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Abstract 

This study investigates to update the web-crippling coefficients of cold-formed screw-fastened hollow flange Z-section 

(SFHZ) beams under End-Two-Flange (ETF) and Interior-Two-Flange (ITF) loading conditions. As coefficients are 

available in AISI standards to estimate the web crippling capacity of Z-sections, experimental program is carried out on 

48 number of SFHZ specimens. An extensive parametric study considering the effects of web slenderness, material 

strength, and support length is conducted for 240 finite element models. Both experimental results and Finite Element 

Analysis (FEA) were used to predict web-crippling capacities and verified with current AISI predictions. The findings 

reveal that existing specifications are un-conservative for both ETF and ITF load cases. The parameters such as web height-

to-thickness, inside bend radius-to-thickness, and bearing length-to-thickness ratios are the key factors influencing the 

prediction of web crippling capacity of SFHZ sections. As a result, the study proposes updated web-crippling coefficients 

that offer improved accuracy in predicting SFHZ section performance under two-flange loading conditions. 

Keywords: Cold-Formed Steel; Screw-Fastened Rectangular Hollow Z-Section; Web-Crippling, Experimental Investigation; Numerical 

Analysis, Two-Flange-Loading. 

1. Introduction 

Cold-formed steel (CFS) structural members are increasingly being utilized in construction due to their cost-

effectiveness, versatility, and greater strength-to-weight ratio [1]. The members bring several advantages, such as the 

simplicity of fabrication, light structure, and efficient transportation, that enable them to be the preferred substitute for 

hot-rolled sections [2]. The commonly used structural systems of CFS in low-rise residential and office buildings include 

C-sections, Z-sections, hat sections and I-sections [3]. 

Experimental investigations on web-crippling of CFS beams began by Wintr & Pian’s [4]. Standardized design 

equations now stem from AISI S100-16 [5], AS/NZS 4600 [6], and Canada S136-94 [7] specifications, however 

coefficients underwent successive refinements following landmark studies by Hetrakul & Yu [8], Santaputra [9], and 

Bhakta et.al [10]. Since then, dozens of experimental campaigns targeted unlipped channel sections effects [11-16], 

including early work in the 1970s and more recent high-strength tests, while lipped channel investigations explored 

flange stiffening and lip geometry [17-21]. Z-sections; both unlipped [22-24] and lipped [25-32] have received focused 

attention, alongside complementary studies on hat [33, 34] and I-section [35, 36] profiles. Analytical approaches range 

from simple plastic mechanism formulations [37, 38] to cutting-edge swarm-optimization algorithms and in-

depth- parametric sweeps (yield mechanism) of thickness, bend radius, and bearing length [39, 40]. This body of research 

has enriched coefficient tables, sharpened failure predictions, and laid the groundwork for more economical and safety-

conscious CFS designs. 
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Web-crippling behaviour in cold-formed steel (CFS) sections has long received attention owing to its critical 

influence on structural safety and material efficiency. Hussein & Hussein [41] conducted a comprehensive investigation 

on the effects of lip length and inside radius-to-thickness ratio on buckling resistance of CFS profiles. Finite element 

analyses of 176 specimens demonstrated that increasing the lip length significantly elevated the elastic buckling load 

and moment capacity, prompting a minimum lip length of 15 mm in beams and columns to avert premature local 

buckling. In a follow-up review [42], Hussein and Hussein surveyed additional geometric and material variables that 

influence CFS member strength in construction scenarios. The study identified the discrepancies between the AISI S100 

and AS/NZS 4600 provisions, particularly in conservative predictions for composite and built-up- assemblies. Young & 

Ellobody [23] compared these profiles under End-Two-Flange and Interior-Two-Flange loading, revealing that both the 

bearing length and load arrangement critically influence the web-crippling capacity. Dwivedi & Vyavahare [43] 

introduced revised web-crippling coefficients, demonstrating that North American specifications tend to overestimate 

capacity, whereas European codes align more closely with the observed behavior. Meanwhile, Taimur et al. [44] 

examined hot-rolled- rectangular hollow sections featuring web perforations and tested 20 specimens under both ITF 

and ETF conditions. Finite element models and parametric studies were used to quantify the effects of hole diameter 

and offset on crippling resistance. From this analysis, targeted design recommendations emerged, supported by 

reliability assessments, to ensure a robust performance. Collectively, the studies provide a path toward more economical, 

data-driven design approaches for cold-formed- steel members. 

AISI S100 provides the empirical equation for evaluate the web crippling strength is given by Equation 1. 

𝑃𝑛 = 𝐶𝑡𝑤
2𝑓𝑦𝑤 𝑠𝑖𝑛 𝜃 (1 − 𝐶𝑤√
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𝑙𝑏

𝑡𝑤
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This empirical equation considers relevant parameters such as the inner bent radius (R), loading plate length (lb), 

web height (h), thickness (t), and angle between the web plane and bearing surface. It also accounts for the yield strength 

(fy) and web crippling coefficients, including the ratio of the inner bent radius to the web thickness (CR), web slenderness 

coefficient (Ch), bearing length-to-thickness coefficient (Clb), and overall coefficient (C). 

