Axial and 

Bending 

Slender open-

section columns 

Perforated Current codes underestimate strength under high eccentricity. 

[53] Pastor et al. Experimental 
and FEA 

Bi-axial 
Bending and 

Compression 

Uprights Perforated Observed up to 53% capacity reduction under combined 
eccentricities; EN 15512 overly conservative in some cases. 

[55] Dai et al. Experimental 

and FEA 

Axial 

Compression 

Rack Upright 

Frames 

Perforated Global and distortional-global buckling dominant; proposed 

improved DSM for distortional buckling in upright frames. 

[57] Wang et al. Experimental 

and numerical 

Axial 

compression 

CFS channels 

with edge and 

web stiffeners 

Web holes Σ-type web stiffeners increased axial strength by ~30–50%. 

Web holes reduced strength by ~6% for channels and ~25% 

for Σ-sections. DSM applicable to these profiles. 

[58] Wang et al. Parametric 

FEA 

Axial 

compression 

Perforated lipped 

channels 

Rectangular 

holes (varied 

height, 

width) 

Hole height was most influential on axial capacity; width, 

shape, and spacing affected buckling modes. Modified DSM 

validated. 

[59] Wang et al. Experimental 

and FEA 

Axial and 

eccentric 

compression 

Built-up I-

sections with web 

and edge 

stiffeners 

Rectangular 

web holes 

Web stiffeners improved strength, particularly in short and 

medium columns. Composite action slightly reduced. DSM 

aligned with test data. 
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Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[60] Xiang et al. Experimental 

and ABAQUS 

FEA 

Axial 

compression 

G-section 

channels with 

complex stiffeners 

Circular 

holes 

Larger holes reduced strength; hole location influenced 

deformation. Recommended spacing of 3–6 times the hole 

diameter to prevent web instability. 

[24] Moen and 

Schafer 

Experimental + 

FE 

Axial 

Compression 

CFS columns Slotted web 

holes 

Ultimate strength slightly affected; post-peak ductility 

influenced; interaction between local and distortional buckling 

observed; friction-bearing ends viable. 

[54] Smith and 
Moen 

Analytical + 
FE Validation 

Buckling 
Analysis 

Perforated pallet 
rack columns 

Various 
perforations 

Finite strip solutions validated against 1200+ FE models; 
provided basis for DSM extension to perforated sections. 

[56] Taranu et al. Experimental + 

FE 

Axial 

Compression 

CFS uprights with 

stiffeners 

Perforated 

webs 

Failure modes shifted with length; DSM accurate within 2–

7% for full net section; EWM conservative for stiffened 

sections. 

[32] Singh and 

Singh 

Experimental Axial 

Compression 

CFS Stub 

Columns 

Circular 

Perforations 

Perforation ratios up to 0.1 had negligible effect; strength 

reduced up to 44% at 0.9 ratio; conservative but scattered 

code predictions. 

[61] Feng et al. Finite Element 

Study 

Axial 

Compression 

Aluminium Alloy 

CHSs 

Circular 

Holes 

300 validated models; existing CFS design rules unsuitable; 

new equations based on effective area method proposed and 

validated. 

[62] Fang et al. Experimental + 

FE Modelling 

Axial 

Compression 

Aluminium BTB 

Channels 

Web Holes Thickness influenced strength, modified slenderness had 

limited impact; AISI/AS-NZS conservative by ~10%; strength 

reduction factor equations proposed. 

[63] Fang et al. Experimental + 

FE Modelling 

Axial 

Compression 

Intermediate and 

Slender BTB 

Channels 

Centred Web 

Holes 

Distortional buckling dominant; strength reduced by 15–20% 

with increased hole size; screw spacing influenced failure 

mode; refined reduction factors proposed. 

[64] Abdel-Rahman 
& 

Sivakumaran 

FE Modelling Axial + 
Bending 

CFS with 
Perforations 

Various Developed effective width equations for strength prediction 
considering hole geometry 

[65] Davis & Yu Experimental Axial + 

Bending 

CFS with 

Square/Circular 

Holes 

Square, 

Circular 

Square holes reduce capacity more than circular ones; post-

buckling comparable 

[66] Grey & Moen Analytical Elastic 

Buckling 

Edge-Stiffened 

CFS 

Edge-

Stiffened 

Proposed simplified methods for global buckling prediction 

using adjusted properties 

[28] Moen & 

Schafer 

Nonlinear FE Axial + 

Bending 

CFS Columns 

with Holes 

Slotted, 

Round 

DSM extended to include holes; net-section limits and elastic 

properties suffice 

[54] Smith & Moen Finite Strip 

Analysis 

Compression Thin-Walled 

Perforated CFS 

Central 

Perforation 

Introduced reduced-thickness FSA to simulate stiffness loss 

from holes 

[67] Yao & 

Rasmussen 

Comparative 

Study 

Compression Stiffened C-

Sections & Racks 

Circular Regression DSM approach including DG interaction gave 

strong accuracy 
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Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[68] Yu & Davis Experimental Compression Perforated Thin-

Walled 

Slotted Current standards underperform for perforated thin-walled 

members 

[69] Moen Thesis Compression CFS with Large 

Holes 

Closely 

Spaced 

Large holes initiate mixed buckling; detailed nonlinear 

behavior 

[70] Moen & 

Schafer 

FE Study Compression Perforated CFS 

Columns 

Mixed-Mode Studied interaction of local, distortional, global modes with 

holes 

[71] Yao & 

Rasmussen 

FE Validation Compression Various CFS 

Sections 

Various Mode interactions (LD, DG, LDG) critically affect strength 

[72] Schafer & 
Peköz 

Numerical Compression General CFS 
Sections 

NA Elastic buckling tools (CUFSM, ABAQUS) support 
streamlined DSM use 

[73] Ren et al. Experimental + 

Numerical 

(FE) 

Combined 

axial + 

bending 

Lipped channel Circular web 

openings 

DSM overestimated capacity; proposed modified DSM curve; 

distortional-global buckling dominant 

[43] Chen et al. Experimental + 

FE 

Four-point 

bending 

Back-to-back 

channels 

Edge-

stiffened and 

unstiffened 

web holes 

Edge-stiffened holes increased strength by 15.4%; un-

stiffened reduced it by 15.1%; distortional buckling dominant 

[44] Dai et al. Machine 

Learning 

(XGBoost) + 

FE 

Moment 

capacity 

prediction 

Back-to-back 

channels 

Stiffened and 

unstiffened 

High predictive accuracy (R² ≈ 0.99); proposed new design 

equations; reliability index > 2.5 

[74] Davies et al. Analytical 

(Modified 

GBT) 

Axial + 

biaxial 

bending 

Singly symmetric 

sections 

Web 

perforations 

Incorporated buckling interactions (L, D, G); conservative 

strength predictions 

[49] Casafont et al. Experimental + 
Numerical 

Combined 
loading 

Perforated rack 
columns 

Web 
openings 

Neglecting distortional-global interaction overestimates 
strength by up to 20% 

[75] Pham Finite Element 

Modelling 

Compression 

+ bending 

CFS channel Web holes Mid-length holes reduce global buckling capacity; hole size 

and position critical 

[76], [77] Shan, 

LaBoube & 

Yu 

Experimental Bending, 

shear, 

combined 

CFS with web 

openings 

Web 

openings 

AISI interaction equations adequate with adjusted nominal 

strengths for openings 

[78] Keerthan and 

Mahendran 

Experimental Shear LiteSteel Beams 

(LSBs) 

Web 

openings 

AS/NZS 4600 and AISI provisions conservative; modified 

reduction factors proposed for LSBs. 

[79] Keerthan and 

Mahendran 

FE + 

Parametric 

Study 

Shear LSBs Web 

openings 

Developed and validated FE models; introduced equivalent 

reduced web thickness for design. 
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Ref. No. Authors Method Loading 

Type 

Section Type Hole Type Key Findings 

[80] Keerthan and 

Mahendran 

Experimental Shear Lipped Channel 

Beams (LCBs) 

Web 

openings 

Conservatism varies with hole size; combined shear and 

flange distortion failure; modified reduction factors. 

[81] Keerthan and 

Mahendran 

FE + 

Parametric 

Study 

Shear LCBs Circular web 

openings 

Accurate predictions of capacity; improved shear design 

equations proposed. 

[76], [77] Shan et al. Experimental Shear + 

Bending 

C-sections Web 

openings 

AISI interaction equations adaptable with adjusted nominal 

capacities. 

[82], [83] Uzzaman et al. Experimental + 
FE + 

Parametric 

Web 
Crippling 

(ETF, ITF) 

Channel sections Circular web 
holes 

Reduction factors proposed and validated; conservative 
predictions. 

[84] Chen et al. Experimental + 

FE + 

Parametric 

Web 

Crippling 

(ETF, ITF) 

Channel sections 

with fastened 

flanges 

Web holes Fastening increased web crippling capacity by ~71% (ETF) 

and ~33% (ITF); validated Uzzaman et al.’s reduction factors. 

[1] Höglund & 

Burstrand 

Conceptual / 

System 

Development 

Thermal Slitted Studs Slits Slits increase heat flow path; improved thermal resistance; 

enabled light steel framing; affects sound, fire, vibration, 

construction 

[4] LaBoube Experimental 

(Hot-box tests) 

Thermal Slit-Web Stud 

Walls 

Slits ~17% increase in R-value; up to 28% improvement with angle 

tracks or insulation 

[3] Andreassen & 

Jönsson 

Experimental Compression Load-bearing 

Slitted Studs 

Slits Web stiffeners had minimal effect; failure dominated by 

global–distortional interaction; complex buckling 

[85] Kesti Numerical + 

Experimental 

Compression Perforated Wall 

Studs 

Holes Perforations reduced flexural stiffness and distortional 

strength; Eurocode 3 inaccurate; alternative methods more 

accurate 

[86] Degtyarev & 

Degtyareva 

Numerical 

(validated) 

Shear Slitted Channels Slits Boundary conditions had minimal effect on solid webs (1–4% 

change), but a substantial effect on slitted webs, reducing 
shear buckling loads by 52% and ultimate shear strength by 

39%, and realistic boundary conditions are therefore required. 

[87] Degtyarev & 

Degtyareva 

Experimental Shear Slitted Channels Slits Slitted webs resulted in 50–71% strength reduction, exhibited 

ductile behaviour, flange reinforcement increased strength by 

up to 31%, and shear design equations incorporating tension 

field action were proposed. 

[88] Degtyareva et 

al. 

Numerical + 

Parametric 

Study 

Bending 

(Local 

Buckling) 

CFS Beams with 

Staggered Slits 

Slits Staggered slitted perforations resulted in up to 11% reduction 

in bending capacity, and modified DSM equations improved 

prediction accuracy. 

[89] Degtyareva et 

al. 

Numerical + 

Parametric 

Study 

Bending 

(Distortional 

Buckling) 

Slitted Beams Slits Up to 23% reduction in bending capacity, DSM 

(AISI/AS/NZS) provisions were inadequate, and new DSM 

rules with modified slenderness improved reliability. 
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Type 

Section Type Hole Type Key Findings 

[90] Degtyareva et 

al. 

Numerical + 

Parametric 

Study 

Combined 

Bending & 

Shear 

Slitted Channels Staggered 

Slits 

Combined bending and shear caused significant reduction in 

capacity, interaction equations were proposed, and axial or 

eccentric effects were not considered. 

[91] Gatheeshgar et 

al. 

Numerical + 

Experimental 

Web 

Crippling 

(IOF) 

Slitted Channels Staggered 

Slits 

Up to 49% reduction in web crippling capacity, a reduction 

factor-based equation was proposed, and good agreement with 

numerical results was observed. 

[92] Gatheeshgar et 
al. 

Experimental Web 
Crippling 

(EOF) 

Slitted & Solid 
Channels 

Staggered 
Slits 

Up to 74% reduction in web crippling capacity, existing code 
provisions were inaccurate, and the new design equation 

improved prediction consistency. 

[93] Degtyareva et 

al. 

Experimental Web 

Crippling 

Slitted Channels Staggered 

Slits 

Existing design codes often underestimated or overestimated 

capacity, and modified equations incorporating slot effects 

achieved high accuracy. 

 

 

Table 2-2: Summary of Previous Studies on the Thermal Behaviour of Perforated Cold-Formed Steel Members 

Ref. No. Authors Method Type of Study Section Type Hole Type Key Findings 

[2] Liu et al. Experimental + 

Numerical (3D FE) 

Fire (ISO-834) Slitted stud walls Slits Stud height, slot rows, 

gypsum layers reduce 

heat transfer. 

[94] Lipták-Váradi Numerical (ANSYS + 

HEAT3) 

Thermal conduction Slitted steel girders Slits Equivalent thermal 

conductivity was 

introduced, slit 

geometry affected 

heat flow, and 

equivalent solid 

models matched the 

performance of slitted 

sections. 

[95] Martins et al. Parametric study Thermal bridge 
mitigation 

Lightweight steel-
framed walls 

Not specific Geometric and 
material 

modifications reduced 

the U-value, advanced 

insulation produced 

further reductions, 
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Ref. No. Authors Method Type of Study Section Type Hole Type Key Findings 

and design rules were 

proposed. 

[96] Li et al. Experimental + 3D 

FE 

Thermal insulation 

wall panels (LAEWP) 

Steel studs in panels Web openings Changing insulation 

reduced the U-value 

by 13.2%, combining 

web openings with 

material changes 
reduced the U-value 

by 23.7%, and 

moisture effects were 

noted. 

[97] Alekperov & 

Aksenov 

Numerical 

(COMSOL) + 

Experimental 

Thermal conduction Slitted CFS studs Modified slit shapes Modified slit shapes 

reduced heat 

conduction by 9–

19%, triangular slits 

performed best, and 

slot interruption 

preserved shear 

resistance near 
supports. 
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Chapter 3 Axial capacity of cold-formed steel channel sections with slits  

3.1 Introduction 

As mentioned, the literature reports limited experimental tests on the axial capacity of CFS 

studs with slits (refer to Fig. 3-1). In 2016, an experimental study was conducted by Andreasson 

and Jönsson [3] (refer to Fig. 3-1a). However, equivalent tests on CFS studs with solid webs 

were not conducted, and no design recommendations were provided. Furthermore, no 

comparison with non-linear elasto-plastic finite element models was presented. In 2006, Laboube 

[4] reported an experimental study (refer to Fig. 3-1b). While the sections included slits, web 

opening was also included for services. Laboube reported that, in terms of thermal performance, 

slit-web studs performed 17% better than solid-web studs, achieving an overall R-value of 10.4 

[4]. Furthermore, slit-web studs outperformed solid-web studs in bending and axial capacity, 

with increases of 50% and 45%, respectively. Part of this improvement was attributed to the 

higher yield and ultimate strengths of the slit-web studs, which were 27% and 30% greater, 

respectively [4].  Finally, in 2000, Kesti [85] reported an experimental study (refer to Fig. 1c). 

Again, while the sections included slits, they also included an intermediate stiffener in the web. 

The experimental test results reported by Andreasson and Jönsson [3] are thus the most relevant 

for the study reported in this chapter. It should also be noted that none of the studies reported a 

direct comparison of axial capacities between a solid stud and a stud with slits of the same 

specification.      

In terms of shear, more recent numerical work has been reported in the literature. Using 

non-linear elasto-plastic finite element analysis, Degtyareva et al. [86], [87], [88], [89], [90] 

(refer to Fig. 3-1d) investigated the reduced shear capacity of CFS beams with slits. They 

reported a 71% reduction in shear strength due to the inclusion of slits. Additionally, the local 

buckling flexural capacity is decreased by up to 67% [88], the distortional buckling capacity by 

up to 23% [90], and the capacity for combined shear and bending by up to 11% [89].  It should 
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be noted that while other loading conditions, such as web crippling, were also considered by the 

same authors [91], [92], [93], no work has been reported on compression. 

Other studies in literature have focused solely on the thermal performance of perforated 

studs [2][94], [95], [96], [97]. These studies demonstrated a correlation between the perforation 

geometry and the heat flow through the element [94]. Additionally, the presence of slits in the 

web increases the heat path length within the steel elements, resulting in reduced thermal 

bridging compared to studs with standard solid geometry [96]. 

Recent research on perforated sections has addressed multiple aspects, such as developing 

simplified design formulations for edge-stiffened circular openings [8], [9], evaluating 

differences between unstiffened and edge-stiffened elongated holes [10], examining the impact 

of perforation width [11], investigating the response of slotted sections under pinned–pinned 

boundary conditions [12], analysing local–distortional interactive effects [13], and assessing the 

structural behavior of perforated high-strength steel channel sections [14]. 

The average reduction in axial capacity due to circular holes was reported as 19% [8] and 

14% [9], while for elongated holes, it was 18% [10]. Zhao et al. [11] found a reduction of 11.7% 

when the hole width-to-web width ratio increased from 0 to 0.4, and 31.5% for an increase from 

0.4 to 0.8. Under pinned-pinned boundary conditions, axial capacity was reduced by an average 

of 2.4% for specimens primarily failing due to distortional buckling, and by 6.4% for those 

failing due to local buckling [12]. Ziqi et al. [13] observed a 2.74% reduction due to the 

introduction of slots. Zhang et al. [14] reported significant reductions in axial capacity for web-

stiffened high-strength steel members: 28.9%, 17.5%, 23.1%, and 11.5% for member lengths of 

300, 900, 1500, and 2000 mm, respectively, compared to smaller reductions of 6.8%, 3.7%, 

2.8%, and 1.1% for non-perforated members of the same lengths. However, these studies 

primarily addressed slots rather than slits. 

In this chapter, the axial capacity of CFS studs with slits was studied. Firstly, Finite 
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Element (FE) models were developed and validated against those of Andreasson and Jönsson 

[3]. Using the validated FE models, a parametric study was conducted, considering the effects 

of section depth (D), flange width (Bf), thickness (t), slit length (Lsl), slit width (Wsl), and length 

(L) of the studs (refer to Fig.3- 2). Finally, design recommendations in the form of strength 

reduction factors were proposed, and based on these, modified design DSM equations are 

presented. 

    

(a)  Andreasson et al. [3] (b) LaBoube [4] (c) Kesti et al. [7] (d) Degtyarev et al. [8] 

                Fig.3- 1 Summary of experimental tests reported in literature on sections with slits 
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Fig.3- 2 Parameters used to describe cold-formed steel channels with slits 

 

3.2. Summary of test results by Andreassen and Jönsson [3] 

As mentioned in the introduction, the only experimental tests reported in the literature 

considering the compressive strength of unstiffened CFS studs with slits are those by Andreassen 

and Jönsson [3]. Fig. 3-3 (a) shows a photograph of the experimental tests as well as details of 

the dimensions of the sections (refer Fig. 3-3 (b) and Fig. 3-3 (c)) used in the tests. The tested 

studs had heights of 500 mm and 1000 mm, having a thickness of either 0.7 mm or 1.0 mm.  

As can be seen from Fig. 3-3 (a), track sections, denoted as U-sections, were securely 

fastened to a support block at both the top and bottom of the specimen, employing two bolts in 

each U-section. These prevented any dislodging of the assembly from the experimental setup. 

The decision to employ a fixed support condition was driven by the typical scenario where an 

external wall connects the lower and upper floor levels. 
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(a) Experimental Set up 

 

(b) SEC A-A 

(c)  
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(c) Distance between slits 

Fig.3- 3 Experimental test setup and dimensions of test specimens after Andreassen and 

Jönsson [3]- outer to outer dimensions (in mm) have been used 

 

3.3 Description of the finite element modelling 

3.3.1 General 

An elastic-plastic model was used for modeling the channel sections with slits and without 

slits. ABAQUS [98] was used to analyse channel sections with slits and without slits. The FE 

modeling accounted for the geometric imperfections initially present in the CFS channel 

sections. The modeling techniques used in this study are elaborated upon in the following 

sections.  

3.3.2 Material properties 

The material properties with a yield strength and Young's modulus of 360.8 MPa and 192 

GPa, respectively, was used in the validation for the FEA models as per Andreassen and Jönsson 

[3]. For the parametric study a higher yield strength of 500 MPa was used. By adopting the 

material models that Gardner and Yun [99] and Rossi et al. [100] had proposed, the CFS sections' 

stress-strain behaviour was evaluated. The following equations were used to convert the 

engineering stress-strain curve into a true stress-strain curve: 

𝜎𝑡𝑟𝑢𝑒 =   𝜎 (1 + 𝜀)                                                                                                                          (1) 

𝜀𝑡𝑟𝑢𝑒 =   𝑙𝑛 (1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒

𝐸
                                                                                                             (2) 

Wherein E represents the modulus of elasticity, σ denotes the engineering stress, ε signifies 

the engineering strain,  σtrue indicates the true stress and εtrue refers to the true strain. 



 

 
58 

3.3.3 Meshing 

The mesh for the CFS channel sections was created through S4R shell elements, each 

having six degrees of freedom per node. A mesh size of 1 mm × 1mm (refer to Fig. 3-4) has been 

selected as the channel sections have multiple slits and finer mesh size was required to truly 

capture the behaviour of the channel section with multiple slits.  

                                

                                              Fig.3- 4 Details of the FE meshing 

3.3.4 Boundary and loading conditions 

Two reference points (RP-1, RP-2) were placed at the ends of the channel sections on 

centre of gravity of the column cross-section of both plain sections and sections with slits. Rigid 

body tie constraints have been used to simulate experimental boundary conditions. 

One reference point (RP-1) was restrained against all translational movement, except in 

the z-direction. The axial compression load was applied using this reference point in the z-

direction. The other reference point (RP-2) was restrained against all translational movements. 