The rising demand for economical structural solutions has driven innovation in CFS profiles, inspiring designs such 

as sigma sections, space frames, and hollow flange-members [45, 46]. Screw-fastened rectangular hollow 

flange-Z-section (SFHZ) has emerged as a cost-effective successor [13, 47]. By substituting extensive welding with 

self-drilling screws, SFHZ beams streamline assembly, reduce heat input, and reduce labour expenses while maintaining 

high strength ratios [48, 49]. This strategy also addresses fabrication complexity by positioning SFHZ sections as a 

sustainable, high-performance choice for modern construction. Figure 1 shows the fully assembled SFHZ specimen. 

The investigation focused on the web-crippling resistance of these screw-fastened Z-sections under End-Two-Flange 

(ETF) and Interior-Two-Flange (ITF) loading. Web crippling represents a critical failure mechanism in thin-walled steel 

profiles, where point loads trigger localized deformations that significantly reduce the load capacity. Prior studies 

revealed that established design provisions, particularly AISI S100 and AS/NZS 4600, tend to underestimate the strength 

of cold-formed- members [50, 51]. By adopting self-drilling- screws instead of traditional welding or riveting, 

connections can achieve higher uniformity and tighter fit, simplify assembly, and facilitate maintenance. A 

comprehensive evaluation through both experimental testing and numerical modelling underpins these findings, 

ensuring that the refined design recommendations align with real-world- performance. This approach advances cold-

formed- steel design practices, offering a pathway for more efficient, cost-effective-, and reliable structural solutions to 

modern construction demands. 

 

Figure 1. Cold-formed screw-fastened hollow Z-section beam (SFHZ) 

Rivet-fastened Rectangular Hollow Flange Channel Beams (RHFCBs) incorporate supplementary lip stiffeners that 

markedly improve the buckling resistance, structural rigidity, and load-bearing- capacity while streamlining handling 
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and on-site fabrication. Steau et al. [52] investigated web-crippling phenomena and ultimate strength for RHFCBs under 

both End-Two-Flange (ETF) and Interior-Two-Flange (ITF) loading. Their study revealed that failure modes arise from 

a combination of flange crushing and localized web crippling. When benchmarked against AISI S100 and AS/NZS 4600 

design curves, the existing equations proved overly conservative for riveted RHFCBs in the ETF and ITF scenarios. To 

address this gap, Steau et al. [52] derived refined empirical expressions tailored to the unique geometry and connection 

details of these built-up- members, yielding far more accurate strength predictions. Keerthan & Mahendran [53] 

examined the web-crippling behavior of Lite Steel beams under End-One-Flange (EOF) and Interior-One-Flange (IOF) 

conditions. Twenty-three full scale tests demonstrated that the current AS/NZS 4600 and AISI S100 provisions 

substantially underestimate the actual capacity. Drawing on experimental insights, they proposed enhanced design 

equations within the Direct Strength Method framework, offering an improved alignment with the observed 

performance. These combined advances lay the groundwork for developing more economical and reliable cold-formed 

steel design guidelines. 

Recent efforts to streamline the production of rectangular hollow flange channel sections have refined cold-forming 

techniques and integrated dual-electric resistance-welding, boosting the throughput and material consistency. 

Wanniarachchia & Mahendran [54] evaluated these colored rectangular hollow flange beams (RHFBs) against 

AS/NZS 4600 and AISI S100 criteria, showing that applying a screw spacing reduction factor ensures reliable strength 

predictions. Testing indicated that increasing the screw spacing from 50  to 100 mm caused only a minor 5 % decrease 

in moment capacity, underscoring the robustness of the section. The Direct Strength Method (DSM) also delivered 

conservative yet accurate moment estimates for both screw-fastened and welded configurations. Future research will 

examine alternative RHFB geometries to optimize load-to-weight ratios and enhance the overall efficiency. In parallel, 

Ishqy et al.[55] investigated the shear behaviour in RHFCBs with non-circular web openings. Combined experimental 

and finite element studies revealed that such openings could reduce the shear capacity by up to 70 %, highlighting the 

delicate balance between weight savings and structural performance. These insights pave the way for more nuanced 

design strategies that improve efficiency and safety in contemporary cold-formed- steel applications. 

Screw connections promote a uniform load transfer, strengthen the joint integrity, and simplify maintenance across 

a wide range of structural applications. Maali et al. [56] increase in beam thickness increases the strength (Fmax) and 

energy-absorbing ability of cold-formed steel (CFS) screw connections but slightly reduces their rotation capacity 

(θFmax). Finite element analysis (FEA) was extremely in agreement with experimental results, highlighting the 

importance of tailoring connection design to specific loading scenarios to ensure optimal performance. In a 

complementary investigation, Li et al. [57] influence parameters such as screw diameter, sheet thickness, edge angle, 

end distance, and screw configuration. The connection having a thickness ratio of 1.0 would most probably be the 

pulling-out failure because the thinner sheet was unable to yield enough pull-out resistance. Punching failure was more 

prevalent at a 1.5d end distance, causing shear strength to decrease by about 20%. 