Additionally, both reference points restrained against rotation in major axis (y) and torsion (z), 

respectively. However, the reference points were permitted to rotate about the minor axis. Fig. 

3-5 shows the channel section with slits’s boundary conditions.  

1mm x 1 mm 

mesh size 
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Fig.3- 5 Boundary and loading conditions applied in FE models 

3.3.5 Geometrical imperfections 

CFS sections often exhibit geometric imperfections due to fabrication and transportation 

processes, and these imperfections were incorporated into the FE models. To determine the 

shapes of imperfection, eigenvalue analyses were performed. Lowest eigenmodes 

corresponding to the local, distortional, and global buckling modes were considered. The 

combined effects of local, distortional, and global geometric imperfections were accounted for. 

The magnitudes of these imperfections followed the guidelines specified in AS/NZS-4600 

[101].  

3.3.6 Sensitivity Analysis 

A detailed mesh sensitivity analysis was performed to assess the influence of mesh density on 

the numerical predictions. The predicted compressive strength of a representative CFS member, 
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specifically the cross-section from test series 8 with a length of 500 mm and thickness of 0.7 mm 

adopted from Andreassen and Jönsson [3], was determined using different mesh sizes, and the 

corresponding results are summarised in Table 1. The results indicate that mesh refinement 

beyond an element size of 1 × 1 mm² produced only a negligible change in the predicted 

compressive capacity. Accordingly, an element size of 1 × 1 mm² was selected for modelling the 

slitted CFS sections in this study. 

Table 3- 1 Mesh sensitivity analysis for the CFS member from test series 8 (L = 500 mm, t = 

0.7 mm) adopted from Andreassen and Jönsson [3] 

Element 

Size 
PFEA 

mm2 kN 

0.5 X 0.5 31.27 

1 X 1 31.29 

2.5 x 2.5 31.88 

5 x 5 32.29 

 

3.4  Validation of finite element models 

Regarding ultimate loads and failure modes (refer to Fig. 3-6), the FE analysis results 

demonstrated close agreement with the experimental findings of Andreasson and Jönsson [3]. 

Table 3-2 presents a comparison between the test results (PTest) of test series 1,3,4,5,7 and 

numerical results (PFEA) for C145 × 45 × 15 channel sections. Photographs of the experimental 

failure modes for the entire sections in test series 1 and 3 were unavailable. However, the failure 

modes for all specimens in test series 3 and for 4 out of 5 specimens in test series 1 were reported 

as distortional buckling, similar to the failure mode observed in test series 4.  The mean value of 

the PTest/PFEA ratio is 0.92, with a corresponding coefficient of variation (COV) of 0.05. 

Fig. 3-6 illustrates the failure mode observed in both experiments and FEA. The observed 

failure mode primarily entails distortional buckling of the flanges coupled with global buckling, 
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with a few instances of local buckling. Specifically, the sections showed distortional buckling, 

accompanied by the closure of the lipped section. It's important to note that Andreasson and 

Jönsson did not report load-deflection results. It should also be noted that the experimental study 

reported average peak loads for grouped specimens rather than individual test results. 

Consequently, validation of the finite element (FE) models is limited to comparisons of average 

ultimate load and reported failure modes. 

 

Fig.3- 6 Comparison of failure modes obtained from the test after Andreassen and Jönsson [3] 

 

The standard deviation values for the experimental results [3] range from 0.5 kN to 2.0 kN. When 

expressed as coefficients of variation (COV), the values range approximately from 2.1% to 

12.0%. The lowest COV occurs in test series 4, while the highest value is observed in test series 

1. For the remaining test series, the COV values lie between approximately 3.8% and 6.4%. Each 

test series consisted of five specimens, and therefore the statistical measures reported for each 

configuration are based on a sample size of five tests. As shown in Table 3-1, the overestimation 

is more pronounced for thinner (0.7 mm) sections. Given that only average peak forces were 

available, the variability within each test group could not be explicitly assessed. Furthermore, 
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the absence of full force–displacement curves limits the ability to evaluate the accuracy of the 

predicted elastic stiffness and post-buckling response. 

Table 3- 2 Comparisons of ultimate load between numerical and experimental investigations 

C145 × 45 × 15 after Andreassen and Jönsson [3] 

Test Series Length Thickness Test PFEA PTest/PFEA 

   kN kN  

1 1000 0.7 11.7 13.2 0.88 

3 1000 1 23.5 24.10 0.98 

4 1000 1 23.4 25.4 0.92 

5 500 0.7 14.1 16.2 0.87 

7 500 1 29.9 31.29 0.96 

    Mean 0.92 

    COV 0.05 

 

3.5  Parametric study 

3.5.1 General, chosen parameters and labelling of specimens 

The validated Finite Element (FE) model, confirmed by experimental results, was used for 

a thorough parametric analysis. A total of 900 FE models with slits and 60 without were 

employed to study how different factors affect the axial capacity of CFS sections with slits. 

Parameters considered in the study included channel dimensions, slit width, slit length, section 

thickness, yield strength, and stud length. The dimensional parameters varied during the analysis 

included section depth (D), flange width (Bf), thickness (t), slit length (Lsl), slit width (Wsl) and 

length (L), the details of which are given in Table 3-3. 

The material properties for the parametric analyses were yield strength of 500 MPa, 

Young’s modulus of 192 GPa, and a Poisson ratio of 0.3. 

The results of the parametric study are given in Tables (3-5)-(3-7). The ratio of net area 

(An) to gross area (Ag) is provided in Tables (3-5)-(3-7). The description of the specimen 
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labelling used in the parametric study is shown in Fig.3-7. Each web depth featured 10 rows of 

equally spaced slits, spanning the full width of the section. The transverse distance between the 

slits varied with both the web depth and the slit dimensions. However, the transverse distance 

from one edge of the web to the nearest slit was consistently 25 mm across all sections. The 

longitudinal distance between the slits remained constant across all cross sections and was the 

same as used by Andreasson and Jönsson [3] . The details are provided in Fig.3-8 and Table 3-

4. 

 

Table 3- 3  Parametric study details 

fy  D  Bf  Bl  t  Lsl  Wsl  L   
No of 
models 

(MPa) (mm) (mm) (mm) (mm) (mm) (mm) (mm)  

500 145 45 15 

0.6,1,1.2, 

1.6, 2 

  

60, 75,90 3, 4,5,6,7 
500,1000, 

1500,2000 
300 

  200 45 15  

0.6,1,1.2, 

1.6, 2 

  

60, 75,90 3, 4,5,6,7 
500,1000, 

1500,2000 
300 

  250 65 15  

0.6,1,1.2, 

1.6, 2 

  

60, 75,90   3, 4,5,6,7 
500,1000, 

1500,2000 
300 

 
145/200/2

50 
45/65 15 

0.6,1,1.2, 

1.6, 2 

 

0 0 
500,1000, 

1500,2000   
60 

              Total 960 

 

 

 

 

Fig.3- 7 Specimen labelling 
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Fig.3- 8 Details of distance between slits used for parametric analysis 

 

Table 3- 4  Details of distance between slits used for parametric analysis 

 
Specimen H

d 

(in mm) 

V
d 

(in mm) 

 

C145-Bf45-Wsl 3 7.22 23 

C145-Bf45-Wsl 4 6.11 23 
C145-Bf45-Wsl 5 5.00 23 

C145-Bf45-Wsl 6 3.89 23 

C145-Bf45-Wsl 7 2.78 23 

C200-Bf45-Wsl 3 13.33 23 

C200-Bf45-Wsl 4 12.22 23 

C200-Bf45-Wsl 5 11.11 23 

C200-Bf45-Wsl 6 10.00 23 

C200-Bf45-Wsl 7 8.89 23 

C250-Bf45-Wsl 3 18.88 23 

C250-Bf45-Wsl 4 17.77 23 

C250-Bf45-Wsl 5 16.66 23 
C250-Bf45-Wsl 6 15.55 23 

C250-Bf45-Wsl 7 14.44 23 
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Table 3- 5  Results of the Parametric Study for C145 Channel Sections with Plain Webs and Slits 

Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 

 

Wsl 5 

 

Wsl 6 

 

Wsl 7 

 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

L500- PFEA (kN) 

C145-Bf45-T0.6 18.47 18.28 18.14 17.99 17.63 17.34 17.61 17.13 17.01 16.77 16.93 17.44 17.37 17.31 17.18 16.99 

C145-Bf45-T1.0 48.98 42.71 41.84 41.50 40.63 39.97 41.80 40.97 40.16 38.80 37.92 40.83 41.05 39.22 37.85 37.08 

C145-Bf45-T1.2 66.02 57.49 56.28 55.06 54.14 53.77 54.95 53.14 52.99 51.48 52.07 54.43 52.81 52.23 50.77 49.77 

C145-Bf45-T1.6 103.89 87.18 85.63 86.33 82.88 82.31 84.44 81.69 82.65 80.09 80.14 83.91 81.55 82.15 80.18 78.93 

C145-Bf45-T2.0 146.86 118.10 116.83 114.73 112.90 112.13 115.73 113.39 111.53 107.86 108.97 114.71 112.36 112.00 109.08 107.59 

L500-PDSM (kN) 

C145-Bf45-T0.6 
18.66 22.02 21.95 21.94 21.83 21.77 19.84 19.58 19.44 19.09 18.91 18.25 18.03 18.01 17.65 17.35 

C145-Bf45-T1.0 
45.44 45.48 45.02 44.63 44.12 43.59 40.98 40.37 39.81 39.13 38.46 37.84 37.11 36.49 35.57 34.73 

C145-Bf45-T1.2 
62.39 59.33 58.67 58.04 57.31 56.49 53.58 52.76 51.95 51.05 50.10 49.40 48.42 47.52 46.33 45.19 

C145-Bf45-T1.6 
102.48 91.44 90.31 89.12 87.85 86.32 82.91 81.59 80.22 78.78 77.19 76.35 74.79 73.27 71.46 69.64 

C145-Bf45-T2.0 
149.72 126.81 124.99 123.00 120.91 118.25 115.40 113.38 111.24 109.02 106.43 106.33 104.03 101.70 99.04 96.25 

L1000- PFEA (kN) 

C145-Bf45-T0.6 16.10 14.58 14.40 14.35 14.34 14.24 14.34 14.42 14.25 14.32 13.83 14.11 14.27 14.16 14.23 13.60 

C145-Bf45-T1.0 39.29 32.40 33.22 32.49 31.69 30.85 32.14 31.38 30.77 29.62 29.35 31.78 30.95 30.27 29.77 29.06 

C145-Bf45-T1.2 53.11 43.56 42.77 42.06 41.08 40.29 41.72 40.90 40.32 39.92 40.25 41.15 40.30 40.32 40.02 39.85 

C145-Bf45-T1.6 85.44 64.40 63.17 62.16 60.83 59.66 62.22 61.72 61.27 60.17 58.54 62.12 61.34 60.43 59.25 57.41 

C145-Bf45-T2.0 124.14 86.79 84.48 82.61 80.44 78.71 84.08 82.51 81.01 78.88 76.91 82.54 80.97 79.68 77.96 75.56 

L1000- PDSM (kN) 

C145-Bf45-T0.6 15.57 17.27 17.06 16.78 16.42 16.01 16.12 15.94 15.69 15.51 15.24 15.08 14.87 14.59 14.36 14.02 

C145-Bf45-T1.0 37.73 38.43 37.89 37.23 36.51 35.62 35.26 34.76 34.14 33.66 33.01 32.73 32.17 31.51 30.93 30.11 

C145-Bf45-T1.2 51.79 51.64 50.90 50.02 49.08 47.91 47.18 46.48 45.63 44.97 44.08 43.70 42.93 42.02 41.22 40.12 

C145-Bf45-T1.6 85.08 82.68 81.49 80.08 78.67 76.82 75.28 74.12 72.72 71.60 70.12 69.61 68.35 66.88 65.56 63.80 

C145-Bf45-T2.0 124.43 107.19 104.99 102.51 99.99 96.79 97.62 95.50 93.05 90.87 88.13 90.32 88.13 85.64 83.32 80.42 

L1500- PFEA (kN) 

C145-Bf45-T0.6 12.47 10.87 10.77 10.63 10.50 10.30 10.55 10.36 10.25 10.21 9.99 10.42 10.33 10.20 10.10 9.91 

C145-Bf45-T1.0 28.78 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 27.80 

C145-Bf45-T1.2 38.52 27.62 27.23 26.76 26.36 25.56 26.69 26.57 26.11 25.43 24.47 28.42 26.08 25.32 24.81 23.87 
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Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 

 

Wsl 5 

 

Wsl 6 

 

Wsl 7 

 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

An/Ag-

0.89 

An/Ag- 

0.85 

An/Ag- 

0.81 

An/Ag- 

0.77 

An/Ag- 

0.73 

C145-Bf45-T1.6 61.26 41.93 39.91 38.80 37.79 36.54 38.73 37.97 36.89 36.12 34.82 38.35 37.59 36.81 35.45 34.22 

C145-Bf45-T2.0 92.66 57.09 54.99 53.01 50.67 48.79 52.55 51.23 49.28 48.34 46.37 50.73 49.76 48.53 47.32 45.32 

L1500- PDSM (kN) 

C145-Bf45-T0.6 11.51 14.29 14.06 13.83 13.58 13.30 12.92 12.70 12.46 12.27 12.03 11.78 11.54 11.28 11.03 10.73 

C145-Bf45-T1.0 27.80 34.58 34.05 33.51 32.93 32.29 31.23 30.69 30.12 29.63 28.95 28.46 27.88 27.25 26.66 25.95 

C145-Bf45-T1.2 38.24 47.32 46.60 45.87 45.09 44.20 42.75 42.01 41.24 40.55 39.73 38.98 38.18 37.33 36.51 35.55 

C145-Bf45-T1.6 63.24 77.30 76.14 74.96 73.68 72.18 69.96 68.73 67.49 66.30 64.89 63.87 62.56 61.18 59.83 58.25 

C145-Bf45-T2.0 93.40 83.77 81.39 78.93 76.34 73.41 76.11 73.75 71.35 68.94 66.23 69.72 67.37 64.94 62.49 59.81 

L2000- PFEA (kN) 

C145-Bf45-T0.6 9.21 7.48 7.21 7.08 6.92 6.75 7.08 6.95 6.84 6.85 6.49 6.82 6.74 6.61 6.54 6.39 

C145-Bf45-T1.0 20.05 15.03 14.33 13.93 13.51 13.06 13.86 13.54 13.25 12.87 12.39 13.34 13.34 12.82 12.51 12.08 

C145-Bf45-T1.2 26.49 19.70 18.69 17.86 17.25 16.53 17.86 17.14 16.72 16.19 15.58 17.00 16.62 16.21 15.78 15.31 

C145-Bf45-T1.6 45.70 29.61 28.48 27.21 25.77 24.36 27.23 26.05 24.75 23.80 22.74 25.47 24.53 23.72 22.93 22.02 

C145-Bf45-T2.0 64.29 40.69 39.13 37.13 35.24 33.00 37.22 35.88 34.17 32.52 30.59 35.25 33.92 32.56 31.15 29.57 

L2000-PDSM (kN) 

C145-Bf45-T0.6 8.09 13.71 13.50 13.30 13.08 12.83 12.50 12.29 12.10 11.90 11.71 11.47 11.23 11.00 10.75 10.49 

C145-Bf45-T1.0 19.53 33.05 32.55 32.06 31.55 30.95 29.96 29.44 28.97 28.48 28.00 27.35 26.78 26.22 25.61 25.00 

C145-Bf45-T1.2 26.91 45.19 44.52 43.84 43.15 42.32 40.95 40.23 39.59 38.90 38.23 37.37 36.59 35.83 34.99 34.15 

C145-Bf45-T1.6 44.87 73.75 72.67 71.57 70.43 69.01 66.88 65.71 64.65 63.47 62.29 61.09 59.82 58.59 57.21 55.82 

C145-Bf45-T2.0 67.12 58.96 56.86 54.76 52.67 50.38 53.78 51.71 49.76 47.75 45.72 49.38 47.34 45.38 43.34 41.33 
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Table 3- 6  Results of the Parametric Study for C200 Channel Sections with Plain Webs and Slits 

 

Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

L500- PFEA (kN) 

C200-Bf45-T0.6 17.50 16.33 16.45 16.29 16.15 16.12 16.10 16.16 16.24 16.19 16.11 15.93 16.07 15.95 15.69 15.59 

C200-Bf45-T1.0 46.25 41.43 41.06 40.24 39.87 39.53 39.86 39.50 39.02 38.91 38.45 39.16 38.97 38.15 38.04 37.34 

C200-Bf45-T1.2 62.70 54.31 53.88 52.98 52.78 52.05 53.05 52.70 52.11 51.58 50.50 51.73 51.35 50.45 50.15 49.35 

C200-Bf45-T1.6 100.81 82.85 82.60 81.29 80.45 79.38 80.64 80.38 79.39 78.72 76.55 77.37 77.77 76.60 75.74 74.89 

C200-Bf45-T2.0 142.82 114.19 113.17 110.88 109.51 106.96 109.79 109.74 107.86 106.19 104.64 106.76 106.35 104.36 103.92 101.63 

L500- PDSM (kN) 

C200-Bf45-T0.6 
17.92 20.08 19.87 19.66 19.45 19.23 19.13 18.93 18.71 18.50 18.27 18.03 17.82 17.57 17.34 17.07 

C200-Bf45-T1.0 
44.12 43.57 43.01 42.49 41.93 41.38 41.60 41.03 40.47 39.90 39.33 39.46 38.86 38.27 37.66 37.04 

C200-Bf45-T1.2 
60.71 58.06 57.28 56.57 55.79 55.06 55.35 54.57 53.80 53.02 52.24 52.54 51.72 50.93 50.08 49.26 

C200-Bf45-T1.6 
100.06 92.12 90.84 89.70 88.43 87.26 87.64 86.36 85.13 83.86 82.61 83.26 81.93 80.68 79.31 78.02 

C200-Bf45-T2.0 
146.65 132.26 130.40 128.80 126.95 125.29 125.72 123.87 122.12 120.29 118.50 119.50 117.59 115.84 113.88 112.08 

L1000- PFEA (kN) 

C200-Bf45-T0.6 15.23 13.91 13.87 13.85 13.69 13.67 13.82 13.37 14.52 13.33 13.29 13.34 13.85 13.32 13.12 13.09 

C200-Bf45-T1.0 36.79 31.59 31.20 30.98 30.47 30.08 31.11 30.64 30.48 29.85 30.24 30.76 30.24 30.50 30.41 30.08 

C200-Bf45-T1.2 49.67 41.63 40.87 40.35 39.82 40.45 40.08 39.58 40.01 39.93 39.36 40.20 40.00 39.44 39.19 38.53 

C200-Bf45-T1.6 79.09 63.41 62.56 61.59 60.84 60.08 60.68 60.14 59.39 58.92 58.12 59.43 58.88 58.29 57.84 57.22 

C200-Bf45-T2.0 114.36 85.58 84.43 83.03 81.72 80.08 82.37 81.48 80.13 79.21 78.04 80.09 79.33 78.40 77.68 76.48 

L1000- PDSM (kN) 

C200-Bf45-T0.6 15.27 18.41 18.22 18.03 17.84 17.64 17.67 17.45 93.42 17.04 16.85 16.84 16.61 16.43 16.21 16.02 

C200-Bf45-T1.0 37.54 40.53 40.04 39.59 39.08 38.60 38.52 37.95 37.49 36.95 36.46 36.69 36.14 35.64 35.09 34.58 

C200-Bf45-T1.2 51.65 54.31 53.63 52.99 52.31 51.67 51.45 50.71 50.04 49.31 48.63 48.92 48.17 47.49 46.73 46.04 

C200-Bf45-T1.6 85.10 86.77 85.65 84.62 83.52 82.47 81.94 80.74 79.65 78.46 77.36 77.75 76.53 75.42 74.21 73.07 

C200-Bf45-T2.0 124.75 125.05 123.45 121.96 120.37 118.86 117.97 116.25 114.67 112.96 111.36 111.88 110.12 108.52 106.77 105.13 

L1500- PFEA (kN) 

C200-Bf45-T0.6 11.81 10.59 10.57 10.50 10.42 10.37 10.46 11.32 10.23 10.40 10.05 10.28 10.32 10.13 10.47 11.79 

C200-Bf45-T1.0 26.99 22.66 22.54 22.25 21.82 21.40 21.93 21.71 21.41 20.98 20.76 21.12 20.80 20.74 20.57 20.41 

C200-Bf45-T1.2 35.63 29.21 28.66 28.22 27.85 27.38 28.22 27.23 26.94 26.74 26.51 26.74 26.64 26.36 26.25 25.89 



 

 
68 

 

Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

An/Ag-

0.91 

An/Ag- 

0.87 

An/Ag- 

0.84 

An/Ag- 

0.81 

An/Ag- 

0.78 

C200-Bf45-T1.6 55.84 43.68 43.17 42.71 40.27 39.63 40.27 39.79 39.32 38.83 38.21 39.01 38.63 38.17 37.71 37.22 

C200-Bf45-T2.0 79.54 61.03 60.50 56.54 54.18 52.85 54.06 53.21 52.39 51.56 50.67 52.21 51.97 50.77 50.10 49.27 

L1500- PDSM (kN) 

C200-Bf45-T0.6 11.69 16.45 16.26 16.07 15.88 15.68 15.66 15.47 15.27 15.09 14.88 14.97 14.79 14.58 14.39 14.17 

C200-Bf45-T1.0 28.75 37.91 37.46 36.98 36.53 36.05 35.75 35.28 34.78 34.32 33.82 33.91 33.43 32.92 32.43 31.92 

C200-Bf45-T1.2 39.58 51.36 50.74 50.09 49.48 48.83 48.34 47.70 47.02 46.37 45.69 45.77 45.10 44.42 43.74 43.04 

C200-Bf45-T1.6 65.41 83.06 82.06 81.01 80.02 78.98 78.04 77.00 75.90 74.86 73.75 73.78 72.70 71.59 70.50 69.37 

C200-Bf45-T2.0 96.35 120.43 118.99 117.49 116.06 114.56 113.12 111.63 110.05 108.55 106.95 106.92 105.36 103.75 102.20 100.56 

L2000- PFEA (kN) 
C200-Bf45-T0.6 8.87 7.83 7.83 7.72 7.68 7.61 7.60 7.51 8.26 7.43 7.29 7.44 7.38 6.65 7.01 6.90 

C200-Bf45-T1.0 19.27 15.95 15.77 15.63 15.59 15.43 15.86 15.44 15.38 14.51 13.64 15.66 14.13 14.03 13.42 13.33 

C200-Bf45-T1.2 25.27 20.49 20.23 19.91 19.57 19.54 20.98 19.74 18.96 17.74 17.33 19.40 17.53 17.19 16.96 16.79 

C200-Bf45-T1.6 39.18 29.90 29.39 30.96 29.57 28.70 29.93 28.46 27.57 26.11 25.01 27.24 26.21 24.96 24.36 24.04 

C200-Bf45-T2.0 56.63 42.19 41.65 41.15 39.49 38.41 38.95 38.28 37.02 35.56 33.67 36.75 35.54 33.94 32.86 32.12 

L2000- PDSM (kN) 

C200-Bf45-T0.6 8.34 15.08 14.89 14.70 14.51 14.32 14.24 14.05 13.86 13.67 13.48 13.54 13.34 13.15 12.94 12.75 

C200-Bf45-T1.0 20.51 35.84 35.37 34.93 34.48 34.04 33.64 33.18 32.71 32.25 31.79 31.77 31.27 30.81 30.32 29.85 

C200-Bf45-T1.2 28.27 48.90 48.27 47.67 47.05 46.46 45.85 45.22 44.58 43.96 43.33 43.24 42.57 41.94 41.27 40.63 

C200-Bf45-T1.6 46.96 79.69 78.68 77.72 76.71 75.77 74.69 73.67 72.64 71.62 70.60 70.40 69.32 68.29 67.20 66.17 

C200-Bf45-T2.0 69.75 115.96 114.54 113.16 111.72 110.36 108.78 107.31 105.82 104.35 102.88 102.58 101.02 99.54 97.97 96.48 
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Table 3- 7  Results of the Parametric Study for C250 Channel Sections with Plain Webs and Slits 

 

Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

L500- PFEA (kN) 

C250-Bf65-T0.6 19.92 19.82 18.86 18.80 18.70 18.18 18.48 18.55 18.47 18.20 17.85 18.32 18.59 18.52 18.45 17.73 

C250-Bf65-T1.0 50.13 44.28 43.94 43.56 43.22 41.88 43.34 42.90 42.56 42.42 43.63 42.00 41.62 41.44 41.25 42.40 

C250-Bf65-T1.2 71.55 61.85 61.31 60.48 60.44 60.74 60.84 60.42 59.70 59.30 60.27 58.94 58.54 57.77 57.72 58.76 

C250-Bf65-T1.6 120.82 99.50 98.68 97.74 97.29 99.02 96.73 96.59 95.74 95.08 97.36 94.20 94.06 93.24 92.94 94.46 

C250-Bf65-T2.0 176.47 141.22 140.23 138.44 137.42 139.68 135.34 134.39 132.50 131.40 135.93 132.35 131.78 130.04 128.80 132.21 

L500- PDSM (kN) 

C250-Bf65-T0.6 
19.72 20.84 20.60 20.37 20.13 20.05 20.16 19.92 19.68 19.44 19.38 19.46 19.22 18.98 18.74 18.70 

C250-Bf65-T1.0 
48.71 47.74 47.16 46.63 46.05 45.80 45.98 45.40 44.85 44.28 44.06 44.33 43.76 43.20 42.64 42.44 

C250-Bf65-T1.2 
67.15 64.43 63.68 62.95 62.20 61.89 62.04 61.29 60.54 59.79 59.51 59.94 59.20 58.45 57.70 57.41 

C250-Bf65-T1.6 
111.13 103.53 102.33 101.14 99.94 99.43 99.59 98.37 97.16 95.94 95.43 96.13 94.93 93.69 92.49 91.94 

C250-Bf65-T2.0 
163.63 150.18 148.43 146.72 144.97 144.20 144.44 142.67 140.90 139.13 138.34 139.40 137.64 135.85 134.09 133.22 

L1000- PFEA (kN) 

C250-Bf65-T0.6 16.87 16.01 15.45 15.28 15.18 14.96 15.06 14.99 14.93 14.87 14.29 14.96 14.84 14.85 14.80 14.30 

C250-Bf65-T1.0 45.67 40.30 39.89 39.56 39.13 39.10 38.95 38.92 38.41 38.79 39.37 38.34 38.09 37.93 38.55 38.49 

C250-Bf65-T1.2 64.83 55.55 55.08 54.67 54.22 54.81 54.75 54.01 53.64 53.20 53.99 53.21 52.80 52.54 52.41 52.87 

C250-Bf65-T1.6 107.11 87.42 86.49 85.77 84.98 86.50 84.30 83.61 83.13 82.43 84.60 81.92 81.38 80.34 80.56 82.48 

C250-Bf65-T2.0 154.18 121.63 119.98 118.68 117.24 119.47 115.92 114.73 113.59 113.01 115.72 112.30 111.47 110.61 109.91 112.83 

L1000- PDSM (kN) 

C250-Bf65-T0.6 18.03 19.92 19.71 19.50 19.30 19.27 19.13 18.92 18.71 18.49 18.48 18.42 18.21 18.00 17.78 17.79 

C250-Bf65-T1.0 44.52 44.92 44.44 43.94 43.45 43.32 42.99 42.48 41.98 41.46 41.36 41.30 40.78 40.28 39.77 39.67 

C250-Bf65-T1.2 61.35 60.65 59.99 59.32 58.66 58.46 57.99 57.29 56.62 55.92 55.76 55.67 54.97 54.29 53.59 53.42 

C250-Bf65-T1.6 101.48 97.96 96.89 95.80 94.73 94.37 93.57 92.45 91.36 90.23 89.92 89.76 88.64 87.53 86.41 86.09 

C250-Bf65-T2.0 149.37 142.27 140.75 139.18 137.64 137.09 135.85 134.25 132.67 131.06 130.55 130.32 128.71 127.11 125.50 124.98 

L1500- PFEA (kN) 

C250-Bf65-T0.6 15.63 13.74 13.72 13.71 13.56 13.04 13.46 13.48 13.50 13.41 12.81 13.15 13.78 13.22 13.29 12.81 

C250-Bf65-T1.0 39.76 34.84 34.62 34.32 33.65 33.06 33.70 33.33 32.96 32.88 33.28 33.30 32.99 32.46 32.48 32.56 

C250-Bf65-T1.2 54.93 46.18 45.86 45.48 42.11 46.29 44.49 44.32 43.91 43.76 44.38 43.92 43.91 43.28 43.45 43.41 
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Axial capacity results of channel sections from FEA, PFEA/ PDSM (kN) 

Specimen Plain 

web 

(kN) 

Lsl60 Lsl75 Lsl90 

Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 Wsl 3 Wsl 4 Wsl 5 Wsl 6 Wsl 7 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

An/Ag-

0.93 

An/Ag- 

0.90 

An/Ag- 

0.88 

An/Ag- 

0.85 

An/Ag- 

0.83 

C250-Bf65-T1.6 88.12 71.74 71.22 70.28 69.11 70.98 67.84 67.43 66.89 66.36 68.00 66.48 66.16 65.66 64.68 67.19 

C250-Bf65-T2.0 127.11 100.44 95.32 97.64 96.19 97.54 94.97 93.80 92.88 91.57 94.21 90.43 89.62 88.64 88.27 90.72 

L1500- PDSM (kN) 

C250-Bf65-T0.6 15.54 18.14 17.98 17.71 17.50 17.39 17.36 17.14 94.18 16.71 16.61 16.67 16.46 16.24 16.03 15.91 

C250-Bf65-T1.0 38.33 42.59 42.11 41.60 41.13 40.91 40.67 40.16 39.67 39.16 38.96 38.90 38.41 37.90 37.41 37.19 

C250-Bf65-T1.2 52.81 58.00 57.35 56.67 56.02 55.76 55.36 54.69 54.01 53.34 53.08 52.92 52.25 51.56 50.89 50.62 

C250-Bf65-T1.6 87.33 94.55 93.50 92.43 91.39 91.01 90.20 89.11 88.02 86.95 86.57 86.24 85.15 84.05 82.97 82.54 

C250-Bf65-T2.0 128.56 137.98 136.48 134.94 133.46 132.94 131.65 130.09 128.52 126.97 126.43 125.95 124.38 122.79 121.23 120.60 

L2000- PFEA (kN) 
C250-Bf65-T0.6 13.29 11.98 11.86 11.85 11.76 11.57 11.72 12.10 11.61 11.56 11.47 11.58 11.38 11.40 11.32 11.33 

C250-Bf65-T1.0 33.91 28.58 28.34 28.27 28.21 28.12 28.47 28.07 27.78 27.51 27.54 27.29 27.12 27.00 26.80 27.03 

C250-Bf65-T1.2 45.97 38.43 37.14 36.51 36.39 36.89 37.56 36.26 36.12 35.20 33.29 35.29 35.03 34.88 34.65 35.27 

C250-Bf65-T1.6 72.43 56.15 55.55 54.97 54.15 55.72 53.77 53.16 52.78 52.17 53.34 52.44 52.09 51.62 51.32 52.66 

C250-Bf65-T2.0 104.83 78.24 77.03 75.71 74.37 75.98 74.70 73.41 72.47 71.42 73.04 71.77 71.25 70.18 69.23 71.37 

L2000- PDSM (kN) 

C250-Bf65-T0.6 12.61 19.26 19.06 18.87 18.67 18.68 18.52 18.32 18.12 17.91 17.94 17.85 17.64 17.45 17.23 17.27 

C250-Bf65-T1.0 31.10 43.33 42.86 42.42 41.94 41.90 41.36 40.88 40.42 39.94 39.91 39.68 39.18 38.73 38.23 38.20 

C250-Bf65-T1.2 42.85 58.44 57.81 57.20 56.56 56.48 55.73 55.08 54.46 53.80 53.73 53.41 52.73 52.12 51.44 51.37 

C250-Bf65-T1.6 70.94 94.26 93.23 92.25 91.21 91.03 89.82 88.76 87.76 86.69 86.51 86.01 84.92 83.92 82.83 82.64 

C250-Bf65-T2.0 104.64 136.81 135.33 133.91 132.42 132.10 130.38 128.86 127.40 125.86 125.53 124.87 123.29 121.84 120.26 119.91 
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3.6 Results and discussion 

Tables (3-5)-(3-7) show the axial capacity of CFS channel sections with plain webs and 

slits as calculated from the FEA results. The influence of 𝜆𝑐 , D/t, Bf/t, Wsl/t, D/Bf, and Lsl/Wsl on 

the axial capacity of sections are analyzed in the following sub-sections, with insights drawn 

from the results of the parametric study. 

 3.6.1 Influence of column slenderness (𝜆𝑐) on the axial capacity for sections with slits 

The column slenderness (λc) was adjusted between 0.36 and 2.13 to study its effect on the 

axial capacity of CFS channel sections with slits. Failure modes for varying section lengths are 

shown in Figs. 3-9 (a), (b), and (c). It should be noted that, for simplicity, the column slenderness 

of the corresponding plain sections was considered. Figs. 3-9 (a) and (b) illustrate how local 

buckling was the prevalent mode across sections from 500 mm-1500 mm. For sections with a 

length of 2000 mm, both global and local buckling were observed. Figs. 3-10 (a), (b) and (c) 

display the load-displacement curves for these sections. Tables (3-5)–(3-7) show that the axial 

capacity of the CFS channel with slits decreased progressively with increasing slenderness from 

0.36 to 2.13. Specifically, an increase in λc from 0.36 to 0.53 led to a 17.03% average reduction 

in axial capacity. Further increases from 0.72 to 1.06, from 1.08 to 1.60, and from 1.94 to 2.13 

resulted in average reductions of 20.95%, 24.31%, and 31.43% in axial capacity, respectively.  
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(a) 145x45x15 (b) 200x50x15 

 
(c) 250x65x15 

 

Fig.3- 9 Failure modes for varying section lengths of different CFS channel sections 

 

 

 

 

 

 

 

 



 

 
73 

 

(a) 145x45x15 

 

(b) 200x50x15 

 

(c) 250x65x15 

 

Fig.3- 10 Axial capacity- vertical displacement of different CFS channel sections 

 

3.6.2  Influence of D/t on the axial capacity for sections with slits 

The effect of the D/t ratio on the axial capacity of CFS channel sections with slits is detailed 

in Tables (3-5)–(3-7) and results are depicted in Fig. 3-11. FEA (Fig. 3-11) revealed that the 

axial capacity of these sections decreased by an average of 4.93% when the D/t ratio increased 

from 241.67 to 333.33. Conversely, when the D/t ratio further increased from 333.33 to 416.67, 

the axial capacity of the sections with slits saw an average increase of 29.83%. As per Fig. 3-11, 

the average overall capacity reductions for the section with slits, compared to the plain section, 

are 10.52%, 9.37%, and 6.89% for D/t ratios of 241.67, 333.33, and 416.67, respectively. The 

sections with D/t ratios of 241.77, 333.33, and 416.67 had corresponding D/Bf ratios of 3.22, 

4.44, and 3.85, respectively. The variation in axial capacity with the D/t ratio can be attributed 
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to the section depth-to-flange width ratio(D/Bf), as detailed in Section 4.2.4. 

 

 

Fig.3- 11 Effect of D/t on the CFS channel sections with slits' axial capacity 

3.6.3 Effect of Bf/t on the axial capacity (P) for sections with slits 

The effect of the Bf/t on the axial capacity of CFS channel sections with slits is detailed in 

Tables (3-5)–(3-7) and results are shown in Fig. 3-12, according to results obtained from FEA. 

The data (Fig. 3-12) shows a series of increments in axial capacity associated with an increase in 

the Bf/t ratio from 75 to 108.33 across varying levels of column slenderness (λc). Specifically, for 

λc values between 0.36 and 0.48, there was an 8.41% increase in axial capacity. This rise was 

slightly higher, at 9.85%, for λc values between 0.72 and 0.97. A more substantial increase of 

26.41% was observed for λc values between 1.08 and 1.45. The most significant increase, at 

60.18%, occurred when the λc was between 1.44 and 1.93, highlighting a pronounced sensitivity 

of axial capacity to changes in the Bf/t ratio as column slenderness increases. In addition, it can 

be seen that as per Fig. 3-12, the average overall capacity reductions for the section with slits, 

compared to the plain section, are 10.52% and 6.89% for Bf/t ratios of 75 and 108.33, 

respectively. 
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Fig.3- 12 Effect of Bf/t on the axial capacity of CFS channel sections with slits 

  3.6.4  Effect of D/Bf  on the axial capacity (P) for sections with slits 

The effect of the D/Bf ratio on the axial capacity of CFS channel sections with slits is shown 

in Tables (3-5)–(3-7) and depicted in Fig. 3-13. It showed that the axial capacity of these sections 

increased by an average of 26.22% when the D/Bf ratio increased from 3.22 to 3.85. As the flange 

width ratio decreases, the fixity of the web becomes less restrained thus reducing the web 

buckling coefficient. This lower coefficient indicates that the section is more prone to buckling 

at lower loads, explaining the decrease in the local buckling moment [102]. Conversely, when 

the D/Bf ratio further increased from 3.85 to 4.44, the axial capacity of the sections with slits saw 

an average decrease of 22.09%. A more favorable flange-to-web width ratio, achieved by having 

a wider flange, results in the web being more effectively restrained by the flanges. This increased 

restraint enhances the web's resistance to local buckling, leading to higher local buckling 

moments [13]. This trend is consistent with the findings of Degtyareva et al. [88], who observed 

a decrease in buckling moment when the section depth increased from 145 mm to 200 mm, while 

maintaining a flange width of 45 mm. They also reported an increase in buckling moment when 

the section size was further increased from a depth of 200 mm and flange width of 45 mm to a 
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depth of 250 mm and flange width of 65 mm. In terms of overall capacity reduction for the 

section with slits compared to the plain section, the values are 10.52%, 6.89%, and 9.37% for 

D/Bf ratios of 3.22, 3.85, and 4.44, respectively. 

  

     Fig.3- 13 Effect of D/Bf on the axial capacity of CFS channel sections with slits 

3.6.5 Effect of width of slot Wsl/t on the axial capacity (P) for sections with slits 

Tables (3-5)–(3-7) and Figs. 3-14 (a), (b), and (c) collectively depict the effects of the Wsl/t 

ratio on the axial capacity of various CFS channel sections with slits, as derived from FEA 

results. For the C145X45X15 sections (Fig. 3-14 (a)), the axial capacity decreased by 5.15% 

when the Wsl/t ratio was varied from 5 to 11.66, for λc value of 0.48. The decrease in axial 

capacity was further observed as follows: by 2.298% for λc value of 0.97, by 5.25% for λc value 

of 1.46, and significantly by 9.83% for λc value of 1.94. The C200X45X15 sections (Fig. 3-14 

(b)) showed a more gradual decrease, with reductions of 1.23%, 1.71%, 2.12%, and 2.81% for 

λc values of 0.51, 1.02, 1.53, and 2.04, respectively, as the Wsl/t ratio varied from 5 to 11.66. In 

contrast, the C250X65X15 sections (Fig. 3-14 (c)) experienced reductions of 5.43%, 2.96%, 

5.12%, and 1.60% for λc values of 0.36, 0.73, 1.09, and 1.46, respectively, as the Wsl/t ratio varied 

from 5 to 11.66. These results highlight a decreasing trend of axial capacity as the Wsl/t ratio 
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increases across different levels of column slenderness. The overall capacity reduction for the 

section with slits compared to the plain section, as the Wsl/t ratio varied from 5 to 11.66, varied 

depending on the section type. For the C145X45X15 section, the reductions were 3.2%, 10.65%, 

14.89%, and 23.04% for λc values of 0.36, 0.73, 1.09, and 1.46, respectively. For the 

C200X45X15 section, the reductions were 7.05%, 9.38%, 11.17%, and 12.86% for the same λc 

values. Similarly, for the C250X65X15 section, the reductions were 13.46%, 13.30%, 14.25%, 

and 16.53% for the corresponding λc values. 

 

(a) 145x45x15 
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(b) 200x45x15 

 

(c) 250x65x15 

Fig.3- 14 Effect of Wsl/t on the CFS channel sections with slits' axial capacity 

3.6.7  Effect of Lsl/Wsl on the axial capacity (P) for sections with slits 

Tables (3-5)–(3-7) and Figs. 3-15 (a), (b), and (c) collectively show the effects of the Lsl/Wsl 

ratio on the axial capacity of various CFS channel sections with slits, according to FEA results. 

For the C145X45X15 sections (Fig. 3-15 (a)), axial capacity decreased by 4.57% when the Lsl/Wsl 
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ratio increased from 20 to 30 for a λc value of 0.48, by 3.21% for 0.97, by 4.08% for 1.45, and 

significantly by 8.77% for 1.94. The C200X45X15 sections (Fig. 3-15 (b)) experienced decreases 

of 2.42%, 4.11%, 2.89%, and 4.97% for λc values of 0.51, 1.02, 1.53, and 2.04, respectively, as 

the Lsl/Wsl ratio increased from 20 to 30. In contrast, the reductions in the C250X65X15 sections 

(Fig. 3-15 (c)) were 5.15%, 4.86%, 4.43%, and 4.51% for λc values of 0.36, 0.97, 1.08, and 1.44, 

respectively, as the Lsl/Wsl ratio increased from 20 to 30. 

 These results demonstrate a consistent trend of decreasing axial capacity with increasing 

Lsl/Wsl ratios across different column section dimensions. The overall capacity reduction for the 

section with slits compared to the plain section, as the Lsl/Wsl ratio varied from 20 to 30, varied 

depending on the section type. For the C145X45X15 section, the reductions were 3.74%, 

10.89%, 14.89%, and 22.59% for λc values of 0.48, 0.96, 1.45, and 1.94, respectively. In the case 

of the C200X45X15 section, the reductions were 7.91%, 10.11%, 11.56%, and 14.11% for the 

same λc values. Similarly, for the C250X65X15 section, the reductions were 13.79%, 14.19%, 

14.63%, and 17.09% for the corresponding λc values.   

 

(a) 145x45x15 
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(b) 200x45x15 

 

(c) 250x65x15 

Fig.3- 15 Effect of Lsl/Wsl on the CFS channel sections with slits' axial capacity 

3.7 Design rules for axial strength of cold-formed steel sections with slits 

Existing standards do not provide design guidelines for determining the axial strengths of 

studs with slits. However, design guidelines outlined in AISI S100-2016 [103] and AS/NZS 
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4600-2018 [101] for carbon steel columns with centred web holes were used. The Direct Strength 

Method (DSM) was used to determine the design capacities of these CFS sections, aligning with 

specified design guidelines. The design rules for assessing the axial capacity of CFS channels 

with holes are detailed in Sections 3.8.  

3.8 Current design rules 

3.8.1 General 

 The minimum value of the global buckling strength (Pne), local buckling strength (Pnl), 

and distortional buckling strength (Pnd) yields the un-factored design strength (PAISI&AS/NZS) for 

CFS channels without holes [1–10]. 