The integration of full-scale- tests and nonlinear finite element simulations has enabled a comprehensive evaluation 

of web-crippling in cold-formed screw-fastened hollow-flange beam (SFHZ) section design (see Figure 2).  

 

Figure 2. (a) Dimensional of SFHZ-section, (b) Test setup of SFHZ-section 

End-Two-Flange and Interior-Two-Flange loading conditions are considered for the experimental study on 48 

specimens to probe the effects of web slenderness, inner bent radius, and bearing length on crippling resistance (yield 

mechanism). The validated numerical models reproduced buckling and failure patterns with high fidelity. Adjustments 

to traditional design formulas, informed by these findings, yield more precise capacity estimates for the SFHZ beams. 
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A thorough review of the existing literature underscores the urgent need for refined web-crippling prediction tools in 

cold-formed- steel design. The calibration of new coefficients against both experimental data and finite element analyses 

bridges critical gaps in the current code provisions. This dual method not only enhances the reliability of capacity 

predictions but also paves the way for optimized, resource-efficient- structural solutions. The resulting design guidelines 

promise safer and more economical CFS applications using diverse engineering approaches. 

2. Research Methodology 

This study examines the web-crippling behaviour of cold-formed SFHZ sections based on extensive parametric 

studies using experimental testing and finite element analysis (FEA). To compare their structural performances, 48 

specimens were chosen and tested under end-two-flange (ETF) and interior two-flange (ITF) loading conditions. Figure 

3 shows a workflow chart representing the methodological steps and processes. This study compared new web crippling 

coefficients with experimental data and existing design equations, focusing on cold-formed steel-lipped channel beams 

subjected to one-flange loading conditions. FEA was carried out considering the validation of experimental results 

identifying the failure modes, stress distributions, and load-displacement responses. Parametric analysis was carried out 

to understand the influence of important geometric parameters, such as thickness, bend radius, and bearing length, on 

the web-crippling strength. The output obtained was compared with the AISI S100 and AS/NZS 4600 standard 

predictions to analyse their conservatism and accuracy. A reliability analysis is conducted to ensure the accuracy in 

predicting the web crippling capacity of the SFHZ sections. The study concludes with enhanced design 

recommendations that guarantee more precise web-crippling strength predictions for cold-formed SFHZ sections for 

engineering applications. 

 

Figure 3. Workflow of methodology 

2.1. Experimental Investigation 

An extensive experimental investigation was performed to analyse the structural response of 48 numbers of SFHZ 

beams under ETF and ITF loading conditions. This study examined the structural response under several loading and 

boundary conditions, emphasizing the determination of the stress concentration zones and sites of possible failure. The 

results add to the knowledge of the structural integrity and effect of design alterations on the performance and reliability 

of SFHZ beams.  
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Studies have shown that current web crippling design equations for cold-formed steel sections may be conservative, 

highlighting the need for computational modelling to capture geometric and material imperfections. Janarthanan et al. 

[11] conducted experimental and finite element analysis on lipped channel sections and found that AISI-S100 

underestimated web crippling strength by up to 18% for sections with high web slenderness. Refining web crippling 

coefficients can enhance the accuracy, especially for sections with high slenderness ratios. Further research is needed to 

incorporate cold-working effects and develop standardized procedures for improved design reliability 

The experimental analysis was based on the North American specifications, and the ETF and ITF web-crippling load 

conditions were tested. Two Z-sections (Figure 4) were joined with rigid components to achieve torsional and lateral 

stability. The Z-sections had a constant depth (d) of 150 mm; flange breadth (bf) of 55 mm; lip depth (df) of 18 mm; and 

thicknesses (t) of 1.2 mm, 1.6 mm, and 2.0 mm. These experiments were conducted to further enhance the understanding 

of web-crippling behaviour and design recommendations for safer structural design. 

  

Figure 4. Load cases for Web-crippling test 

2.2. Test Setup 

2.2.1. Experimental Configuration of ETF Loading 

For the ETF loading test, a Z1 specimen (200×55×18×1.2 mm with dimensions ri3×lb100 mm) was utilized (Figure 

5). The elongations of the steel specimens under the ETF loading conditions were measured using a rotary encoder. The 

testing machine delivered a maximum load of 1000 kN and recorded elongations of up to 250 mm. The specimen, 1.2 

mm thick and 55 mm wide, measured a maximum load of 5.73 kN. The rotary encoder ensured accurate elongation 

measurements, thereby increasing the reliability and validity of the experimental results. 