𝑃𝐴𝐼𝑆𝐼&𝐴𝑆/𝑁𝑍 = min(𝑃𝑛𝑙 , 𝑃𝑛𝑑 , 𝑃𝑛𝑒)                                                                                           (1) 

The design formula for calculating the global buckling (Pne) are given in Equations (2) and (3):    

𝐹𝑜𝑟 𝜆𝑐 <  1.5 ; 𝑃𝑛 = (0.658𝜆𝑐
2
) 𝑓𝑦                                                                                       (2) 

𝐹𝑜𝑟 𝜆𝑐  > 1.5 ; 𝑃𝑛 = (
0.877

𝜆𝑐
2 ) 𝑓𝑦                                                                                              (3) 

 𝜆𝑐 = √
𝑃𝑦

𝑃𝑐𝑟𝑒
                                                                                                                            (4)                                                                      

Equations (4) and (5) provide the design formula for computing the local buckling (Pnl) : 

𝜆𝑙 ≤ 0.776, 𝑃𝑛𝑙 = 𝑃𝑛𝑒                                                                                                             (5) 

 𝜆𝑙 > 0.776, 𝑃𝑛𝑙 = [1 − 0.15(
𝑃𝑐𝑟𝑙

𝑃𝑛𝑒
)0.4] (

𝑃𝑐𝑟𝑙

𝑃𝑛𝑒
)0.4𝑃𝑛𝑒                                                                (6)                                 

  𝜆𝑙 = √
𝑃𝑛𝑒

𝑃𝑐𝑟𝑙
                                                                                                                            (7)                                                                    

Equations (6) and (7) give the design formula for determining the distortional buckling 

 (Pnd):    

 𝜆𝑑 ≤ 0.561, 𝑃𝑛𝑑 = 𝑃𝑦                                                                                                            (8) 

𝜆𝑑 > 0.561, 𝑃𝑛𝑑 = [1 − 0.25（
𝑃𝑐𝑟𝑑

𝑝𝑦
)0.6] (

𝑃𝑐𝑟𝑑

𝑝𝑦
)

0.6

𝑃𝑦                                                           (9)                                   
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 𝜆𝑑 = √
𝑃𝑦

𝑃𝑐𝑟𝑑
                                                                                                                          (10)                                                                    

It should be mentioned that the signature curves produced by finite strip analysis can be used to 

determine Pcrl, Pcrd and Pcre. 

 

Fig.3- 16 Comparison of the FEA findings for CFS channel sections with plain webs with the 

results using DSM equations [Eqs 1-10] 

3.9 Comparison of design strengths with the FEA results 

Fig. 3-16 compares the axial capacity of CFS channel sections with plain webs which was 

predicted from the FE model and DSM equations [Eq 1-10]. The average PFEA/PDSM ratios are 

0.99 and the COV is 0.072 for CFS channels with plain webs, as shown in Table 3-8. 

Consequently, the DSM equations from the AISI [103] and AS/NZS [32] standards provide an 

accurate prediction of the axial capacity of CFS channel sections with plain webs. 

 

Table 3- 8  FEA results compared with predicted capacities using current design equations 

Design guidelines Design equations Type of section Equations Comparison Mean COV 

AS/NZS [101] & 

AISI [103] 

DSM Plain webs Eqs. 1-10 PFEA/ PDSM [32,34] 0.99 0.072 
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3.10 Proposed design equations 

As mentioned previously, no design rules are available in the literature for determining the 

axial capacity of CFS channels with slits. When comparing the numerical simulation results with 

the design strengths calculated using equations from the American Iron and Steel Institute (AISI 

2016) and the Australia/New Zealand Standards (AS/NZS 2018), it was found that for CFS 

channel sections with slits, the Direct Strength Method (DSM) equations overestimated the 

strengths by an average of 24.9% (refer Tables (3-5)–(3-7)). 

The results from the parametric study suggest that the ratios D/t, Bf/t, Wsl/t, D/Bf  and  Lsl/Wsl 

are the main factors influencing the axial capacity of these sections under compression. The 

modified design equations for calculating the axial capacity (Pprop) of CFS channels with slits 

are given in Equations (11)-(16). For CFS channel sections with slits, parametric results indicated 

that columns with λc ranging from 0.36 to 1.60 underwent local buckling, whereas columns with 

a slenderness value exceeding 1.60 exhibited a combination of local and global buckling failure. 

Thus, modified DSM equations [Eqs. 11-16] were introduced to calculate the nominal axial 

capacity (Pprop) of CFS channels with slits, derived from the design strength of CFS channel 

plain sections. 

For CFS channel sections with slits, 

𝑃𝑃𝑟𝑜𝑝 = [0.659 − 0.0002 (
𝐷

𝑡
) + 0.004 (

𝐵𝑓

𝑡
) − 0.0017 (

𝑊𝑠𝑙

𝑡
) + 0.0105 (

𝐷

𝐵𝑓
) +

0.0004 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀                                                     𝑓𝑜𝑟  0.36 <  𝜆𝑐 < 0.53     (11) 

𝑃𝑃𝑟𝑜𝑝 = [0.323 − 0.0012 (
𝐷

𝑡
) + 0.0072 (

𝐵𝑓

𝑡
) + 0.0004 (

𝑊𝑠𝑙

𝑡
) + 0.00866 (

𝐷

𝐵𝑓
) +

0.0002 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀                                                             𝑓𝑜𝑟  0.72 <  𝜆𝑐 < 1.06        (12) 

𝑃𝑃𝑟𝑜𝑝 = [0.187 − 0.00089 (
𝐷

𝑡
) + 0.007249 (

𝐵𝑓

𝑡
) − 0.005 (

𝑊𝑠𝑙

𝑡
) + 0.11 (

𝐷

𝐵𝑓
) −

0.0008 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀            𝑓𝑜𝑟  1.08 <  𝜆𝑐 < 1.56  and  0.6 𝑚𝑚 < 𝑡 < 1.2 𝑚𝑚   (13) 



 

 
84 

𝑃𝑃𝑟𝑜𝑝 = [0.574 − 0.0005 (
𝐷

𝑡
) + 0.0149 (

𝐵𝑓

𝑡
) − 0.069 (

𝑊𝑠𝑙

𝑡
) + 0.001 (

𝐷

𝐵𝑓
) − 0.007 (

𝐿𝑠𝑙

𝑊𝑠𝑙
)] ×

𝑃𝐷𝑆𝑀                                  𝑓𝑜𝑟  1.08 <  𝜆𝑐 < 1.60  and  1.6 𝑚𝑚 < 𝑡 < 2 𝑚𝑚         (14) 

𝑃𝑃𝑟𝑜𝑝 = [0.194 − 0.0004 (
𝐷

𝑡
) + 0.006 (

𝐵𝑓

𝑡
) − 0.017 (

𝑊𝑠𝑙

𝑡
) + 0.11 (

𝐷

𝐵𝑓
) −  0.0027 (

𝐿𝑠𝑙

𝑊𝑠𝑙
)] ×

𝑃𝐷𝑆𝑀                          𝑓𝑜𝑟  1.94 <  𝜆𝑐 < 2.08  and  0.6 𝑚𝑚 < 𝑡 < 1.2 𝑚𝑚       (15) 

𝑃𝑃𝑟𝑜𝑝 = [0.49 − 0.0006 (
𝐷

𝑡
) + 0.013 (

𝐵𝑓

𝑡
) − 0.075 (

𝑊𝑠𝑙

𝑡
) + 0.002 (

𝐷

𝐵𝑓
) −  0.007 (

𝐿𝑠𝑙

𝑊𝑠𝑙
)] ×

𝑃𝐷𝑆𝑀                         𝑓𝑜𝑟  1.94 <  𝜆𝑐 < 2.13  and  1.6 𝑚𝑚 < 𝑡 < 2 𝑚𝑚          (16) 

Fig. 3-17 and Fig. 3-18 compare the FEA results with the predictions made by the proposed 

DSM-based equations for CFS channel sections with slits. Generally, the proposed DSM-based 

design equations correspond well with the FE results in predicting the axial capacity of CFS 

channel sections with slits. Fig. 3-18 shows that the equations are more accurate for slenderness 

values less than 1. The scope of the proposed design equations is restricted to the ranges 0.36 <

 𝜆𝑐 < 0.53  , 0.72 <  𝜆𝑐 < 1.06  , 1.08 <  𝜆𝑐 < 1.60,1.94 <  𝜆𝑐 < 2.13 and 0.6 𝑚𝑚 < 𝑡 <

2 𝑚𝑚.            

  

Fig.3- 17 Comparison of FEA results with predictions from proposed DSM equations for CFS 

channel sections with slits 
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Fig.3- 18 Effect of Slenderness (λc) on the ratio of PFEA/PPROP of CFS section with slits 

 

3.11 Reliability analysis 

In the end, the accuracy of the suggested design equations for CFS channel sections with 

slits was evaluated by a reliability study. The parameters used in the study and their values are 

given in Table 3-10. The AISI specification [103] recommends a minimum target reliability 

index (β) of 2.5 for CFS structural members. Reliability studies showed that the DSM-based 

equations have reliability indices greater than 2.5 and correlation coefficients greater than 0.8 for 

CFS channel sections with slits (refer to Table 3-9). This shows that the axial capacity of CFS 

channel sections with slits can be predicted with accuracy using the suggested equations which 

are reliable. However, the above-mentioned dataset, although statistically reliable within the 

AISI S100 framework, is based on FEA-predicted axial capacities that were previously shown 

to overestimate experimentally measured strengths by approximately 8–12%. Consequently, the 

regression equations derived directly from this dataset inherently reflect the systematic 

overprediction associated with the numerical model. While this does not invalidate the statistical 

reliability assessment under the AISI methodology, it may introduce a slight unconservative bias 
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in the proposed design equations. To address this issue, a separate analysis was done by reducing 

the FEA-predicted axial capacities by 12%, corresponding to the upper bound of the observed 

overestimation. The regression calibration was subsequently repeated using the bias-adjusted 

dataset, and the reliability analysis was re-performed in accordance with the AISI S100 

provisions. Accordingly, a revised set of prediction equations incorporating the model bias factor 

is proposed. 

φ = 1.52MmFm Pme
−β √{Vm

2+ Vf
2+CpVp

2+Vq
2}

    

Table 3- 9  Reliability analysis of proposed DSM based equations 
 

Proposed equations for sections with slits   

Eq. 11 Eq. 12 Eq. 13 Eq. 14 Eq. 15 Eq. 16 

Number of data 225 225 180 120 90 60 

Coefficient of 

variation, Vp 

0.051 0.103 0.08 0.04 0.09 0.04 

Mean, Pm 1.00 1.00 1.00 1.00 1.00 1.00 

Resistance factor, φ 0.85 0.85 0.85 0.85 0.85 0.85 

Correlation 

coefficient, Cc 

0.99 0.97 0.99 0.99 0.98 0.97 

Reliability index, β 2.8 2.6 2.7 2.8 2.6 2.8 

 

Table 3- 10  Revised reliability analysis of proposed DSM based equations incorporating 

reduced FEA values 
 

Proposed equations for sections with slits   

Eq. 17 Eq. 18 Eq. 19 Eq. 20 Eq. 21 Eq. 22 

Number of data 225 225 180 120 90 60 

Coefficient of 

variation, Vp 

0.05 0.104 0.08 0.04 0.10 0.04 

Mean, Pm 1.00 1.00 1.00 1.00 1.00 1.00 

Resistance factor, φ 0.85 0.85 0.85 0.85 0.85 0.85 

Correlation 

coefficient, Cc 

0.99 0.97 0.99 0.99 0.98 0.97 

Reliability index, β 2.8 2.6 2.71 2.8 2.6 2.8 

 

 

 

 

(17) 
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For CFS channel sections with slits, 

𝑃𝑃𝑟𝑜𝑝 = [0.668 − 0.00027 (
𝐷

𝑡
) + 0.00328 (

𝐵𝑓

𝑡
) − 0.00367 (

𝑊𝑠𝑙

𝑡
) + 0.002317 (

𝐷

𝐵𝑓
) −

0.00026 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀                                            𝑓𝑜𝑟  0.36 <  𝜆𝑐 < 0.53     (17) 

𝑃𝑃𝑟𝑜𝑝 = [0.301 − 0.0013 (
𝐷

𝑡
) + 0.0067 (

𝐵𝑓

𝑡
) + 0.0004 (

𝑊𝑠𝑙

𝑡
) + 0.081 (

𝐷

𝐵𝑓
) +

0.0002 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀                                                    𝑓𝑜𝑟  0.72 <  𝜆𝑐 < 1.06       (18) 

𝑃𝑃𝑟𝑜𝑝 = [0.181 − 0.0009 (
𝐷

𝑡
) + 0.0066 (

𝐵𝑓

𝑡
) − 0.005 (

𝑊𝑠𝑙

𝑡
) + 0.104 (

𝐷

𝐵𝑓
) −

0.0008 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀      𝑓𝑜𝑟  1.08 <  𝜆𝑐 < 1.56  and  0.6 𝑚𝑚 < 𝑡 < 1.2 𝑚𝑚     (19) 

𝑃𝑃𝑟𝑜𝑝 = [0.54 − 0.0006 (
𝐷

𝑡
) + 0.0141 (

𝐵𝑓

𝑡
) − 0.071 (

𝑊𝑠𝑙

𝑡
) + 0.002 (

𝐷

𝐵𝑓
) −

0.008 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀        𝑓𝑜𝑟  1.08 <  𝜆𝑐 < 1.60  and  1.6 𝑚𝑚 < 𝑡 < 2 𝑚𝑚           (20) 

𝑃𝑃𝑟𝑜𝑝 = [0.185 − 0.0004 (
𝐷

𝑡
) + 0.006 (

𝐵𝑓

𝑡
) − 0.018 (

𝑊𝑠𝑙

𝑡
) + 0.104 (

𝐷

𝐵𝑓
) −

 0.0027 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀        𝑓𝑜𝑟  1.94 <  𝜆𝑐 < 2.08  and  0.6 𝑚𝑚 < 𝑡 < 1.2 𝑚𝑚        (21) 

𝑃𝑃𝑟𝑜𝑝 = [0.46 − 0.0006 (
𝐷

𝑡
) + 0.013 (

𝐵𝑓

𝑡
) − 0.077 (

𝑊𝑠𝑙

𝑡
) + 0.002 (

𝐷

𝐵𝑓
) −

 0.008 (
𝐿𝑠𝑙

𝑊𝑠𝑙
)] × 𝑃𝐷𝑆𝑀         𝑓𝑜𝑟  1.94 <  𝜆𝑐 < 2.13  and  1.6 𝑚𝑚 < 𝑡 < 2 𝑚𝑚              (22) 

Table 3- 11 Value of parameters used for calculating the reliability index as per AISI    

 

 
Mm 

1.1 

Fm 1.0 

Pm Mean 

Vm 0.1 

Vf 0.05 

Vq 0.21 

Vp 
Coefficient of 

variation 

Cp 1.01 

n 225 

m 224 

C 1.52 

φ 0.85 
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3.12 Conclusion 

This chapter assesses the axial capacity of CFS channel sections with slits using finite 

element (FE) analysis. To begin with, FE models were created and validated against the 

experimental results reported by Andreassen and Jönsson [3], showing a strong correlation in 

terms of ultimate axial capacity and failure behavior. 

 Subsequently, a comprehensive parametric study consisting of 960 FE models was carried 

out to examine the effects of D/t, Bf/t, Wsl/t, D/Bf, and Lsl/Wsl on the axial capacity of such CFS 

channel sections with both plain webs and slits.  

The study's findings lead to the following conclusions: 

(1) From parametric study results, the ratios of D/t, Bf/t, Wsl/t, D/Bf and Lsl/Wsl have an influence 

on the axial capacity of CFS channel sections with slits. 

(2) The numerical simulation results revealed that the Direct Strength Method (DSM) equations 

from AISI 2016 and AS/NZS 2018 overestimated the axial strengths of CFS channel sections 

with slits by an average of 24.9%. 

(3) Design equations incorporating capacity reduction factors were developed for DSM to 

estimate the axial capacity of CFS channel sections with slits. These equations are applicable 

within the ranges of 0.36< λc<0.53, 0.72< λc<1.06, 1.08< λc<1.60 and 1.94< λc <2.13, 241.67< 

D/t <416.67, 75<Bf/t <108.33, 5<Wsl/t <11.66, 3.22< D/Bf <4.44 and 20<Lsl/Wsl<30. 

(4) In conclusion, a reliability analysis was carried out, demonstrating that the proposed modified 

DSM equations are reliable, with β values of 2.5 or higher.  

(5) The design equations are limited to local and global buckling and do not consider distortional 

buckling. 
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Chapter 4 Axial capacity of cold-formed steel channel sections with slits 

subjected to axial compressive load with eccentricity 

 

4.1 Introduction 

Eccentric loads in stud-based wall systems commonly result from ledger framing connections 

[15], [16]. Perimeter studs [4] and moment-resisting frame columns are typically subjected to 

combined axial compression and lateral pressure or bending [17], [18]. Most previous studies 

have focused on shear behaviour rather than axial strength under eccentric loading. Höglund [19] 

[1]proposed an analytical method, based on the Swedish Code, for estimating the shear strength 

of slitted webs. This approach was later validated through experimental studies by others [20], 

[21]. Salmi [22] also identified shear-related failure modes in perforated studs. However, neither 

study quantified axial capacity loss under eccentric loading using numerical or finite element 

methods. 

Experimental studies on axial strength reductions due to web slits are scarce. Notable work 

includes that by Laboube [4], Andreassen and Jönsson [3], and Kesti [85], though all were limited 

to concentric loading. Laboube examined studs with both slits and service openings, while 

Andreassen, Jönsson, and Kesti focused on slit configurations. 

Meanwhile, extensive research has been conducted on the general behaviour of CFS 

members under eccentric loading. Studies by Torabian et al. [104], [105] and Li et al. [106] found 

the AISI S100 (2012) [107] design provisions conservative for beam-columns. Hancock and 

Rasmussen [108] highlighted flexural-torsional buckling as a critical failure mode, and Cheng et 

al. [109] showed how bending moment direction affects compressive strength. Research by Ma 

et al. [110] and Li and Young [111], [112] found current standards conservative, particularly for 

high-strength elements and built-up open sections. Optimization studies have demonstrated that 

tailored cross-sectional shapes can yield significant strength gains [113], [114]. Hasanali et al. 
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[115], [116]also highlighted the conservative nature of the Direct Strength Method (DSM), 

especially under varying slenderness ratios and eccentricities. Öztürk et al. [117] found sigma 

channel profiles to exhibit higher strength, further underscoring the need to refine current design 

assumptions. In summary, despite numerous studies on CFS behaviour under eccentric loading, 

there remains a notable gap in understanding how web slits affect axial capacity in such 

conditions. 

     To address this critical research gap, particularly in slitted perforated sections under eccentric 

loading, a parametric investigation was undertaken. The current work extends the authors' earlier 

study in chapter 3 by addressing the influence of eccentric loading on axial strength. This study 

evaluated staggered slitted perforated sections with varying lengths, thicknesses, and cross-

sectional dimensions subjected to six distinct load eccentricities. The axial load-carrying 

capacities derived from the analyses were evaluated against the DSM-based design provisions 

of AS/NZS 4600. The study subsequently proposes design recommendations through strength 

reduction factors, validated by a reliability analysis within the AISI-S100 framework to ensure 

adherence to established safety standards. 

4.2 Summary of experimental results as reported by Andreassen and Jönsson [3] and 

Torabian et. al. [118]  
    Existing experimental research on the compressive performance of unstiffened cold-formed 

steel (CFS) studs with slits is limited to the work of Andreassen and Jönsson [3](see Fig. 4-1). 

Summary of the details regarding the experimental setup alongside the dimensional 

specifications of the tested sections can be found in chapter 3.  
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Fig. 4- 1. Experimental (Andreassen and Jönsson [3]) vs. FEA failure modes  

     Torabian et al. [118] conducted experimental tests to investigate the structural behaviour of 

CFS-lipped plain channel sections under eccentric compression , including: (i) compression and 

a negative minor-axis bending moment; (ii) compression and a positive minor-axis bending 

moment; (iii) compression and a major-axis bending moment; and (iv) compression and bi-axial 

bending moments. The alignment of the axes is shown in Fig.4-2. In the investigation, proposed 

equations on the compressive strength for each limit state were developed. In the current study, 

12 of the test results from Torabian et al. [118] were used for FE validation.      

  

 

 

 

    

                               

 

 

Fig. 4- 2. Definition of x- and y axis after Torabian et al. [118] 

4.3 Finite element modelling methodology 

4.3.1 General 

     The channel sections, both with and without slits, were modeled using an elasto-plastic 
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material model. The finite element analysis was carried out using ABAQUS [98], with particular 

attention given to capturing the influence of initial geometric imperfections inherent in the CFS 

sections. The modelling approach adopted in this study, including boundary conditions, meshing 

strategies, and imperfection modelling, is described in detail in the subsequent sections. 

4.3.2 Material properties 

     The material properties used for validating the finite element models were adopted from 

Andreassen and Jönsson [3], with a yield strength of 360.8 MPa and a Young’s modulus of 192 

GPa. For the FEA models as per Torabian et al [118], the yield stress, and the ultimate stress of 

the CFS material are equal to 𝐹𝑦 = 365 MPa and 𝐹𝑢 = 560 MPa, respectively. The parametric 

analysis was carried out using a higher yield strength of 500 MPa to evaluate the performance of 

high-strength CFS sections. To accurately capture the stress–strain behaviour of the material, the 

nonlinear constitutive models proposed by Gardner and Yun [99] and Rossi et al. [100] were 

employed. The conversion of the engineering stress–strain curve into the true stress–strain curve 

was carried out using the following equations: 

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀)                                                                                                                       (1) 

𝜀𝑡𝑟𝑢𝑒 =   𝑙𝑛 (1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒

𝐸
                                                                                                             (2) 

     Where E is the modulus of elasticity, σ is the engineering stress, ε is the engineering strain, 

σₜᵣᵤₑ is the true stress, and εₜᵣᵤₑ is the true strain.             

4.3.3 Meshing 

     The cold-formed steel (CFS) channel sections were modelled using S4R shell elements, each 

providing six degrees of freedom at each node. A mesh size of 1 mm × 1 mm was adopted (see 

Fig. 4-3) to accurately represent the complex geometry and stress distribution arising from the 

multiple slits present in the section. For comparison with the experimental results of Torabian et 

al. [118] involving plain CFS sections subjected to eccentric loads, a coarser mesh size of 5 mm 

× 5 mm was employed in the finite element simulations. 
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Fig. 4- 3. Finite element mesh details 

4.3.4 Boundary and loading conditions 

4.3.4.1 CFS sections under concentric loading 

     Reference points (RP-1 and RP-2) were defined at the column centroid on both ends of the 

channel sections, for both slit and plain configurations. The experimental boundary conditions 

were represented in the FE model using rigid body tie constraints. 

 Further details regarding the boundary and loading conditions can be found in chapter 3. 

4.3.4.2 CFS sections under eccentric loading 

     The boundary conditions observed in the experimental test setup were replicated in the 

validated finite element (FE) models, as illustrated in Fig. 4-4. Two reference points were defined 

at the ends of the lipped channel sections using “Rigid” constraints to represent the supports and 

to apply eccentric axial loads. The nodal degrees of freedom at both ends were coupled to their 

respective reference points, which were pinned about both the minor and major axes. By 

adjusting the coordinates of these reference points, various eccentricities were introduced. A 

concentrated axial force was applied at one reference point (RP-2 in Fig. 4-4) under force control, 

1mm x 1 mm 

mesh size 
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while the opposite reference point was restrained in the longitudinal (UZ) direction to replicate 

the boundary support conditions. The physical test setup is depicted in Fig. 4-5. For the 

subsequent parametric investigation, an idealised pinned boundary condition consistent with the 

modelling framework developed for the slitted concentric models was adopted, and displacement 

control ensured continuity in representing slit-induced stiffness reduction and instability 

behaviour, while eccentricity was introduced through load offset. 

 

 

 

Fig. 4- 4. CFS element boundary conditions under eccentric compressive loads 
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Fig. 4- 5. Lipped channel cross-section tested by Torabian et al. [118] 

4.3.4.3 Geometrical imperfections 

     Cold-formed steel (CFS) sections are susceptible to geometric imperfections arising from 

manufacturing and handling processes. The finite element models included these imperfections 

to improve the reliability of the simulations. The imperfection magnitudes were determined in 

accordance with the guidelines specified in AS/NZS 4600. To define the imperfection shapes 

and amplitudes, eigenvalue buckling analyses were conducted. 

4.4 Validation of finite element models  

4.4.1 CFS sections under concentric loading 

     The FE analysis results showed strong correlation with the experimental data reported by 

Andreasson and Jönsson [3], particularly in terms of ultimate loads and failure modes. 

Comparison between the experimental results (PEXP) with the numerical predictions (PFEA) for 

C145 × 45 × 15 channel sections, yielded a mean PEXP/PFEA ratio of 0.92 and a coefficient of 

variation (COV) of 0.05. Additional details can be found in the authors’ previous work on slitted 

Rigid

Link

Rigid

Link
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studs [119]. 

4.4.2 CFS sections under eccentric loading 

     The finite element (FE) models for the channel sections were validated against the 

experimental results of Torabian et al. [118]. Fig. 4-6 and Table 4-1 show the cross-sectional 

dimensions and lengths of the beam-column specimens tested under axial compression with nine 

eccentricities along both major (x) and minor (y) axes. These introduced combined loading 

conditions: (i) axial compression with negative minor-axis bending, (ii) axial compression with 

positive minor-axis bending, (iii) axial compression with major-axis bending, and (iv) axial 

compression with biaxial bending. The predicted capacities from FE models and experiments, 

compared in Table 4-1, showed a maximum deviation of 6.0%. Fig. 4-7 compares axial force–

displacement responses of specimens S600-305-13, S600-610-15, and S600-1219-17, showing 

that the FE models accurately reproduced peak load, initial stiffness, maximum capacity, and 

post-buckling response. Stiffness deviations were attributed to separations between plates and 

movement in swivel joints during testing. Although the FE models accurately reproduced the 

ultimate capacity and post-buckling response, noticeable differences are observed in the initial 

stiffness of the load–displacement curves in Fig. 4-7. This discrepancy can be fundamentally 

attributed to boundary compliance inherent in physical test setups. In column and beam-column 

testing, even nominally pinned supports are realised using clevis or swivel joints, which 

introduce rotational clearance, local deformation of connection components, and minor slip or 

seating effects during load application. Such boundary flexibility influences the effective 

rotational restraint and end compliance, thereby effecting the measured initial stiffness. In 

contrast, the FE models adopt idealised rigid-body constraints with perfect geometric alignment 

and no mechanical clearance. Importantly, while boundary compliance affects the initial elastic 

stiffness, its influence on the ultimate buckling capacity is generally less pronounced when the 

global instability mode is correctly captured.  The deformation modes observed in the 
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simulations, including local, distortional, and global buckling, closely matched experimental 

observations, as shown in Fig. 4-8 for specimen S600-610-8 under axial compression with major-

axis bending. 

Table 4- 1. Validated models’ variables and results 

Section name 
Web Flange Lip Thickness R Length Eccentricities Ptest PFEA Percentage 

difference 

(%) d bf bl t r L ex ey     

S600-305-1 152.05 34.95 9.5 1.45 2.87 305 -25.4 0.0 25.4 25.7 -1.2 

S600-305-9 152.05 34.95 9.5 1.45 2.87 305 0.0 -190.5 20.6 20.0 2.9 

S600-305-10 152.05 34.95 9.5 1.45 2.87 305 2.6 -38.1 48.9 48.2 1.4 

S600-305-13 152.05 34.95 9.5 1.45 2.87 305 -15.5 -76.2 25.0 25.4 -1.6 

S600-305-15 152.05 34.95 9.5 1.45 2.87 305 -15.5 -76.2 26.5 25.4 4.2 

S600-610-6 152.05 34.95 9.5 1.45 2.87 610 31.8 0.0 16.1 16.5 -2.5 

S600-610-8 152.05 34.95 9.5 1.45 2.87 610 0.0 -76.2 34.8 33.3 4.3 

S600-610-9 152.05 34.95 9.5 1.45 2.87 610 0.0 -165.1 21.5 21.1 1.9 

S600-610-14 152.05 34.95 9.5 1.45 2.87 610 -3.8 -19.1 42.8 42.1 1.6 

S600-610-15 152.05 34.95 9.5 1.45 2.87 610 -14.2 -69.9 25.0 24.4 2.4 

S600-1219-

14 
152.05 34.95 9.5 1.45 2.87 1219 

-3.6 -17.8 27.2 28.6 -5.1 

S600-1219-

17 
152.05 34.95 9.5 1.45 2.87 1219 

-6.9 -101.6 20.0 18.8 6.0 

Negative eccentricity in the x direction means that web of the specimens is in compression. 

 

Fig. 4- 6. Nominal cross-sections of CFS channel sections 
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Fig. 4- 7. Axial force-displacement relationship resulting from experimental test against FE 

models for S600-305-13, S600-610-15 and S600-1219-17 

 
Fig. 4- 8.Failure mode determined by FE model versus experimental (S600-610-8) (test set-up 

adopted from [118]) 
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4.5 Parametric investigation 

4.5.1 General, selected parameters and specimen labelling  

     An extensive parametric analysis was conducted using the validated FE model. In total, 1134 

FE simulations were conducted to examine the influence of various parameters on the axial load 

capacity of cold-formed steel (CFS) sections with slits under eccentric loading. The study 

evaluated the effects of several factors, including geometric properties of the channel, slit 

dimensions, wall thickness, stud length, and different eccentricity values. 

     The dimensional variables altered during the analyses comprised section depth (D), flange 

width (Bf), wall thickness (t), slit length (Lsl), slit width (Wsl), overall member length (L), and 

eccentricities (e), with detailed values provided in Table 4-2. For all models, the assigned 

material properties were a yield strength of 500 MPa, Young’s modulus of 192 GPa, and 

Poisson’s ratio of 0.3. The findings from the parametric study are summarized in Tables (4-3)–

(4-5), while Fig. 4-9 illustrates the specimen labeling system. 

Table 4- 2. Details of the parametric study

 

                            

 

 

                                              

 

Fig. 4- 9. Labelling of specimens 
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Table 4- 3. Results from the parametric analysis of C145 slitted channel sections under eccentric loading 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl60-E 10 Lsl60-E -10 Lsl60- E 25 Lsl60- E -25 Lsl60- E -50 Lsl60- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C145-Bf45-T0.6 19.36 17.80 19.00 13.69 13.48 12.84 10.62 10.60 9.76 9.76 9.57 9.19 5.90 5.64 5.30 6.56 6.42 6.15 

C145-Bf45-T1.2 59.68 58.91 62.00 40.34 39.06 37.95 32.34 32.73 33.04 28.32 27.43 26.28 18.28 17.99 17.78 18.99 18.26 17.39 

C145-Bf45-T2.0 
111.41 112.68 104.97 83.88 81.28 78.72 59.85 58.25 58.97 59.09 57.49 54.83 34.84 34.36 32.93 39.63 38.49 36.64 

        L1000           

C145-Bf45-T0.6 
13.16 12.62 12.32 10.99 10.85 10.84 7.12 6.89 6.69 8.18 8.12 7.90 4.43 4.16 3.91 5.58 5.47 5.34 

C145-Bf45-T1.2 
40.12 39.67 37.34 31.37 30.33 29.55 24.38 23.94 21.66 23.22 22.47 22.34 12.45 11.70 10.98 14.76 14.51 14.10 

C145-Bf45-T2.0 
81.46 79.504 79.956 64.01 61.81 59.07 49.48 47.94 45.20 47.88 45.83 44.21 28.70 27.63 26.26 28.39 26.98 25.24 

        L1500           

C145-Bf45-T0.6 
10.45 10.45 10.10 8.53 8.48 8.33 6.16 5.66 5.66 6.66 6.46 6.40 3.61 3.57 3.21 4.23 3.72 4.05 

C145-Bf45-T1.2 
29.36 28.75 28.63 15.55 21.20 20.31 20.27 18.50 17.62 16.57 15.25 15.44 12.07 12.16 10.57 10.82 10.58 9.93 

C145-Bf45-T2.0 
66.75 64.58 55.33 42.71 40.64 38.16 40.53 39.16 37.11 32.02 30.63 28.89 25.35 24.39 22.92 20.62 19.43 18.05 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl90- E 10 Lsl90- E -10 Lsl90- E 25 Lsl90- E -25 Lsl90- E -50 Lsl90- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C145-Bf45-T0.6 19.26 16.87 19.51 12.84 12.70 12.56 10.57 10.23 9.46 9.04 8.94 9.01 5.83 5.32 5.21 6.08 6.02 5.91 

C145-Bf45-T1.2 56.935 56.12 62.52 38.37 36.86 35.25 31.93 31.57 31.42 26.52 25.68 24.75 17.95 17.72 17.57 17.57 17.00 16.56 

C145-Bf45-T2.0 
109.72 100.48 107.45 81.75 79.54 76.67 61.69 58.35 56.99 57.56 55.56 53.95 33.66 33.26 33.33 38.02 37.08 36.13 

        L1000           

C145-Bf45-T0.6 
12.35 11.36 11.53 10.80 10.69 10.15 6.94 6.55 6.28 7.95 7.76 7.32 4.30 4.11 3.73 5.37 5.28 5.03 

C145-Bf45-T1.2 
36.58 34.79 32.34 30.64 29.18 29.20 21.92 20.54 20.95 22.49 21.18 21.26 11.33 11.11 10.95 14.38 14.14 13.68 

C145-Bf45-T2.0 
78.40 74.76 74.83 61.46 59.78 56.56 46.89 46.68 42.59 45.57 44.26 42.22 27.14 25.90 24.51 26.55 25.41 24.01 

        L1500           

C145-Bf45-T0.6 
9.78 9.44 8.73 8.26 8.21 7.76 5.77 5.76 4.97 6.41 5.60 5.91 3.41 3.07 3.07 4.09 3.60 4.01 

C145-Bf45-T1.2 
29.55 28.45 27.28 20.93 20.23 19.04 17.65 16.70 14.17 16.05 15.53 14.87 11.41 10.25 8.83 11.64 10.17 9.59 

C145-Bf45-T2.0 
60.37 53.66 45.82 39.98 38.40 35.71 38.74 37.59 35.09 29.86 28.70 27.00 23.54 22.15 20.08 17.29 18.12 15.31 
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Table 4- 4. Results from the parametric analysis of C200 slitted channel sections under eccentric loading 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl60- E 10 Lsl60- E -10 Lsl60- E 25 Lsl60- E -25 Lsl60- E -50 Lsl60- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3     Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C200-Bf45-T0.6 19.35 19.19 19.11 12.34 12.26 12.31 10.63 10.37 10.25 9.10 9.03 9.12 6.93 6.87 5.71 6.32 6.28 6.32 

C200-Bf45-T1.2 68.96 66.92 66.42 39.81 39.07 37.92 34.82 33.80 34.40 28.96 28.07 27.20 19.22 19.22 19.09 19.76 19.16 18.56 

C200-Bf45-T2.0 119.7 119.35 121.54 82.95 80.88 78.33 68.12 67.70 67.19 59.59 58.13 56.55 36.60 36.27 35.88 40.14 39.38 38.53 

        L1000           

C200-Bf45-T0.6 15.23 15.10 14.11 10.80 10.90 10.55 8.46 8.22 8.33 8.01 7.82 8.05 4.64 4.75 4.55 5.34 5.57 5.23 

C200-Bf45-T1.2 48.73 48.01 49.89 31.98 31.28 29.82 29.92 27.67 27.96 23.51 22.96 22.46 15.27 15.00 14.67 14.49 14.25 13.99 

C200-Bf45-T2.0 98.886 96.395 95.484 64.45 62.82 60.96 54.67 54.28 53.64 48.14 46.96 45.69 31.08 30.66 30.08 28.27 27.37 26.40 

        L1500           

C200-Bf45-T0.6 14.61 13.29 14.05 8.55 8.40 8.17 6.63 6.67 6.63 6.53 6.51 6.32 4.40 4.08 3.84 4.15 4.52 3.58 

C200-Bf45-T1.2 33.62 33.54 32.72 23.18 22.42 21.96 22.23 24.52 22.14 17.23 16.80 16.38 13.65 13.34 14.35 9.70 10.52 11.18 

C200-Bf45-T2.0 68.804 68.605 68.344 48.06 43.37 42.13 44.87 44.03 43.27 32.66 31.59 30.47 27.43 27.02 26.68 20.58 18.21 17.38 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl90- E 10 Lsl90- E -10 Lsl90- E 25 Lsl90- E -25 Lsl90- E -50 Lsl90- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3     Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C200-Bf45-T0.6 18.90 19.14 19.02 12.16 12.29 11.92 9.83 10.00 9.80 8.87 9.00 8.81 6.88 6.86 5.61 6.40 6.27 6.14 

C200-Bf45-T1.2 68.25 63.22 66.05 38.21 36.90 35.95 34.25 34.04 33.69 27.18 26.44 25.90 19.44 19.00 18.87 18.56 18.21 17.69 

C200-Bf45-T2.0 115.52 110.51 114.29 77.23 75.72 73.84 68.16 65.35 64.70 55.44 54.35 53.07 35.92 35.63 35.30 37.69 37.03 35.89 

        L1000           

C200-Bf45-T0.6 13.80 13.21 12.91 10.43 10.30 10.19 7.78 7.63 7.27 7.88 7.88 7.68 4.89 4.83 4.78 5.19 5.75 5.04 

C200-Bf45-T1.2 46.83 46.66 46.25 30.02 30.04 29.30 24.93 25.09 23.80 22.59 22.42 21.81 14.31 13.89 13.90 13.89 13.74 13.42 

C200-Bf45-T2.0 88.50 90.67 92.27 60.62 59.50 58.32 53.04 52.66 51.91 45.34 44.55 43.62 29.73 29.26 29.44 26.55 25.78 24.92 

        L1500           

C200-Bf45-T0.6 13.97 13.79 13.56 8.25 8.13 7.99 6.65 6.52 7.26 6.32 6.25 6.11 4.11 3.78 3.95 4.04 3.51 3.46 

C200-Bf45-T1.2 34.91 32.31 33.17 21.60 21.26 20.95 20.75 21.55 20.08 15.99 15.67 15.50 12.42 12.48 11.84 10.21 8.97 8.71 

C200-Bf45-T2.0 75.89 75.22 72.94 41.93 40.08 39.09 43.42 42.76 41.45 30.50 29.60 28.64 27.45 27.44 25.03 19.13 16.81 17.86 
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Table 4- 5. Results from the parametric analysis of C250 slitted channel sections under eccentric loading 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl60- E 10 Lsl60- E -10 Lsl60- E 25 Lsl60- E -25 Lsl60- E -50 Lsl60- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3     Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C250-Bf65-T0.6 21.06 20.973 20.43 13.96 13.93 14.38 14.79 14.83 14.25 10.93 10.89 11.37 8.66 8.49 8.34 8.07 8.02 8.24 

C250-Bf65-T1.2 77.65 76.59 76.29 49.97 48.93 48.30 48.95 48.87 48.88 38.66 37.90 38.14 32.57 32.48 32.49 27.90 27.28 27.62 

C250-Bf65-T2.0 152.62 147.10 150.24 111.20 109.52 110.84 106.19 105.92 95.55 85.17 83.59 84.56 60.71 60.46 59.84 60.98 59.89 60.59 

        L1000           

C250-Bf65-T0.6 19.81 18.62 18.28 12.94 12.87 12.96 10.10 10.43 10.66 10.18 10.12 10.30 6.85 6.85 7.50 7.56 7.51 7.61 

C250-Bf65-T1.2 54.68 54.53 55.49 44.79 44.28 43.49 32.16 33.20 31.93 35.28 34.10 34.75 21.98 21.58 19.98 25.28 24.96 25.30 

C250-Bf65-T2.0 122.27 122.78 125.00 96.55 94.49 95.71 78.14 76.47 79.32 74.73 73.42 74.36 46.09 45.78 45.47 53.06 51.72 52.19 

        L1500           

C250-Bf65-T0.6 17.68 17.68 17.12 11.41 11.39 11.64 8.97 8.41 8.18 9.11 9.04 9.29 5.54 5.47 4.97 6.56 6.50 7.01 

C250-Bf65-T1.2 54.74 53.30 59.86 38.07 37.57 37.33 30.43 28.01 27.98 30.28 29.78 29.71 17.52 17.19 15.59 20.41 20.18 18.55 

C250-Bf65-T2.0 90.37 90.21 90.10 79.03 77.07 77.41 65.20 67.36 68.92 62.21 60.69 60.82 37.30 40.43 40.03 45.21 37.78 41.03 

FEA results for axial capacity of slitted channel sections, PFEA (kN) 

L500 

Specimen Lsl90- E 10 Lsl90- E -10 Lsl90- E 25 Lsl90- E -25 Lsl90- E -50 Lsl90- E 50 

Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3     Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

C250-Bf65-T0.6 20.78 20.75 20.88 13.67 13.56 14.03 14.64 14.27 14.93 10.67 10.52 10.91 8.47 8.33 8.43 7.93 7.93 8.16 

C250-Bf65-T1.2 74.93 73.51 74.78 47.73 47.19 47.56 48.92 48.90 48.74 36.98 36.53 36.07 32.49 32.43 32.18 26.79 26.44 26.63 

C250-Bf65-T2.0 168.97 171.47 158.13 105.40 103.28 104.56 104.35 95.35 96.23 80.81 79.54 80.52 60.26 60.25 57.73 58.27 57.31 57.61 

        L1000           

C250-Bf65-T0.6 18.71 16.12 16.92 12.31 12.34 12.78 10.28 10.49 10.19 9.79 9.78 9.98 6.75 6.71 6.27 7.29 7.41 7.61 

C250-Bf65-T1.2 56.04 55.73 53.17 42.41 42.49 43.11 33.65 33.22 32.45 32.96 32.57 33.44 21.00 19.65 20.70 24.11 23.82 24.09 

C250-Bf65-T2.0 116.92 117.90 116.27 90.05 89.09 91.06 71.24 70.52 70.38 69.95 69.01 70.58 45.65 43.87 41.39 49.13 48.07 49.45 

        L1500           

C250-Bf65-T0.6 14.86 14.52 13.15 10.92 11.31 11.44 8.45 8.23 6.10 8.94 9.02 9.39 4.70 4.92 4.41 6.78 6.72 6.34 

C250-Bf65-T1.2 52.96 56.26 59.06 35.99 35.45 35.81 26.66 25.64 25.84 28.61 28.32 29.13 15.85 15.51 13.95 17.48 17.28 17.91 

C250-Bf65-T2.0 84.77 84.56 84.81 73.11 72.28 73.77 65.27 63.59 62.92 57.67 56.38 57.74 38.05 37.30 32.22 35.57 34.48 34.72 
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4.6 Results and discussion 

     Tables 4-3 to 4-5 present the axial load capacities of CFS channel sections with slitted webs, 

based on the results obtained from FEA. The axial load capacities of plain sections under 

eccentric loading is provided in the appendix. The subsequent sub-sections analyze the effects 

of various parameters, including eccentricity (e), column slenderness ratio (λc), depth-to-

thickness ratio (D/t), flange width-to-thickness ratio (Bf/t), slit width-to-thickness ratio (Wsl/t), 

depth-to-flange width ratio (D/Bf), and the ratio of slit length to slit width (Lsl/Wsl), on the axial 

performance of the sections, as interpreted from the parametric study results. 