 

Figure 5. ETF Loading (Z1 200×55×18×1.2×ri3×lb100 mm) 
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2.2.2. Experimental Configuration for ITF Loading 

For the ITF loading test, a Z2 specimen (150 mm ×55 mm ×18×1.6 mm with dimensions ri3×lb100 mm) was tested 

(Figure 6). In a similar ETF setup, elongation was measured using a rotary encoder. The specimen 1.6 mm thick and 55 

mm wide had a maximum applied load of 1000 kN with an elongation capability of up to 250 mm. The maximum load 

in the experiment was 14.96 kN. The rotary encoder ensured accurate elongation measurements, which made it possible 

to precisely analyse the behaviour of the material under ITF loading conditions. shows the load-elongation relationship 

for ITF loading. 

 

Figure 6. ITF Loading (Z2 150×55×18×1.6×ri3×lb100 mm) 

2.3. Tensile Coupon Test 

As per the IS 513-2016 standards, a zinc coating was applied to all the cold-formed steel specimens. Tensile coupon 

testing for each thickness was performed according to ISO 6892-1-2018 to determine the elastic limit and critical fracture 

stress of Z-sections [58]. The rectangular plates were sheared parallel to the Z-section axis to obtain standard tensile 

coupons. The thickness and width were measured at three points along the gauge length, and the average values were 

used to compute the mechanical properties. 

Figure 7 depicts the tensile coupon specimen details, which reveal the material properties employed for estimating 

the structural response of the SFHZ beams under ETF and ITF loading conditions. The mechanical properties of cold-

formed steel, including modulus thicknesses (1.2 mm and 1.6 mm), were revealed through tensile coupon test results. 

The thinner gauges (1.2 mm) exhibited a higher yield strength (457 MPa) and critical fracture stress (770 MPa) but 

lower ductility (32.5% elongation); hence, they were strong but not very deformable. In contrast, thicker specimens (2.0 

mm) provided lower strength (226 MPa yield, 315 MPa ultimate) with higher ductility (56.5% elongation), which 

supported greater deformation before failure. The modulus of elasticity (E) decreases with increasing thickness, 

indicating a small reduction in stiffness [28]. These findings will enable the design of ideal Z-section shapes with 

application-specific strength and ductility requirements for structural loading. 

 

Figure 7. Specimen details of tensile coupon test 

Table 1 presents the tensile coupon test results, such as Modulus of elasticity (E), elastic limit (fyw), Critical fracture 

stress (fu), and gauge length (εu). The mechanical properties of CFSFHZ sections with different thicknesses (1.2 mm, 

1.6 mm, and 2.0 mm) were revealed through tensile coupon test results. The thinner gauges (1.2 mm) exhibited higher 

yield strength (457 MPa) and ultimate strength (770 MPa), and lower ductility (32.5% elongation). Moreover, thicker 

specimens (2.0 mm) provided lower strength (226 MPa yield, 315 MPa ultimate) with higher ductility (56.5% 

elongation), which supported greater deformation before failure. The modulus of elasticity (E) decreases with increasing 

thickness, indicating a small reduction in stiffness [59]. These findings will enable the design of ideal Z-section shapes 

with application-specific strength and ductility requirements for structural loading. 
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Table 1. Tensile coupon test results 

t (mm) E (GPa) fyw (MPa) fu (MPa) εu (%) 

1.20 248 457 770 32.5 

1.60 217 248 354 52.0 

2.0 184 226 315 56.5 

2.4. Web Crippling test for Two-Flange Load Cases 

The web-crippling performance of the CFSFHZ sections was evaluated through experimental testing under two-

flange loading conditions. The test setup comprised a loading frame in which a hydraulic jack was positioned centrally 

to apply the web-crippling load. A Universal Testing Machine (UTM) applied a force through a loading plate, which 

was displaced by 20 mm. A load sensor was connected to a data acquisition (DAQ) system to measure the load with a 

high degree of accuracy. 

Strain gauges were attached to either side of the CFSFHZ-section web to measure ETF and ITF strains. Inductive 

Transducers were attached below the loading plate to measure the vertical displacement. The transducers were arranged 

such that the lateral and vertical displacements could be measured accurately, and the deformation patterns and structural 

responses could be adequately assessed. SFHZ sections, 18 mm high and 55 mm wide, were screw-fastened on web 

plate of 100 mm. The heights of all the specimens were 150- and 200-mm. Zinc-coated CFS was used to fabricate 

specimens with 1.2 mm, 1.6 mm, and 2.0 mm thicknesses. Tensile coupon tests were conducted prior to the web-

crippling tests to determine the critical fracture stress of the steel sheets utilized for the experiments. 

Tables 2 and 3 provide SFHZ specimens under ETF and ITF loading conditions. The specifications include overall 

depth (d), clear web heights (d1), Flange breadth (bf), flange depth (df), flange gauge (tf), web thickness (tw), and elastic 

limit (fyw). The web-crippling test results were utilized to assess the structural response of the SFHZ beams and validate 

numerical models developed for future analysis. 