4.6.1 Effect of eccentricity (𝐸) on the axial capacity of slitted sections under eccentric loading 

     The eccentricity (E) with respect to the minor axis was varied between ±10 mm and ±50 mm 

to investigate its effect on the axial capacity of CFS channel sections with slits. As shown in 

Tables (4-3)–(4-5), the average reduction in axial capacity for eccentricity values of –10 mm, 25 

mm, –25 mm, 50 mm, and –50 mm was 22.66%, 36.19%, 42.92%, 68.62%, and 62.24%, 

respectively. Notably, for an eccentricity of +10 mm, an average increase in axial capacity was 

observed for the CFS channel sections with slits. 

4.6.2 Effect of column slenderness (𝜆𝑐) on the axial capacity of slitted sections under eccentric 

loading λc 

The influence of column slenderness (λc) on the axial strength of slitted CFS channel 

sections was investigated over a range of 0.36–1.6. For simplicity, the slenderness values used 

correspond to those of the equivalent plain sections. As illustrated in Figs. 4-10 (a), (b), and (c), 

local buckling was observed as the predominant failure mode for specimens with lengths ranging 

from 500 mm to 1500 mm. Fig. 4-11 (a) shows that under a 10 mm eccentricity, axial capacity 

progressively decreased as λc increased from 0.48 to 1.45, with a 19.73% reduction observed 

between 0.48 and 0.97, and a further 22.44% reduction from 0.97 to 1.45. Under a 25 mm 

eccentricity, as shown in Fig. 4-11 (b), a similar trend was noted, with axial capacity reducing 
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by 13.78% as λc  increased from 0.51 to 1.02, followed by a further 25.18% drop between 1.04 

and 1.56. At a higher eccentricity of 50 mm (Fig. 4-11 (c)), axial capacity also declined with 

increasing slenderness; specifically, a 16.79% reduction occurred as λc increased from 0.36 to 

0.72, and a further 19.09% drop was recorded from 0.72 to 1.08. 

   

                                 

 

 

 

 

 

 

 

 
  

 

  

         Fig. 4- 10. Failure modes of CFS channel sections with different lengths under varying eccentricities 
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Fig. 4- 11. Axial capacity vs vertical displacement of slitted CFS channel sections 

  

4.6.3 Effect of D/t on the axial capacity of slitted sections under eccentric loading 

     In Fig.4-12, the effect of the depth-to-thickness ratio (D/t) on the axial capacity of slitted CFS 

channel sections under minor axis eccentric loading (E = –10 mm) was evaluated for various 

slenderness ratios (λc). For λc values between 0.49 and 0.52, increasing the D/t ratio from 120.83 

to 166.66 resulted in a 1.31% decrease in axial capacity. However, a further increase to 208.33 

led to a 25.50% increase in axial capacity. For λc values between 0.99 and 1.04, raising the D/t 

ratio from 120.83 to 166.66 produced a 1.94% increase, while a subsequent increase to 208.33 

resulted in a 40.06% gain in axial capacity. For higher slenderness ratios, λc between 1.48 and 

1.56, the axial capacity increased by 48.99% as the D/t ratio rose from 120.83 to 166.66, with a 

further increase to 208.33 yielding a substantial 64.28% improvement. As per Fig. 4-12, the 
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average overall capacity reductions for the section with slits, compared to the plain section, are 28.59%, 

16.41%, and 14.02% for D/t ratios of 120.83, 166.67, and 208.33, respectively 

 

Fig. 4- 12. Influence of depth-to-thickness ratio (D/t) on the axial strength of slitted CFS 

channel sections 

 

4.6.4 Effect of Bf/t on the axial capacity (P) of slitted sections under eccentric loading 

     The effect of the flange width-to-thickness ratio (Bf/t) on the axial capacity of CFS channel 

sections with slits under eccentric loading was investigated using finite element analysis (FEA), 

as summarised in Tables (4-3)–(4-5) and illustrated in Fig. 4-13. Across the range of column 

slenderness ratios (λc), axial capacity increases consistently as the Bf/t ratio rises from 37.5 to 

54.16. For sections with λc between 0.36 and 0.49, a 23.85% increase in axial capacity was 

observed under minor-axis eccentricity of 10 mm. For λc values between 0.73 and 0.99, the axial 

capacity increased by 42.79%, while a substantial improvement of 144.77% was recorded for λc 

ranging from 1.09 to 1.48. These findings demonstrate the pronounced impact of the Bf/t ratio 

on the axial performance of slitted CFS channel sections subjected to eccentric loading. In 
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addition, it can be seen that as per Fig. 4-13, the average overall capacity reductions for the 

section with slits, compared to the plain section, are 28.58% and 14.02% for Bf/t ratios of 37.5 

and 54.17, respectively. 

 

Fig. 4- 13. Influence of flange width-to-thickness ratio (Bf/t) on axial strength of slitted CFS 

sections under eccentric loading 
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capacity improved significantly by 144.77% as the D/Bf ratio rose from 3.22 to 3.85. However, 

a subsequent increase to 4.44 for λc values between 1.09 and 1.56 resulted in a sharp reduction 

of 39.12%. These findings indicate that while increasing the D/Bf ratio initially enhances axial 

performance, excessive increases may adversely affect the load-carrying capacity of slitted CFS 

channel sections under eccentric loading. In terms of overall capacity reduction for the section 

with slits compared to the plain section, the values are 28.59%, 14.02%, and 16.41% for D/Bf 

ratios of 3.22, 3.85, and 4.44, respectively. 

 

Fig. 4- 14. The influence of the flange width-to-thickness ratio (Bf/t) on axial performance of 

slitted CFS channel sections under eccentric loading 
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1.51, respectively, under minor-axis eccentricity of −10 mm, when the Wsl/t changes from 1.5 to 

3.5. Similarly, for the C200×45×15 section (Fig. 4-15 (b)), variation of Wsl/t from 2.5 to 5.83 

resulted in reductions of 4.75%, 6.73%, and 5.23% for λc values of 0.51, 1.04, and 1.56, 

respectively. Similarly, for the C250×45×15 section (Fig. 4-15 (c)), for variation of Wsl/t from 

2.5 to 5.83, the axial capacity decreased by 3.32%, 2.88%, and 1.94% for λc values of 0.51, 1.04, 

and 1.56, respectively. These results indicate that an increase in the Wsl/t ratio generally leads to 

a reduction in axial capacity, with more pronounced effects observed in shorter sections and at 

higher slenderness levels, particularly for the C145×45×15 section. The overall capacity 

reduction for the section with slits compared to the plain section, for the C145X45X15 section, 

the reductions were 20.28%, 23.18%, and 32.35% for λc values of 0.504, 1.008, and 1.51, 

respectively. For the C200X45X15 section, the reductions were 15.22%, 14.24%, and 26.42% 

for λc values of 0.51, 1.04, and 1.56. Similarly, for the C250X65X15 section, the reductions were 

18.56%, 13.94% and 13.18% for the corresponding λc values of 0.37, 0.73, and 1.09 respectively. 

 

(a) 
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(b) 

 

(c) 

Fig. 4- 15. Influence of slit width-to-thickness ratio (Wsl/t) on axial strength of slitted CFS 

channel sections under eccentric loading 
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4.6.7 Effect of Lsl/Wsl on the axial capacity (P) of slitted sections under eccentric loading 

     Tables (4-3)–(4-5) and Figs. 4-16 (a)–(c) present the FEA-based axial capacity results of 

slitted CFS channel sections, showing the influence of the Lsl/Wsl ratio. For the C145X45X15 

sections (Fig. 4-16 (a)),for  λc value of 0.48,when the Lsl/Wsl changes from 20 to 30, the axial 

capacity decreased by 6.22% for minor axis eccentricity (E = -10 mm).  For values of 0.97, when 

the Lsl/Wsl changes from 20 to 30, the axial capacity decreased by 1.76% for minor axis 

eccentricity (E = -10 mm). For values of 1.45, when the Lsl/Wsl changes from 20 to 30, the axial 

capacity decreased by 3.15% for minor axis eccentricity (E = -10 mm). For the C200X45X15 

sections (Fig. 4-16 (b)),for  λc value of 0.51, when the Lsl/Wsl changes from 20 to 30, the axial 

capacity decreased by 1.43% for minor axis eccentricity (Px = -10 mm).  For values of 1.02, 

when the Lsl/Wsl changes from 20 to 30, the axial capacity decreased by 3.44% for minor axis 

eccentricity (E = -10 mm). For values of 1.53, when the Lsl/Wsl changes from 20 to 30, the axial 

capacity decreased by 3.50% for minor axis eccentricity (E = -10 mm). 

     C250X45X15 sections (Fig. 4-16 (c)),for  λc value of 0.37, when the Lsl/Wsl changes from 20 

to 30, the axial capacity decreased by 1.43% for minor axis eccentricity (E = -10 mm).  For 

values of 0.75, when the Lsl/Wsl changes from 20 to 30, the axial capacity decreased by 2.48% 

for minor axis eccentricity (E = -10 mm). For values of 1.12, when the Lsl/Wsl changes from 20 

to 30, the axial capacity decreased by 6.56% for minor axis eccentricity (E = -10 mm). The 

overall capacity reduction for the section with slits compared to the plain section, as the Lsl/Wsl 

ratio varied from 20 to 30, varied depending on the section type. For the C145X45X15 section, 

the reductions were 5.54%, 9.21% and 13.25% for λc values of 0.48, 0.96 and 1.45 respectively. 

In the case of the C200X45X15 section, the reductions were 7.14%, 9.41% and 12.56% for the 

λc values of 0.51, 1.02 and 1.53 respectively. Similarly, for the C250X65X15 section, the 

reductions were 18.72%, 20.94% and 20.31% for the corresponding λc values of of 0.37, 0.75 

and 1.12 respectively. 
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(a) 

 

(b) 
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(c) 

           Fig. 4- 16. Influence slit length-to-width ratio (Lsl/Wsl) on axial strength of  

                             slitted CFS channel sections under eccentric loading 
 

4.6.8 Assessment of beam–columns under minor-axis bending 

The behaviour of CFS beam-columns under combined axial load and minor-axis bending was 

studied using validated FE models, with results shown in Figs. 4.17 (a)–(c). Specimens were 

grouped by cross-sectional slenderness (D/t) and column slenderness (λc). For low D/t sections, 

design equations were generally conservative at negative eccentricity but showed variability at 

positive eccentricity. Medium D/t sections exhibited mixed agreement, with tighter clustering 

near the interaction curve for moderate λc values. High D/t sections mostly aligned with design 

predictions under negative eccentricity but showed significant overestimation under positive 

eccentricity. Strength deviations ranged from -23.28% to +38.32%, with design equations 

underestimating strength by approximately 13% for 10–25 mm eccentricities and overestimating 

by approximately 20% at 50 mm. Results highlight reduced prediction accuracy with increasing 

slenderness and eccentricity. 
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(a) 

 

(b) 

 

(c) 

Fig. 4- 17. Interaction of P/Pn and My/Mny for CFS beam–columns with low web slenderness 

ratio (D/t < 120.8), (120.8<D/t <241.7) and (D/t >241.7). 
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4.7 Proposed design equations 

     As noted earlier, the literature contains no design guidelines for evaluating the axial capacity 

of slitted CFS channels subjected to eccentric loading. 

    To determine the strength of a member subjected to multiple actions, the typical approach in 

steel design is to employ an interaction equation. For a CFS member under combined 

compression and bending actions, a simplified linear interactive equation recommended by AISI 

S100 [103] (Eq. (1)) and AS/NZS 4600 [101] (Eq. (2)) is generally employed: 

𝑃

𝑃𝑛
+

𝑀𝑥

𝑀𝑛𝑥
+

𝑀𝑦

𝑀𝑛𝑦
≤ 1.0          [1] 

For combined compression and minor axis bending, the equation is transformed to: 

𝑃

𝑃𝑛
+

𝑀𝑥

𝑀𝑛𝑥
≤ 1.0           [2] 

     In this study, a modified interaction equation was proposed to improve the strength 

predictions of cold-formed steel (CFS) beam–columns with slits. The equation incorporates the 

influence of key geometric parameters, including the ratios D/t, Bf/t,Wsl/t,D/Bf  and Lsl/Wsl . The 

interaction equation introduces a variable exponent α, which is expressed as a function of these 

parameters and is tailored for different ranges of column slenderness (λc) and eccentricity-to-

depth ratios (E/D).  

For CFS channel sections with slits, 

(
𝑃

𝑃𝑛
)

α

+ (
𝑀𝑥

𝑀𝑛𝑥
)

α

≤ 1.0  

Where α = C₀ + C₁(Lsl/Wsl) + C₂(Wsl/t) + C₃(Bf/t) + C₄(D/t) + C₅(D/Bf)                [3] 

     The coefficients C₀ to C₅ vary based on the ranges of the slenderness parameter (λc) and the 

eccentricity-to-depth ratio (E/D), as listed below in Table 4-6: 
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Table 4- 6. Coefficients (C₀, C₁, C₂, C₃, C₄, C₅) corresponding to the parametric equation of α 

for different ranges of λc 

Equation No. C0 C1 C2 C3 C4 C5 λc Range E/D Range 

4 0.2647 -0.0026 0.0202 -0.0064 -0.0026 0.2163 0.36 < λc < 0.51 -0.15 <E/D < -0.22 

5 0.7764 -0.0004 -0.0072 -0.0015 0.0004 0.0563 0.52 < λc < 0.99 -0.15 < E/D < -0.22 

6 0.8597 -0.0014 -0.0118 -0.0052 -0.0015 0.0236 1.09 < λc < 1.12 -0.15 < E/D < -0.22 

7 0.6697 -0.001 -0.022 0.0047 -0.0013 0.0869 1.45 < λc < 1.60 -0.15 < E/D < -0.22 

8 6.135 0.05516 0.00081 -0.1659 0.6 0.00108 0.36 < λc < 0.51 -0.15 < E/D < -0.22 

9 7.2044 0.00349 0.024103 0.04348 0.0094 0.685 0.52 < λc < 0.99 -0.15 < E/D < -0.22 

10 34.0403 -0.00341 -0.08551 -0.00042 0.03276 -0.00273 1.09 < λc < 1.12 0.15 < E/D < 0.22 

11 22.2836 -0.00339 -0.02538 -0.00082 0.01647 -0.00473 1.45 < λc < 1.60 0.15 < E/D < 0.22 

12 -1.6951 -0.0067 -0.0441 -0.0448 -0.0113 0.9133 0.36 < λc < 0.51 0.38 < E/D < 0.55 

13 -0.8427 0.0008 0.0002 0.00002 -0.0003 0.5314 0.52 < λc < 0.99 0.38 < E/D < 0.55 

14 0.3729 -0.0002 -0.0001 -0.00002 -0.0015 0.2522 1.09 < λc < 1.12 0.38 < E/D < 0.55 

15 0.1847 -0.00003 -0.0001 -0.00005 -0.0037 0.4657 1.45 < λc < 1.60 0.38 < E/D < 0.55 

16 1.15 -0.0049 -0.0188 -0.0031 0.0019 -0.0435 0.36 < λc < 0.51 -0.38 < E/D < -0.55 

17 1.0185 -0.0006 0.0017 -0.0009 0.0003 -0.015 0.52 < λc < 0.99 -0.38 < E/D < -0.55 

18 1.1509 -0.0049 -0.0188 -0.0031 0.0019 -0.0435 1.09 < λc < 1.12 -0.38 <E/D < -0.55 

19 1.0185 -0.006 -0.0003 -0.0009 0.0003 -0.006 1.45 < λc < 1.60 -0.38 < E/D < -0.55 

20 1.05 -0.003 -0.0144 -0.0024 0.00002 -0.00003 0.36 < λc < 0.51 -0.77 < E/D < -1.11 

21 -0.167 -0.0074 -0.0268 -0.021 -0.0052 0.3544 0.52 < λc < 0.99 -0.77 < E/D < -1.11 

22 0.8007 -0.00002 -0.00003 -0.0016 0.0006 -0.00004 1.09 < λc < 1.12 -0.77 < e/D < -1.11 

23 1.0289 0.0011 0.0023 -0.0029 -0.0006 -0.0692 1.45 < λc < 1.60 -0.77 < E/D < -1.11 

24 -0.2815 0.0005 -0.0083 0.0052 -0.0018 0.3927 0.36 < λc < 0.51 0.77 < E/D < 1.11 

25 -0.2512 -0.0005 -0.0069 -0.0037 -0.0008 0.2943 0.52 < λc < 0.99 0.77 < E/D < 1.11 

26 0.7067 0.00004 -0.0036 -0.0051 0.0006 -0.0594 1.1 < λc < 1.12 0.77 < E/D < 1.11 

27 0.7642 -0.0054 -0.0232 -0.023 -0.001 0.1782 1.45 < λc < 1.60 0.77 < E/D < 1.11 

 

     The results of the parametric analysis indicate that the axial load capacity of cold-formed steel 

(CFS) channel sections with slits is primarily influenced by the geometric ratios D/t, Bf/t, Wsl/t, 

D/Bf, and Lsl/Wsl. Equations (4) through (14) present the revised design formulations for 

estimating the axial capacity (Pₚᵣₒₚ) of these slitted sections. According to the FEA results, CFS 

columns with slenderness ratios (λc) between 0.36 and 1.60 exhibited local and distortional 

buckling under compressive loads. To address these buckling behaviors, modified Direct 

Strength Method (DSM) equations, as outlined in Equations (4) through (27), were developed to 

determine the nominal axial strength (Pₚᵣₒₚ) of slitted CFS sections subjected to axial compression 

in combination with bending about the minor axis. 
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     Fig. 4-18 presents a comparison between the FEA results and the axial capacities predicted 

by the proposed equations for cold-formed steel (CFS) channel sections with slits under minor-

axis bending. The proposed equations align well with the FEA results in estimating the axial 

capacity of slitted CFS channel sections. Table 4-7 presents a comparison of the mean and COV 

of the FEA results with the proposed DSM-based design equations for slits. The use of these 

design equations is limited to the specific ranges, 0.36 <  𝜆𝑐 < 0.51  , 0.52 <  𝜆𝑐 < 0.99  , 1.08 <

 𝜆𝑐 < 1.12, 1.45 <  𝜆𝑐 < 1.60 and −1.11 <
𝐸

𝐷
< −0.77  , −0.55 <

𝐸

𝐷
< −0.38  , −0.22 <  

𝐸

𝐷
< −0.15, 

0.15 <  
𝐸

𝐷
< 0.22, 0.38 <  

𝐸

𝐷
< 0.55 and 0.77 <  

𝐸

𝐷
< 1.11. 

 

Fig. 4- 18. Comparison of finite element results with predictions from proposed DSM-based 

design equations for the axial capacity of slitted CFS channel sections 
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Table 4- 7. Reliability analysis of proposed DSM based equations 

Eccentricity 𝜆𝑐 Number of 

data 

Coefficient of variation, 

Vp                                              

Mean, 

Pm 

Resistance factor, 

φ 

Reliability index, 

β 

e-10 (-0.15<E/D<-

0.22)       
0.36-

0.51 
42 0.02 0.99 0.85 2.8 

e-10 (-0.15<E/D<-

0.22)              

0.52-

0.99 
42 0.03 0.99 0.85 2.8 

e-10 (-0.15<E/D<-

0.22)            

1.09-

1.12 
42 0.02 0.99 0.85 2.8 

e-10 (-0.15<E/D<-

0.22)            

1.45-

1.60 
36 0.08 1.09 0.85 3.0 

e 10(0.15<E/D<0.22)       0.36-

0.51 
42 0.09 1.12 0.85 3.1 

e 10(0.15<E/D<0.22)       0.52-

0.99 
42 0.14 1.06 0.85 2.6 

e 10(0.15<E/D<0.22)       1.09-

1.12 
42 0.12 1.09 0.85 2.9 

e 10(0.15<E/D<0.22)       1.45-

1.60 
36 0.19 1.18 0.85 2.7 

e-25(-0.38<E/D<-0.55)       0.36-

0.51 
42 0.13 1.02 0.85 2.6 

e -25(-0.38<E/D<-

0.55)       
0.52-

0.99 
42 0.15 1.06 0.85 2.6 

e -25(-0.38<E/D<-

0.55)       
1.09-

1.12 
42 0.12 0.98 0.85 2.5 

e -25(-0.38<E/D<-

0.55)       
1.45-

1.60 
36 0.08 1.05 0.85 2.85 

e25(0.38<E/D<0.55)       0.36-

0.51 
42 0.11 0.98 0.85 2.5 

e25(0.38<E/D<0.55)       0.52-

0.99 
42 0.13 1.004 0.85 2.5 

e25(0.38<E/D<0.55)       1.09-

1.12 
42 0.13 1.008 0.85 2.5 

e25(0.38<E/D<0.55)       1.45-

1.60 
36 0.08 0.99 0.85 2.7 

e50(0.77<E/D<1.11)       0.36-

0.51 
42 0.17 1.07 0.85 2.5 

e50 (0.77<E/D<1.11)       0.52-

0.99 
42 0.11 0.99 0.85 2.5 

e50 (0.77<E/D<1.11)       1.09-

1.12 
42 0.16 1.04 0.85 2.5 

e50 (0.77<E/D<1.11)       1.45-

1.60 
36 0.13 1.01 0.85 2.5 
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Eccentricity 𝜆𝑐 Number of 

data 

Coefficient of variation, 

Vp                                              

Mean, 

Pm 

Resistance factor, 

φ 

Reliability index, 

β 

e-50 (-0.77<E/D<-

1.11)       

0.36-

0.51 
42 0.11 0.98 0.85 2.5 

e-50 (-0.77<E/D<-

1.11)       

0.52-

0.99 
42 0.13 0.99 0.85 2.5 

e-50 (-0.77<E/D<-

1.11)       

1.09-

1.12 
42 0.12 1.006 0.85 2.6 

e-50 (-0.77<E/D<-

1.11)       

1.45-

1.60 
36 0.15 1.04 0.85 2.5 

 

4.8 Reliability analysis 

     Finally, the accuracy of the proposed design equations for slitted CFS channel sections was 

assessed through reliability analysis. According to AISI [103], a minimum reliability index (β) 

of 2.5 is required for CFS members. The parameters used for the analysis are given in Table 4-

8. As shown in Table 4-7, the DSM-based formulations provide reliability indices meeting or 

surpassing the required limit. The reliability analysis conducted in this study follows the 

calibration procedure outlined in AISI S100 which provides recommended statistical parameters 

for material properties, fabrication effects, load effects, and model uncertainty and is consistent 

with approaches adopted in several previous studies  [120], [121], [122] involving numerically 

generated resistance databases. In this framework, the statistical parameters of the proposed 

equations were derived using the finite element (FE) results as the primary resistance dataset. 

The parameters adopted for the reliability calculations are summarised in Table 4-8. The mean 

material factor 𝑀𝑚 = 1.1accounts for the statistical variability between nominal and actual 

material strengths of cold-formed steel and reflects the typical ratio of mean yield strength to 

nominal yield strength reported in experimental studies. The fabrication factor 𝐹𝑚 =

1.0 represents the mean effect of manufacturing imperfections such as geometric deviations and 

residual stresses on member strength. The parameter 𝑃𝑚represents the mean resistance ratio 
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obtained from the comparison between the predicted strengths from the proposed design 

equations and the corresponding finite element (FE) strengths. This parameter therefore captures 

the model bias associated with the proposed design formulation. 

The coefficients of variation used in the reliability calculations represent the uncertainty 

associated with different sources of variability. Specifically, 𝑉𝑚 = 0.10 represents the coefficient 

of variation of material properties, 𝑉𝑓 = 0.05 represents the variability associated with 

fabrication and geometric imperfections, 𝑉𝑞 = 0.21 represents the variability in load effects, and 

𝑉𝑝  represents the coefficient of variation of the resistance prediction obtained from the statistical 

analysis of the FE-to-predicted strength ratios. These values are consistent with those 

recommended in the AISI S100 calibration framework and have been widely adopted in previous 

reliability studies of cold-formed steel members. 

The resistance reduction factor 𝜙 was calculated using the AISI reliability formulation, which 

incorporates the mean resistance ratio and the combined coefficient of variation of the governing 

uncertainties. In this formulation, the combined variability term accounts for the contributions 

from material variability, fabrication effects, load variability, and model uncertainty. The 

calibration constant 𝐶 = 1.52 used in the equation corresponds to the reliability calibration factor 

adopted in the AISI specification for load and resistance factor design (LRFD) calibration. The 

parameters 𝑛 and 𝑚 represent the number of resistance and load data points used in the statistical 

calibration, respectively, and are included to account for the statistical confidence level of the 

estimated resistance parameters. 

 It is nevertheless recognised that the reliability calculations were performed using statistical 

parameters derived from the FE database without explicitly introducing a separate model bias 

factor to account for the observed PFE-to-Ptest deviation. Accordingly, the calculated reliability 

indices represent the reliability level relative to the validated numerical model rather than directly 
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to physical test data. While the computed reliability indices satisfy or exceed the AISI target 

reliability index of β = 2.5 under this formulation, it is acknowledged that incorporation of an 

explicit experimental model bias correction could influence the absolute reliability level. Further 

refinement of the reliability calibration using an expanded experimental database is 

recommended for future investigation. 

Table 4- 8. Parameter values used for determination of reliability index as specified by 

AISI 

 

Mm Fm Pm Vm Vf Vq Vp Cp n m C φ 

1.1 1 Mean 0.1 0.05 0.21 Coefficien

t of 

variation 

1.01 42/36 41/35 1.52 0.85 

 

φ = 1.52MmFm Pme
−β √{Vm

2+ Vf
2+CpVp

2+Vq
2}

    

 

4.8.1 Reliability assessment of worst case scenarios 

To identify the most critical configurations, the entire dataset was first sorted in both 

ascending and descending order based on the strength ratio 𝑃𝐹𝐸𝐴/𝑃𝑝𝑟𝑜𝑝. A value of 

1 indicates perfect agreement between the predicted and numerical strengths, values 

greater than unity correspond to conservative predictions where the design equation 

underestimates the capacity, and values less than unity represent unconservative 

predictions. Values on the lower end of the spectrum that is 0.63 to 0.85 and on the 

higher end of the spectrum 1.25 to 1.53 were taken. A total of 126 cases were included 

in this subset. The lower bound represents the most unconservative prediction observed 

in the database, while the upper bound corresponds to the most conservative prediction.  

(12) 
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Fig. 4- 19. Comparison of finite element results with predictions from proposed DSM-

based design equations for the axial capacity of slitted CFS channel sections using the 

worst-case dataset 

As per Fig. 4-19, when the results are grouped according to slit width, it can be observed 

that the data points associated with larger slit widths exhibit slightly greater scatter. In 

particular, the specimens with a slit width of 7 mm tend to show larger deviations 

compared with those having slit widths of 3 mm and 5 mm. This behaviour is expected 

since wider slits reduce the effective stiffness of the web and increase stress 

concentrations around the openings, which may influence the interaction between 

different buckling modes. 
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Fig. 4- 20. Comparison of finite element results with predictions from proposed DSM-

based design equations for the axial capacity of slitted CFS channel sections using the 

worst-case dataset 

 

The influence of section thickness on the strength ratio was also examined. The 

influence of section thickness on the strength ratio was also examined and is illustrated 

in Fig. 4-20, where the variation of the ratio 𝑃𝐹𝐸𝐴/𝑃𝑝𝑟𝑜𝑝 is plotted against section 

thickness for different slit widths. As observed in the figure, the majority of the worst-

case strength ratios are clustered around specimens with thicknesses of 0.6 mm and 1.2 

mm, where a wider spread of data points is evident. In contrast, specimens with a 

thickness of 2.0 mm appear less frequently in the worst-case subset and show 

comparatively smaller scatter, indicating more predictable behaviour for thicker 

sections. The increased dispersion of the strength ratios for thinner sections can be 

attributed to the higher susceptibility of thin cold-formed steel members to local and 

distortional buckling effects, which intensify the interaction between web perforations 

and the overall structural response. Consequently, the presence of slits tends to have a 
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more pronounced influence on the strength predictions for thinner sections, resulting in 

a larger variation in the ratio 𝑃𝐹𝐸𝐴/𝑃𝑝𝑟𝑜𝑝 . 

 

Fig. 4- 21. Comparison of finite element results with predictions from proposed DSM-

based design equations for the axial capacity of slitted CFS channel sections using the 

worst-case dataset 

The effect of slit length on the prediction accuracy was also investigated for the two slit 

lengths considered in the parametric study, namely 60 mm and 90 mm. The results show 

that both slit lengths produce similar ranges of strength ratios. However, slightly greater 

scatter is observed for members with a slit length of 90 mm. This behaviour can be 

attributed to the larger reduction in web stiffness associated with longer slits, which may 

increase the sensitivity of the structural response to buckling interactions.  

4.9 Conclusion 

     This chapter investigates the axial capacity of slitted CFS channel sections subjected to axial 

compression and eccentric loading through minor axis bending with slits using FEA. Initially, 

FE models were developed and validated against the experimental results reported by Torabian 
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et al [118] and Andreassen and Jönsson [3], demonstrating close agreement in ultimate axial 

capacity and failure behavior. 

     Subsequently, a comprehensive parametric investigation involving 1134 FE models was 

carried out to assess how the geometric ratios as D/t, Bf/t, Wsl/t, D/Bf, and Lsl/Wsl influence the 

axial capacity of CFS channel sections with plain and slitted webs.  

    The following conclusions can be drawn from this study: 

(1) The parametric study revealed that the ratios D/t, Bf/t, Wsl/t, D/Bf, and Lsl/Wsl significantly 

affect the axial capacity of slitted CFS channel sections under axial compression and minor-

axis bending. 

(2) When the numerical simulation results were compared with design strengths obtained from 

AISI (2016) [103] and AS/NZS (2018) [101], the results showed that, in the case of slitted 

CFS channel sections, the design equations underestimated the strengths by approximately 

13% at eccentricities between 10 mm and 25 mm, whereas they overestimated the strengths 

by around 20% at 50 mm eccentricity. 

(3) DSM-based design equations that include capacity-reduction factors were formulated to 

predict the axial capacity of slitted CFS channel sections, valid within the ranges of 0.36 <

 𝜆𝑐 < 0.51  , 0.52 <  𝜆𝑐 < 0.99  , 1.08 <  𝜆𝑐 < 1.12, 1.45 <  𝜆𝑐 < 1.60 and −1.11 <
𝐸

𝐷
<

−0.77  , −0.55 <
𝐸

𝐷
< −0.38  , −0.22 <  

𝐸

𝐷
< −0.15, 0.15 <  

𝐸

𝐷
< 0.22, 0.38 <  

𝐸

𝐷
< 0.55 

and 0.77 <  
𝐸

𝐷
< 1.11. 

(4) The reliability analysis demonstrated that the proposed DSM modifications satisfy reliability 

requirements, with β values of 2.5 and above. 
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Chapter 5 Thermal performance of cold-formed steel channel sections with 

slits 

 

5.1 Introduction 

 

As discussed in the earlier chapters, the insertion of slits increases the heat-flow path, thereby 

enhancing thermal performance compared to solid-web sections. This chapter examines the 

influence of channel dimensions, slit sizes, section thicknesses, and stud lengths on the heat flux 

of cold-formed steel wall panels. 

5.2 Description of the thermal modelling 

5.2.1 General 

A three-dimensional steady-state heat-transfer model was developed in COMSOL using 

the heat transfer in solids interface. The wall-panel assembly was represented as a layered 3D 

block and discretised with a fine free tetrahedral mesh to capture the geometry accurately. A 

uniform reference temperature was defined for the domain, while all non-exposed faces were 

assigned thermal insulation boundary conditions. On the exterior surface, an outdoor air 

temperature of 𝑇𝑒𝑥𝑡 = −5∘Cwas prescribed with a natural-convection heat transfer coefficient of 

ℎ𝑒𝑥𝑡 =
1

0.03
= 33.33 W/(m2 ⋅ K)., as recommended by ASHRAE [123] guidelines. On the 

interior surface, a constant indoor air temperature of 𝑇𝑖𝑛𝑡 = 20∘C was applied with a 

corresponding convective heat transfer coefficient of ℎ𝑖𝑛𝑡 =
1

0.12
= 8.33 W/(m2 ⋅ K). The 

coefficients are taken from Table 10 from chapter 26 of ASHRAE [123] guidelines. The exterior 

value corresponds to a winter wind condition (high external convection). The governing heat-

conduction equation was solved under steady-state conditions to obtain the temperature 

distribution and through-panel heat flux, allowing comparison of thermal performance across 

different geometric and material configurations.  
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5.2.2 Material properties 

The thermal properties of the wall assembly components were assigned in COMSOL 

Multiphysics based on tabulated values from ASHRAE[123]. Each material was defined by its 

density, thermal conductivity, and specific heat capacity, as summarised in Table 5-1. 

Configuration of the wall panel is shown in Fig 5-1. 

Table 5- 1-Summary of material properties 

Material Density (kg/m3) Heat Capacity (J/(kg.k) Thermal Conductivity 

Cold formed steel 7850 460 50.4 

Stucco 1858.15 837.36 0.72 

Mineral wool (Exterior rigid 

board insulation) 

160.19 837.36 0.04 

Gypsum sheathing 656.76 879.23 0.16 

Fiberglass Batt Insulation 8.17 837.6 0.05 

 

 

Fig. 5- 1 Configuration of wall panels with CFS sections with slits 

5.2.3 Meshing 

The finite element discretisation of the wall assembly was carried out using a tetrahedral 
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mesh generated in COMSOL as shown in Fig.5-2. A predefined fine mesh calibration was 

adopted to balance computational accuracy and efficiency. The mesh parameters were set with a 

maximum element size of approximately 100 mm and a minimum element size of 10 mm, with 

a growth rate below 1.5 to ensure smooth element transition. The curvature factor and resolution 

of narrow regions were adjusted to adequately capture the geometric details of the thin-walled 

steel sections and insulation interfaces.  

                               

                                              Fig. 5- 2 Details of the FE meshing 

5.2.4 Boundary and loading conditions 

The thermal performance of the cold-formed steel (CFS) wall assembly was investigated 

under steady-state conditions by applying appropriate boundary and loading parameters in 

COMSOL Multiphysics. A convective heat flux boundary condition was assigned to the exterior 

surface of the wall to simulate outdoor exposure. The lateral edges of the model were thermally 

insulated to ensure one-dimensional heat transfer through the thickness of the wall system. 

The steady-state thermal analysis was conducted by solving the governing heat transfer 

equation across all domains, considering the interaction between different layers of materials 

(steel, insulation and sheathing). This boundary and loading configuration allowed for the 

evaluation of heat flux distribution and the effective thermal resistance of the CFS wall assembly 

with slits. 
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5.3 Parametric study 

5.3.1 General and chosen parameters  

A total of 63 steady-state heat-transfer models were developed in COMSOL to examine 

how geometry and material parameters influence the thermal performance of CFS wall studs 

with slits. The dimensional parameters varied during the analysis included section depth (D), 

flange width (Bf), thickness (t), slit length (Lsl), slit width (Wsl) and length (L), the details of 

which are given in Table 5-2. 

Table 5- 2 Parametric study details 

D  Bf  Bl  t  Lsl  Wsl  L   
No  of 

models 

(mm) (mm) (mm) (mm) (mm) (mm) (mm)  

145 45 15 

 

0.6 
  

0,60, 90 0,3,5,7 
500,1000, 

1500 
21 

200 45 15  

  

  0.6 

  

0,60, 90 0,3,5,7 
500,1000, 

1500 
21 

250 65 15  

 

0.6 

  

0,60, 90   0,3,5,7 
500,1000, 

1500 
21 

             Total 63 

 

 

Fig. 5- 3 Specimen labelling 
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Table 5- 3 Heat Flux Values (W) of the Parametric Study for C145/200/250 Channel Sections 

with Slits 

  
Specimen Plain 

section 
Lsl 60 Lsl 90 

  Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

 
C145-Bf45-T0.6-
L500 

 
 

4.77 4.01 3.91 3.84 3.87 3.82 3.79 

 
C145-Bf45-T0.6-
L1000 

 
 

9.52 7.99 7.79 7.60 7.61 7.59 7.51 

 

C145-Bf45-T0.6-
L1500 

 

 
14.28 11.94 11.75 11.19 11.56 11.33 11.23 

 
C200-Bf45-T0.6-
L500 

 
 

4.07 3.40 3.30 3.25 3.28 3.20 3.15 

 
C200-Bf45-T0.6-
L1000 

 
 

8.16 6.72 6.61 6.46 6.45 6.33 6.25 

 
C200-Bf45-T0.6-
L1500 

 
 

12.26 10.11 9.88 9.7 9.78 9.56 9.40 

 
C250-Bf65-T0.6-
L500 

 
 

3.71 3.02 2.97 2.87 2.89 2.85 2.80 

 
C250-Bf65-T0.6-
L1000 

 
 

7.4 6.05 5.90 5.81 5.68 5.60 5.54 

 
C250-Bf65-T0.6-
L1500 

 
 

11.14 8.97 8.76 8.72 8.49 8.47 8.33 

 

5.4 Results and discussion 

Table 5-3 represents the heat flux of wall panels having CFS channel sections with slits, 

as obtained from the COMSOL simulations. The following subsections analyse the influence of 

the non-dimensional parameters including D/t, Bf/t, Wsl/t, D/Bf, and Lsl/Wsl on the heat flux of 

wall panels having CFS channel section with slits, with insights drawn from the results of the 

parametric study. Sections 5.4.1 to 5.4.5 examine the effects of the above parameters on the heat 

flux of specifically wall panels incorporating slitted CFS sections. Section 5.4.6 provides an 

overall comparison of how the introduction of slits influences the heat flux of these wall panels 

relative to panels with plain CFS channel sections. A representative 3-D COMSOL model of 

wall panels having C145 CFS channel sections with slits are shown in Fig. 5-4. 

 



 

 
131 

  

 

 

 

 

 

 

 

 

 

 

                                (a)                                                                 (b) 

Fig. 5- 4 (a)3-D COMSOL model of wall panels having CFS channel sections with slits 

(b)Side Elevation of 3-D COMSOL model of wall panels having CFS channel sections with 

slits 

5.4.1 Influence of D/t on the heat flux of wall panels consisting of sections with slits 

The effect of the D/t ratio on the heat flux of wall panels having CFS channel sections with 

slits is detailed in Table 5-3 and results are depicted in Fig. 5-5. FEA (Fig. 5-5) revealed that the 

heat flux of the wall panels having CFS slitted sections with slit length of 60 mm as studs 

decreased by an average of 15.48% when the D/t ratio increased from 241.67 to 333.33. When 

the D/t ratio further increased from 333.33 to 416.67, heat flux of the wall panels with sections 

having slits saw an average decrease of 10.81%. For CFS slitted sections with slit length of 90 

mm as studs, the heat flux decreased by an average of 15.25% when the D/t ratio increased from 

241.67 to 333.33. When the D/t ratio further increased from 333.33 to 416.67, heat flux of the 

wall panels with sections having slits saw an average decrease of 11.71%. 

L500 

 

L1000 

 

L1500 
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(a) 

 

(b) 

Fig. 5- 5 Effect of D/t on the heat flux of wall panels having CFS channel sections with slits for 

a) Lsl =60 and b) Lsl=90 
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5.4.2 Effect of Bf/t on the on the heat flux of wall panels consisting of sections with slits  

The effect of the Bf/t on the heat flux of wall panels having CFS channel sections with slits 

is detailed in Tables 5-3 and results are shown in Fig. 5-6, according to results obtained from 

FEA. The data (Fig. 5-6) shows a reduction in heat flux associated with an increase in the Bf/t 

ratio from 75 to 108.33 across varying levels of slenderness (λc). For CFS slitted sections with a 

60 mm slit length, heat flux decreased by 24.69%, 24.28%, and 24.87% for λc ranges of 0.36–

0.48, 0.72–0.97, and 1.08–1.45, respectively. For sections with a 90 mm slit 

length, the corresponding decreases were 25.32%, 25.36%, and 26.56%. 
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 (b) 

Fig. 5- 6 Effect of Bf/t on the of wall panels having CFS channel sections with slits for a) Lsl 

=60 and b) Lsl=90 

  5.4.3 Effect of D/Bf on the heat flux for sections with slits 

The effect of the D/Bf ratio on the heat flux of wall panels having CFS channel sections 

with slits is shown in Tables 5-3 and depicted in Fig. 5-7. For CFS wall panels with 60 mm slits, 

heat flux decreased by an average of 24.61% as the D/Bf ratio rose from 3.22 to 3.85, but then 

increased by 12.12% when the ratio was further increased to 4.44. Similarly, for panels with 90 

mm slits, heat flux decreased by 25.74% between D/Bf ratios of 3.22 and 3.85, followed by an 

13.38% decrease when the ratio reached 4.44.   
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(a) 

 

(b) 

Fig. 5- 7. Effect of D/Bf  on the heat flux of wall panels having CFS channel sections with slits 

for a) Lsl =60 and b) Lsl=90 
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5.4.4 Effect of width of slit Wsl/t on the heat flux for sections with slits 

Table 5-3 and Figs. 5-8 (a), (b), (c), (d), (e) and (f) collectively depict the effects of the 

Wsl/t ratio on heat flux of wall panels having CFS channel sections with slits, as derived from 

FEA results. For the wall panels with C145X45X15 sections with slits of length 60 mm (Fig. 5-

8 (a)), the heat flux decreased by 4.23% when the Wsl/t ratio varied from 5 to 11.66, for λc value 

of 0.48. The decrease in heat flux of wall panels was further observed as follows: by 4.88% for 

λc value of 0.97, and by 6.28% for λc value of 1.45. The C200X45X15 sections (Fig. 5-8 (c)) 

showed decrease of 4.41%, 3.87%, 4.06%, for λc values of 0.51, 1.02 and 1.53 respectively, as 

the Wsl/t ratio varied from 5 to 11.66. In contrast, the C250X65X15 sections (Fig. 5-8 (e)) 

experienced reductions of 4.97%, 3.97% and 2.79% for λc values of 0.36, 0.73 and 1.09, 

respectively, as the Wsl/t ratio varied from 5 to 11.66. These results highlight a decreasing trend 

of heat flux as the Wsl/t ratio increases across different levels of slenderness. For the wall panels 

with C145X45X15 sections with slits of length 90 mm (Fig. 5-8 (b)), the heat flux decreased by 

4.24% when the Wsl/t ratio was varied from 5 to 11.66, for λc value of 0.48. The decrease in heat 

flux of wall panels was further observed as follows: by 4.88% for λc value of 0.97, by 6.28% for 

λc value of 1.46. The C200X45X15 sections (Fig. 5-8 (d)) showed a more gradual decrease, with 

reductions of 3.96%, 3.10%, 3.89%, for λc values of 0.51, 1.02 and 1.53 respectively, as the Wsl/t 

ratio varied from 5 to 11.66. In contrast, the C250X65X15 sections (Fig. 5-8 (f)) experienced 

reductions of 3.11%, 2.46% and 1.88% for λc values of 0.36, 0.73 and 1.09, respectively, as the 

Wsl/t ratio varied from 5 to 11.66. These results highlight a decreasing trend of heat flux as the 

Wsl/t ratio increases across different levels of slenderness. 
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(a) 

 

 
                                                                       

                                                                  (b) 
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(c) 
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(e) 

 

(f)  

Fig. 5- 8. Effect of Wsl/t on the heat flux of wall panels having CFS channel sections with slits  

5.4.5 Effect of Lsl/Wsl on the heat flux for sections with slits 

Tables 5–3 and Figs. 5-9 (a), (b), and (c) collectively show the effects of the Lsl/Wsl ratio 

on heat flux of wall panels having CFS channel sections with slits of length 60 mm, according 

to FEA results. For the C145X45X15 sections (Fig. 5-9 (a)), heat flux decreased by 3.49% when 
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the Lsl/Wsl ratio increased from 20 to 30 for a λc value of 0.48, by 5.13% for 0.97 and by 3.18% 

for 1.45. The C200X45X15 sections (Fig. 5-9 (b)) experienced decreases of 3.53%, 4.01% and 

3.26%, for λc values of 0.51, 1.02 and 1.53 respectively, as the Lsl/Wsl ratio increased from 20 to 

30. In contrast, the reductions in the C250X65X15 sections (Fig. 5-9 (c)) were 4.3%, 6.12%, 

5.35%, for λc values of 0.36, 0.97, and 1.08, respectively, as the Lsl/Wsl ratio increased from 20 

to 30. 