Table 2. Web crippling test specimen under loading case of ETF 

S. No. 

Screw-Fastened 

Hollow Z-section 

Beam (d×bf×df×tf×tw) 

d1 

(mm) 
d1/tw 

fyw 

(MPa) 

ri 

(mm) 

lb  

(mm) 

L  

(mm) 

PEXP  

(kN) 

1 150×55×18×1.2×1.2 114 95.00 457 3 50 342 4.85 

2 200×55×18×1.2×1.2 164 136.67 457 3 50 492 4.52 

3 150×55×18×1.6×1.6 114 71.25 248 3 50 342 6.12 

4 200×55×18×1.6×1.6 164 102.50 248 3 50 492 5.69 

5 150×55×18×2.0×2.0 114 57.00 226 3 50 342 8.82 

6 200×55×18×2.0×2.0 164 82.00 226 3 50 492 8.27 

7 150×55×18×1.2×1.2 114 95.00 457 3 100 342 6.60 

8 200×55×18×1.2×1.2 164 136.67 457 3 100 492 5.73 

9 150×55×18×1.6×1.6 114 71.25 248 3 100 342 7.95 

10 200×55×18×1.6×1.6 164 102.50 248 3 100 492 7.32 

11 150×55×18×2.0×2.0 114 57.00 226 3 100 342 9.64 

12 200×55×18×2.0×2.0 164 82.00 226 3 100 492 8.96 

13 150×55×18×1.2×1.2 114 95.00 457 4 50 342 4.57 

14 200×55×18×1.2×1.2 164 136.67 457 4 50 492 4.18 

15 150×55×18×1.6×1.6 114 71.25 248 4 50 342 5.84 

16 200×55×18×1.6×1.6 164 102.50 248 4 50 492 5.34 

17 150×55×18×2.0×2.0 114 57.00 226 4 50 342 8.16 

18 200×55×18×2.0×2.0 164 82.00 226 4 50 492 7.98 

19 150×55×18×1.2×1.2 114 95.00 457 4 100 342 5.19 

20 200×55×18×1.2×1.2 164 136.67 457 4 100 492 4.82 

21 150×55×18×1.6×1.6 114 71.25 248 4 100 342 6.97 

22 200×55×18×1.6×1.6 164 102.50 248 4 100 492 5.97 

23 150×55×18×2.0×2.0 114 57.00 226 4 100 342 9.15 

24 200×55×18×2.0×2.0 164 82.00 226 4 100 492 8.50 
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Table 3. Web crippling test specimen details under loading case of ITF 

S. No. 

Screw-Fastened 

Hollow Z-section 

Beam (d×bf×df×tf×tw) 

d1 

(mm) 
d1/tw 

fyw 

(MPa) 

ri 

(mm) 

lb  

(mm) 

L  

(mm) 

PEXP  

(kN) 

1 150×55×18×1.2×1.2 114 95.00 457 3 50 570 9.62 

2 200×55×18×1.2×1.2 164 136.67 457 3 50 820 9.02 

3 150×55×18×1.6×1.6 114 71.25 248 3 50 570 11.98 

4 200×55×18×1.6×1.6 164 102.50 248 3 50 820 11.02 

5 150×55×18×2.0×2.0 114 57.00 226 3 50 570 16.80 

6 200×55×18×2.0×2.0 164 82.00 226 3 50 820 16.48 

7 150×55×18×1.2×1.2 114 95.00 457 3 100 570 10.81 

8 200×55×18×1.2×1.2 164 136.67 457 3 100 820 10.17 

9 150×55×18×1.6×1.6 114 71.25 248 3 100 570 14.96 

10 200×55×18×1.6×1.6 164 102.50 248 3 100 820 13.54 

11 150×55×18×2.0×2.0 114 57.00 226 3 100 570 20.17 

12 200×55×18×2.0×2.0 164 82.00 226 3 100 820 19.26 

13 150×55×18×1.2×1.2 114 95.00 457 4 50 570 7.85 

14 200×55×18×1.2×1.2 164 136.67 457 4 50 820 7.63 

15 150×55×18×1.6×1.6 114 71.25 248 4 50 570 10.83 

16 200×55×18×1.6×1.6 164 102.50 248 4 50 820 10.09 

17 150×55×18×2.0×2.0 114 57.00 226 4 50 570 15.19 

18 200×55×18×2.0×2.0 164 82.00 226 4 50 820 14.86 

19 150×55×18×1.2×1.2 114 95.00 457 4 100 570 9.98 

20 200×55×18×1.2×1.2 164 136.67 457 4 100 820 9.48 

21 150×55×18×1.6×1.6 114 71.25 248 4 100 570 12.57 

22 200×55×18×1.6×1.6 164 102.50 248 4 100 820 11.86 

23 150×55×18×2.0×2.0 114 57.00 226 4 100 570 18.92 

24 200×55×18×2.0×2.0 164 82.00 226 4 100 820 18.19 

Figure 8 presents a failure analysis of the experimental testing conducted on ETF Z1 (200×55×18×1.2 mm) and ITF 

Z2 (150×55×18×1.6 mm). Figure 9 displays the load-vertical and lateral deflection curves of experimental (EXP) for the 

Z1 (ETF) and Z2 (ITF) sections. The curves show the structural response of the sections to gradually applied loads to 

failure and the differences in their elastic and plastic deformation characteristics. In Figure 9-a (ETF–Z1), the load-

deflection curve first shows a linear region of elastic behaviour, and the structural response remains proportional to the 

applied load. When the deflection exceeded 4 mm, the load experienced a further increase, and the response entered the 

plastic deformation region, in which permanent deformations occurred. The ultimate failure is observed after 

approximately 20 mm of deflection, which means that the Z1 section under ETF loading exhibits high strength before it 

reaches its crippling limit. 

  

Figure 8. Failure Pattern Analysis in ETF (Z1) and ITF (Z2) Experimental Studies 
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(a) Load-deflection plot for Z1 ETF 

 

(b) Load-deflection plot for Z2 ITF 

Figure 9. Comparison of failures of experimental testing ETF and ITF load cases 

Similarly, Figure 9-b (ITF–Z2) exhibits a similar trend, but with a higher initial stiffness and a more gradual slope to 

plastic deformation. The linear elastic phase increases to 6 mm of deflection, after which yielding occurs. Ultimate 

failure occurs beyond 20 mm of deflection, as in ETF loading; however, the ITF section shows a slightly greater 

structural resistance before total failure. The small discrepancies observed may be attributed to fabrication tolerances, 

small geometric defects, or variations in material properties. The results revealed that ITF sections can withstand slightly 

higher deformations prior to failure as a result of better load distribution, thus being more resistant to web crippling than 

ETF sections. 

2.5. Experimental Results 

The structural performance of the cold-formed screw-fastened rectangular hollow-flange Z-sections was 

comprehensively assessed using a set of experimental tests. This study focused on two specimen configurations: Z1 

(200×55×18×1.2 mm) and Z2 (150×55×18×1.6 mm). The specimens were tested under controlled loading 

conditions for both end-two-flange (ETF) and interior-two-flange (ITF) load cases, which mimicked actual 

structural stress cases. 

The main goals of the experiments were to examine the stability, deformation behaviour, and stress distribution 

of the samples under various loading conditions. By closely monitoring the response of the specimens to loads, this 

study aimed to elucidate the crucial failure mechanisms, variations in the load-carrying capacity, and web-crippling 

modes. These results provide important knowledge for optimizing cold-formed Z-sections, emphasizing their use 

in light steel structures. The experimental approach used in this study was compression testing to quantify the 

vertical and lateral deflections of the Z-sections with rising loads. The load-deflection response was monitored to 

evaluate how each section deformed over time until failure. Figure 9 presents the results of these tests, where the 

load-deflection curves indicate the structural performance differences under ETF and ITF loading. Plastic 

deformation followed the initial elastic deformation stage in each instance, resulting in web-crippling failure. These 

observations are significant for improving the design specifications and engineering guidelines of cold-formed steel 

Z-sections. From the mechanical response and failure mechanisms, structural engineers can improve the predictions 

of load-carrying capacity, which contributes to safer and more efficient steel structures in the construction and 

industrial sectors. 

2.6. Numerical Investigation (FEM Model) 

A full-scale finite element model of the cold-formed SFHZ was constructed in ABAQUS [60, 61] to capture its 

behaviour under ETF and ITF loading. A static general procedure was adopted for the nonlinear analysis to avoid the 

high computational cost of explicit solvers. This approach effectively simulates the buckling initiation, stress fields, and 

deformation modes observed in physical tests, ensuring close agreement with the experimental findings while 

maintaining manageable resource demands. The fidelity of the model was enhanced by the nonlinear material behaviour, 

and the boundary conditions mirrored the experimental setup. 



Civil Engineering Journal         Vol. 11, No. 08, August, 2025 

3195 

 

2.6.1. Finite Element Model Setup 

2.6.1.1. Element Type and Mesh Size 

Finite element analysis of thin-plate buckling relies on specialized shell elements such as S4, S4R, S4RS, and 

S4RSW. S4R elements, featuring quadrilateral, doubly curved thin-shell- geometries, are particularly adept at 

modelling screw-fastened, cold-formed sections [62]. Each S4R node offers six degrees of freedom complemented 

by an internal hourglass-control algorithm to prevent spurious distortions. The four-node- bilinear quadrilateral 

R3D4 element defines a discrete rigid body with six reference point- degrees of freedom for rigid components such 

as bearing plates and angle sections. Integrating these elements within a coherent mesh framework enhances the 

capture of bending–torsion interactions. The mesh density directly influences the resulting fideli ty: uniform 

5 mm × 5 mm elements map general stress fields, while targeted 1 mm × 5 mm refinements along corners and web 

zones identify peak stresses and incipient buckling. Selective integration strategies further balance the computational 

load by simplifying low-strain- regions. This mesh tailoring delivers detailed insights into local deformation patterns 

while preserving the overall model efficiency, ensuring accurate local and global buckling behaviour predictions 

through comparison with experimental results. 