 These results demonstrate a consistent trend of decreasing heat flux with increasing Lsl/Wsl 

ratios across different column section dimensions.  
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(b) 200x45x15 

 

(c) 250x65x15 

Fig. 5- 9. Effect of Lsl/Wsl on the heat flux of wall panels having CFS channel sections with 

slits  
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5.4.6 Influence of slits on the heat flux of wall panels with respect to plain sections 

This section summarises the key findings on the reduction of heat flux in wall panels 

incorporating CFS sections with slits, relative to panels with plain CFS sections. The plain 

sections correspond to configurations where both the Lsl/Wsl ratio and the Wsl/t ratio are equal to 

zero. Tables 5-3 and Figs. 5-10(a)–(c) present the influence of the Lsl/Wsl ratio on heat flux for 

slitted CFS sections with a slit length of 60 mm, compared with corresponding plain sections, 

based on the FEA results. For the C145×45×15 sections (Fig. 5-10(a)), the heat flux decreased 

by 15.93% when the Lsl/Wsl ratio increased from 0 to 20, and by 18.86% for when the ratio 

increased from 20-30 at λc = 0.48. Reductions of 16.07% and 20.38% were recorded for λc = 

0.97, and 16.39% and 19.05% for λc = 1.45. For the C200×45×15 sections (Fig. 5-10(b)), the 

heat flux decreased by 16.46% as the Lsl/Wsl ratio increased from 0 to 20, and by 19.41% when 

the ratio increased from 0 to 30 for λc = 0.51. Reductions of 17.65% and 20.96% were observed 

for λc = 1.02, and 17.54% and 20.23% for λc = 1.53. For the C250×65×15 sections (Fig. 5-10(c)), 

the heat flux decreased by 18.60% when the Lsl/Wsl ratio increased from 0 to 20, and by 22.10% 

when the ratio increased from 0 to 30 for λc = 0.36. Further reductions of 22.31% and 28.43% 

were observed for λc = 0.72, and 24.19% and 29.54% for λc = 1.08. 

Table 5-3 and Figs. 5-11 (a), (b) and (c) collectively depict the effects of the Wsl/t ratio on 

heat flux of wall panels having CFS channel sections with slits with respect to wall panels having 

plain CFS channel sections, as derived from FEA results. For wall panels with C145×45×15 

sections (Fig. 5-11(a)), the heat flux decreased by 15.93% as the Wsl/t ratio increased from 0 to 

5, and by 19.49% as the ratio increased to 11.66 for λc = 0.48. Further reductions of 19.15% and 

20.16% were observed for λc = 0.97, and 19.59% and 21.64% for λc = 1.45. For the C200×45×15 

sections (Fig. 5-11(b)), decreases of 16.46% and 20.15% were observed for λc = 0.51, 17.65% 

and 20.83% for λc = 1.02, and 17.54% and 20.88% for λc = 1.53 as the Wsl/t ratio increased from 

0 to 5 and from 0 to 11.66, respectively. For the C250×65×15 sections (Fig. 5-11(c)), heat flux 

reductions of 18.59% and 22.64% were observed for λc = 0.36, 18.24% and 21.49% for λc = 0.72, 
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and 17.54% and 20.88% for λc = 1.08 as the Wsl/t ratio increased from 0 to 5 and from 0 to 11.66, 

respectively. 
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(c) 

 

Fig. 5- 10. Effect of Lsl/Wsl on the heat flux of wall panels having CFS channel sections with 

slits with respect to wall panels having plain sections 
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(b) 

 
 

(c) 
 

Fig. 5- 11. Effect of Wsl/t on the heat flux of wall panels having CFS channel sections with slits 

with respect to wall panels having plain sections 
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5.4.7 Performance Index Evaluation 

To enable an assessment of the thermal–structural trade-off introduced by web slits, a 

dimensionless Performance Index (PI) was defined to quantify the thermal benefit achieved per 

unit of structural strength reduction. For each configuration, the percentage thermal gain relative 

to the corresponding reference section without slits was computed, along with the percentage 

reduction in axial capacity. The Performance Index was then defined as the ratio of thermal 

improvement to strength loss, thereby normalising performance across different section 

geometries and member lengths. 

PI =
Δ𝑇

Δ𝑆
 

 

where Δ𝑇represents the percentage increase in thermal resistance (or equivalent reduction in heat 

flux) and Δ𝑆 represents the percentage reduction in axial capacity relative to the reference 

section. This formulation allows direct comparison between configurations of different depths, 

slit widths and member lengths. A value greater than unity indicates that the thermal benefit 

outweighs the structural strength reduction, while higher values indicate more efficient thermal–

structural optimisation. As shown in Table 5-4, the index was evaluated for three section groups 

(C145-B45, C200-B45, C250-B65), three member lengths (500, 1000 and 1500 mm), and slit 

widths of 3, 5 and 7 mm with a constant slit length of 60 mm. 
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Table 5- 4  Performance Index Values of the Parametric Study for C145/200/250 Channel 

Sections with Slits 

  
Specimen Lsl 60 Lsl 90 

 Wsl 3 Wsl 5 Wsl 7 Wsl 3 Wsl 5 Wsl 7 

 
C145-Bf45-T0.6-
L500 15.47 6.93 3.19 3.38 3.17 2.57 

 
C145-Bf45-T0.6-
L1000 1.7 1.67 1.75 1.62 1.68 1.36 

 
C145-Bf45-T0.6-

L1500 1.28 1.2 1.24 1.16 1.14 1.04 

 
C200-Bf45-T0.6-
L500 2.46 2.74 2.55 2.16 2.41 2.07 

 
C200-Bf45-T0.6-
L1000 2.04 2.1 2.03 1.69 1.79 1.67 

 

C200-Bf45-T0.6-
L1500 1.7 1.75 1.71 1.56 1.55 - 
 
C250-Bf65-T0.6-
L500 37.2 3.55 2.59 2.75 3.3 2.23 

 
C250-Bf65-T0.6-
L1000 3.58 2.15 1.9 2.05 2.03 1.65 

 

C250-Bf65-T0.6-
L1500 1.61 1.74 1.31 1.5 1.55 1.4 

The Performance Index demonstrates a strong dependence on both member slenderness and 

section geometry. For the shortest members (L = 500 mm), the C145-Bf45 configuration with 

Wsl = 3 mm and the C250-Bf65 configuration with Wsl = 3 mm exhibited very high PI values 

(15.47 and 37.2, respectively). These results indicate that significant thermal gains were achieved 

with relatively small structural strength reductions. This behaviour is consistent with stockier 

members, where global instability effects are limited. As member length increases, the PI values 

decrease consistently across all section groups. At L = 1500 mm, PI values are within a narrow 

range of approximately 1.2 to 1.7. This trend indicates that for more slender members, the 

structural strength reduction associated with web discontinuities becomes proportionally more 

significant, thereby diminishing the relative efficiency of thermal improvement. In longer 

members, global buckling sensitivity amplifies the impact of local stiffness loss, reducing the 
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overall benefit of slit-induced thermal enhancement. The value for C200-Bf45 configuration with 

Wsl = 7 at L = 1500 mm is considered to be an outlier and has not been included in the discussion. 

The influence of slit width varies with geometry. For the C145- Bf45 series at L = 500 mm, 

increasing slit width reduces PI substantially (from 15.47 at Wsl = 3 mm to 3.19 at Wsl = 7 mm), 

indicating that structural strength reduction improves more than thermal performance. In 

contrast, the C200- Bf45 series at L = 500 mm shows relatively stable PI values across slit widths 

(2.46–2.74–2.55), suggesting a more balanced thermal–structural interaction for this geometry. 

This confirms that the optimal slit width is not universal but depends on sectional dimensions 

and slenderness. The C250- Bf65 sections produce the highest peak PI values at short lengths but 

exhibit sharper reductions with increasing length. While larger sections can tolerate local web 

weakening under low slenderness conditions, their relative efficiency decreases as global 

instability effects start to show. 

Overall, the Performance Index analysis confirms that slit optimisation must be evaluated 

through coupled thermal–structural metrics rather than isolated performance indicators. Thermal 

enhancement is most efficient in shorter members and in geometries where local loss of stiffness 

does not significantly accelerate global instability. For more slender members, the structural 

strength reduction increasingly offsets thermal gains, reducing overall efficiency. The proposed 

index therefore provides a rational framework for identifying configurations that achieve 

balanced system-level performance. 

The steady-state thermal simulations indicate that, after normalising by panel area, the predicted 

heat flux across all parametric wall configurations ranges between approximately 4.6 and 8.0 

W/m² for an imposed indoor–outdoor temperature difference of 25 K (20°C to −5°C). These 

values correspond to effective overall thermal transmittance values of 0.18–0.32 W/m²K, giving 

equivalent assembly thermal resistances in the range of 3.1–5.4 m²K/W. The lower end of this 
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range represents plain stud configurations with greater thermal bridging, whereas the higher 

resistance values correspond to slit configurations that interrupt the steel heat-flow path. For 

comparison, current New Zealand Building Code H1 requirements for external wall construction 

specify minimum construction R-values of approximately 1.9–2.0 m²K/W, which under the same 

25 K temperature difference would correspond to heat fluxes of roughly 12.5–13.2 W/m². 

Therefore, all configurations investigated in this study demonstrate thermal resistances 

exceeding current minimum regulatory requirements, with several slit configurations achieving 

performance significantly above typical code-compliant insulated wall assemblies. 

   5.5 Conclusion 

 

  From the steady-state thermal analysis carried out in COMSOL, the following 

conclusions can be drawn regarding the influence of geometric parameters on the heat flux of 

wall panels incorporating CFS channel sections with slits. 

The results clearly show that introducing slits into CFS channel sections leads to a 

substantial reduction in heat flux when compared with wall panels containing plain CFS sections. 

This effect is consistent across all section sizes and slenderness levels, indicating that the 

presence of slits alone provides the principal improvement in thermal performance. 

Once slits are introduced, varying the slit parameters, such as the Lsl/Wsl ratio and the 

Wsl/t ratio, leads to more gradual and less pronounced reductions in heat flux. As shown in Table 

5-3, increase of the area of slits offers additional enhancement, although the magnitude of 

improvement is smaller when compared with the initial reduction obtained by transitioning from 

plain to slitted sections. This indicates that while parameter refinement contributes to improved 

thermal behaviour, the dominant effect is achieved through the incorporation of slits themselves. 
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Chapter 6 Conclusion and future studies 

6.1. Conclusion 

This study investigated the structural and thermal behaviour of cold-formed steel channel 

sections incorporating web slits, with the objective of quantifying their influence on axial 

performance under concentric and eccentric loading and developing validated design 

methodologies suitable for practical implementation. Through validated non-linear elasto-plastic 

finite element modelling and extensive parametric studies, the research has demonstrated that 

the introduction of web slits fundamentally modifies the buckling behaviour of cold-formed steel 

studs and that these effects are not consistently captured by existing design provisions. 

6.1.1. Numerical investigation 

Non-linear elasto-plastic finite element (FE) models of CFS studs with and without slits were 

developed and validated against previously reported experimental tests. After validation, 

parametric studies were conducted to investigate the effects of section depth, flange width, 

thickness, slit length, slit width, and member length on axial capacity under concentric loading. 

The results showed that the presence of slits alters local and global buckling behaviour, leading 

to reductions in axial strength that are not fully captured by existing design equations.  

The validated models were then extended to eccentric loading to simulate combined axial 

compression and minor-axis bending, as commonly observed in stud-based wall systems. A 

comprehensive parametric study revealed that eccentricity significantly amplifies the adverse 

effects of slits on structural performance, particularly by shifting the governing failure mode to 

local buckling. Comparison with the general interaction equation in AS/NZS 4600 showed that 

current provisions can be both conservative and unconservative, depending on the magnitude of 

eccentricity and slit geometry. 

Under concentric compression, the presence of slits resulted in measurable reductions in axial 

capacity, typically ranging between 6% and 31% depending on column slenderness and 
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geometric proportions. The interaction between local and distortional buckling was found to be 

strongly influenced by sectional parameters, particularly the D/Bf ratio, with an optimal value 

observed near 3.85. Increasing D/Bf beyond this range reduced axial capacity by up to 22% due 

to diminished flange restraint and accelerated local instability. These findings establish that slit-

induced discontinuities alter stiffness distribution and instability interaction in a manner not 

explicitly addressed in current Direct Strength Method formulations. 

The investigation was extended to eccentric loading to simulate combined axial compression and 

minor-axis bending, conditions representative of stud behaviour in wall systems. A 

comprehensive parametric database comprising 1,134 validated finite element models showed 

that eccentricity significantly amplifies the structural sensitivity of slitted sections. Average axial 

capacity reductions of 22.66%, 36.19%, 42.92%, 68.62%, and 62.24% were observed for 

eccentricities of −10 mm, +10 mm, 25 mm, −25 mm, and ±50 mm, respectively. Increasing 

column slenderness from λc ≈ 0.48 to 1.45 resulted in additional reductions of up to 25%, 

confirming that global instability magnifies the effect of local stiffness loss introduced by slits. 

The parametric study further demonstrated that D/t, Bf/t, D/Bf, Wsl/t, and Lsl/Wsl ratios 

significantly influence axial performance, with increases in Bf/t producing strength gains of up 

to 144% within specific slenderness ranges, while excessive increases in D/Bf led to strength 

deterioration. Comparison with AS/NZS 4600 and AISI-S100 interaction equations revealed 

systematic discrepancies: strengths were underestimated by approximately 13% for moderate 

eccentricities (10–25 mm) and overestimated by approximately 20% at 50 mm eccentricity. 

These deviations increased with slenderness and eccentricity, indicating that existing interaction 

equations do not fully represent the instability mechanisms governing slitted members. 

6.1.2. Development of modified design equations 

To address the inadequacies of the current Direct Strength Method (DSM), the FE results were 

used to derive strength reduction factors and modified DSM-based equations for slitted CFS 
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studs under concentric loading. The proposed equations were limited to global and local 

buckling. For eccentric loading, a new interaction equation was developed that incorporates 

element slenderness, web slenderness, and slit configuration. Both modified design approaches 

were calibrated and validated through reliability analysis in accordance with the AISI-S100 

framework, achieving reliability indices that satisfy code requirements. 

6.1.3. Thermal performance  

The thermal performance of wall panels incorporating slitted CFS studs was evaluated, 

demonstrating that slits increase the heat flow path and reduce thermal bridging. A parametric 

thermal analysis showed that slit length, width, and spacing significantly influence thermal 

efficiency. The thermal investigation demonstrated that web slits increase the heat flow path and 

reduce thermal bridging in wall panels. However, structural and thermal performance cannot be 

assessed independently. The introduction of a dimensionless Performance Index enabled 

quantitative evaluation of this trade-off by relating thermal improvement to structural strength 

reduction. Maximum Performance Index values of 15.47 and 37.2 were achieved for members 

with L = 500 mm, while values reduced to approximately 1.2–1.7 at L = 1500 mm. Thermal 

optimisation was most effective in low-slenderness members, where global instability effects 

were less dominant and the structural strength reduction associated with web slits remained 

limited.The results highlight the need for an optimal balance between thermal improvement and 

structural capacity, and the study provides guidance on selecting slit configurations that achieve 

both performance objectives. 

6.2     Key contributions of the research are as follows: 

 

1. Development and validation of detailed non-linear FE models for CFS studs with and 

without slits under concentric and eccentric loading. 
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2. Comprehensive parametric studies quantifying the effects of geometric and slit 

parameters on axial strength and buckling behaviour. 

3. Evaluation of the applicability and limitations of existing DSM provisions for slitted 

members. 

4. Proposal of modified DSM-based design equations for concentric loading and a new 

interaction equation for eccentric loading. 

5. Reliability analysis of proposed design equations to satisfy AISI-S100 requirements. 

6. Quantification of the influence of slit parameters on thermal performance of wall panels 

having CFS studs with slits. 

6.3 Recommendations for Future Work 

 

As an extension of this research, the following areas are recommended for further investigation: 

1. The current study is primarily based on numerical analysis. Although the FE models were 

validated against available experimental data of CFS sections with slits under concentric 

loading and plain CFS sections under eccentric loading, full-scale physical tests on slitted 

members under combined axial–bending loads are required to verify the proposed design 

equations and validate the failure modes observed in the simulations. 

2. This study primarily considered a single slit pattern. Future research could explore 

different slit orientations (diagonal, staggered) and spacing patterns to identify 

configurations that optimise the balance between strength and thermal performance.. 

3. This study focused on individual stud members. Future work should investigate the 

performance of slitted CFS studs within full wall assemblies, considering sheathing 

restraint, bracing, connection stiffness, and system-level load redistribution under wind 

or seismic actions. 
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4. Although this study quantified the effect of slit parameters on both strength and thermal 

performance, an optimisation framework that simultaneously maximises thermal 

efficiency while maintaining structural capacity would be valuable. 

5. Slits may alter heat transfer and structural behaviour under fire exposure. Future work 

should investigate the response of slitted CFS studs at elevated temperatures. 

6. With the extensive parametric FE database generated in this study, future research could 

develop machine-learning models to predict axial capacity or thermal performance as a 

function of slit geometry, material properties, and boundary conditions. Algorithms such 

as XGBoost, neural networks, random forests could identify nonlinear interactions that 

are difficult to capture using traditional regression or DSM formulations. 
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Table A- 1 Results from the parametric analysis of plain channel sections under eccentric loading 

 
FEA results for axial capacity of plain channel sections under eccentricity, PFEA (kN) 

L500 

Specimen  E 10 E -10 E 25 E -25 E -50 E 50 

T0.6 T1.2 T2.0 T0.6 T1.2 T2.0 T0.6 T1.2 T2.0 T0.6 T1.2 T2.0 T0.6 T1.2 T2.0 T0.6 T1.2 T2.0 

C145-Bf45 20.60 60.16 106.64 14.04 50.53 101.97 11.74 35.89 60.60 10.11 34.47 78.73 6.91 23.43 46.82 6.48 20.83 35.27 

C200-Bf45 22.51 71.49 114.78 13.19 45.93 106.93 14.21 38.06 63.50 9.98 34.53 72.41 6.82 23.21 43.90 7.67 21.62 42.50 

C250-Bf65 
22.96 83.42 155.04 14.32 60.25 133.24 17.28 57.99 119.36 11.53 44.29 102.53 9.74 33.48 70.72 10.75 39.24 62.00 

        L1000           

C145-Bf45 
15.65 48.35 82.18 12.00 37.48 80.23 9.29 32.06 49.47 9.12 30.78 57.52 6.26 18.90 38.85 5.97 17.86 30.67 

C200-Bf45 
17.72 50.32 90.53 11.72 36.18 78.85 9.63 34.26 52.52 8.95 26.68 54.67 6.19 18.69 34.83 6.69 17.81 31.79 

C250-Bf65 
21.92 67.53 117.31 13.25 51.34 118.01 14.08 40.56 88.27 11.29 39.56 92.03 8.34 30.09 66.14 7.62 26.45 53.53 

        L1500           

C145-Bf45 
13.06 37.17 69.21 9.68 30.66 59.87 8.45 24.15 39.34 7.41 17.56 45.43 5.93 17.45 29.97 4.97 15.49 24.99 

C200-Bf45 
13.07 39.69 64.07 9.61 30.61 58.36 9.76 33.15 41.75 6.88 24.00 40.12 5.53 15.30 27.96 5.48 12.11 27.15 

C250-Bf65 
20.95 50.85 90.93 12.92 43.38 95.46 9.85 34.87 72.64 10.26 38.59 80.29 7.75 25.66 58.26 6.76 21.84 48.01 
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