2.6.2. Characteristics of Materials and Stress-Strain Behaviour 

Accurate finite element analysis depends on precise material characterization. The mechanical properties derived 

from tensile testing of cold-formed- steel sheets formed the basis for the simulation inputs [63]. Key parameters included 

the modulus of elasticity (E) to define stiffness, elastic limit (fyw) marking the onset of plastic deformation, and critical 

fracture stress (fu) representing the ultimate strength before failure. Additionally, the strain-hardening- curve captured 

the post-yield- material strengthening. Incorporating the experimentally determined values into the numerical model 

ensured that the stress–strain responses, deformation patterns, and failure predictions closely mirrored the observed 

behaviour under loading conditions. 

The engineering stress-strain curve (𝜎 − 𝜀) from the tensile tests was transformed into true stress (𝜎𝑡𝑟𝑢𝑒 ) and 

logarithmic plastic strain (𝜀𝑡𝑟𝑢𝑒) for proper FEA input. The transformation was performed using Equations 2 and 3: 

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀)  (2) 

𝜀𝑡𝑟𝑢𝑒 = 𝑙𝑛(1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒

𝐸
  (3) 

2.6.3. Boundary Conditions, Contact and Load Application 

A meticulous definition of boundary conditions and load applications is crucial for reproducing real-world 

behaviour within finite element models. Figure 10 shows the imposed loading and boundary conditions used in the 

FEA model. This framework fully constrains the support plates against translations along the X-, Y-, and Z-axes, 

preventing unintended movement under high loads. The rotational degrees of freedom about the Y- and Z-axes were 

similarly locked, preserving the structural stability during the simulation of compressive forces. The loading plate 

underwent comparable restrictions: translational motion along the X- and Z-directions and rotations around the Y- 

and Z-axes were fixed to emulate the rigidity of the experimental fixtures. A controlled vertical displacement of 

20 mm was applied at the designated reference point on the loading plate to accurately reproduce the compression 

stroke observed in the physical tests. Contact interactions adopted a master-slave approach, assigning the bearing 

plates as master surfaces and the Z-section as slave surfaces to ensure robust convergence [64]. A uniform friction 

coefficient 0.4 was imposed at all contact interfaces, capturing the sliding resistance measured during laboratory 

trials. A comparison of the load-deflection curves and failure patterns confirmed that the numerical predictions 

matched the experimental results within a minimal margin of error. Such an alignment reduces reliance on repeated 

physical tests, enhances design efficiency, and reinforces confidence in the model’s validity for broader parametric 

investigations. 

2.6.4. Initial Geometric Imperfections Influence 

The manufacturing of cold-formed steel often introduces subtle geometric asymmetries that influence buckling and 

web-crippling behaviour [65]. To evaluate these imperfections, the finite element model incorporated an initial 

out-of-plane flaw equal to one-150th of the section depth (h/150). A subsequent analysis revealed that such minor 

deviations exerted a negligible effect on the ultimate web-crippling strength. Consequently, practical engineering 

simulations may omit the explicit representation of these small-scale- geometric irregularities without sacrificing 

accuracy. This finding streamlines the modelling process, reducing the complexity and computational effort while 

preserving reliable predictions of thin-walled- steel performance under concentrated loads [41]. By emphasizing the 

robustness of the FEA approach, minor manufacturing defects are largely inconsequential for design-level- assessments. 
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Figure 10. Loading & boundary conditions (a) ETF loading (b) ITF loading (c) Boundary conditions (d) Meshed steel 

section and bearing plate 

2.6.5. Effect of Lip Stiffeners on Web Crippling Resistance 

Cold-formed Z-sections rely on lip stiffeners to delay local buckling and bolster structural rigidity under concentrated 

loads. The angle of these stiffeners (θₗ) relative to the flange is critical: a perpendicular orientation (90°) delivers 

substantial reinforcement by effectively redistributing stress, whereas shallower inclinations (45°) provide minimal 

support, allowing web crippling to be initiated at lower load levels. Incremental testing across angles from 45° to 90° 

confirmed that only right-tangled- stiffeners yield meaningful gains in buckling resistance, while sloped lips offer 

negligible improvement. High-fidelity- finite element simulations in ABAQUS replicated the experimental failure 

modes and stress distributions with impressive accuracy. Quadrilateral S4R shell elements, chosen for their six degrees 

of freedom and built-in- hourglass control, captured coupled bending–torsion behaviour in thin-walled- profiles. The 

R3D4 discrete rigid elements define the bearing plates and connector interfaces. Mesh density proved pivotal: a uniform 

5 mm×5 mm grid mapped global stress fields, while a refined 1 mm × 5 mm mesh in the corner and web regions 

pinpointed stress concentrations and buckling initiation sites.  

This adaptive meshing strategy balances the computational load with the detailed local accuracy. Incorporating real-

world- material data strengthened the predictive reliability. The tensile test results provided the modulus of elasticity, 

elastic limit, critical fracture stress, and strain hardening- curves, which were directly embedded into the constitutive 

definitions of the model. Boundary constraints mirrored the laboratory setup—support plates were fully fixed in 

translations and rotations, and the loading plate was restricted in all but a 20 mm vertical displacement. Master-slave 

contact formulation with a friction coefficient of 0.4, faithfully reproduced the interface interactions. Introducing a small 

geometric imperfection (h/150) showed a minimal effect on the ultimate web-crippling capacity, validating the 

robustness of an idealized geometry. The research findings underscore that 90° lip stiffeners markedly enhance 

web-crippling resistance, whereas oblique configurations do not. Finite element analysis has emerged as a powerful 

design tool capable of reducing reliance on extensive physical testing, refining parametric studies, and guiding more 

efficient and reliable cold-formed- steel structures. 

3. Results 

3.1. Analysis of Experimental Results Against Numerical Simulations 

This research systematically investigates and compares experimental and numerical outcomes to test the 

performance of cold-formed steel-lipped Z-sections under ETF and ITF loading conditions. The experimental tests were 
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conducted on 48 specimens, and the outcomes were compared with FEA predictions to quantify the precision of the 

numerical model. There was a significant correlation between the deformation modes, stress distribution, and failure 

modes, which verified the accuracy of FEA in predicting the web-crippling behaviour of cold-formed SFHZ sections. 

3.2. Evaluation of Structural Performance 

Experimental observations and numerical modelling both determined that CFZ sections possessed reliable material 

strength, stiffened flanges, and uniform torsional and lateral stability for the end-two-flange and interior-two-flange load 

cases. The structural response of the sections subjected to load was examined in terms of load-deflection behaviour, 

stress distribution, and failure modes, with an emphasis on localized web crippling effects. A comparison of the FEA 

results and experimental results confirmed that the numerical model accurately described the actual mechanical 

behaviour of the Z-sections. 

Additional testing was performed to validate the FEA model, and the numerical predictions were maintained 

consistently under different loading conditions. This study proves the robustness of FEA in the simulation of CFS 

behaviour and shows its use in design optimization and structural analysis. The test-to-predicted ratio of the web 

crippling strength was used as a leading indicator for the evaluation of model accuracy. 

3.3. Load-Deflection Behaviour: Experimental vs. FEA Predictions 

In general, the experimental and FEA comparisons indicated a good correlation, thereby validating the accuracy of 

the numerical model. Figure 11 illustrates the comparative analysis between the experimental (EXP) testing failure and 

FEA simulation failures in a Z1 (200×55×18×1.2 mm) section concerning the ETF load application. Figure 12 shows 

that the failure owing to the localized stress concentration is mainly of the web-crippling type. Significant web buckling 

can be observed in both the experimental and FEA results, particularly in the load-carrying region of the section. 

 

Figure 11. Comparative Study of EXP and FEA Failure Modes in ETF load case 

  

Figure 12. Comparison of load-deformation curves from EXP & FEA for ITF of Z1 

The failure mode of the experiments is in good agreement with the FEA predictions, verifying that the numerical 

model closely mimics the real behaviour. Any small differences between the experimental and FEA results were likely 

due to small material property imperfections, geometric irregularities, or differences in the experimental boundary 
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conditions. However, the similarity in the failure patterns ensured the accuracy of the finite element method for 

predicting ETF loading responses. 

Figure 13 illustrates the failure modes of a Z2 (150×55×18×1.6 mm) section under Interior-Two-Flange (ITF) 

loading, contrasting experimental observations with the FEA simulations. Under ITF loading conditions, failure is 

mainly caused by web buckling and localized web section deformation. The failure mode is different from ETF loading, 

as ITF specimens undergo more constrained deformation, with the web compressed between the two support plates, 

resulting in localized stress concentration at the points of load application. 

   

Figure 13. Comparative Study of EXP and FEA Failure Modes in ITF load case 

For the ETF load case (Figure 12), the load-deflection curve is linearly elastic up to a deflection of approximately 4 

mm, followed by plastic deformation, resulting in an ultimate stress at a deflection of approximately 20 mm. This 

indicates that the Z-sections under ETF loading exhibit stable elastic behaviour before entering web-crippling failure. 

For the ITF load case (Figure 14), the elastic range increases to 6 mm of deflection, reflecting a marginally higher initial 

stiffness than the ETF loading. The ultimate failure is beyond 20 mm of deflection, reflecting that ITF sections can 

withstand marginally higher deformations before structural failure because of the improved load distribution between 

the flanges.  

  
Figure 14. Comparison of load-deformation curves from EXP & FEA for ITF of Z2 

These findings verify that FEA accurately simulates the experimental observations with little variation owing to 

fabrication tolerances, small geometric imperfections, and material property variations. 

Figure 15 effectively depicts the progression of web-crippling failure yield mechanism of various phases: Figure 

15(a) showing web-crippling in SFHZ-section begins with an initial phase in the FEA. In pre-ultimate phase shows in 

the Figure 15(b), the web bucking initiated at the yield stress at 445 MPa near mid-height of the web. As the load further 

increased, the stress concentration propagated to the nearby section. The ultimate failure phase crippled at elastic stress 

450 MPa at 90 increments (Figure 15(c)). Furthermore, the load diminishes due to extensive deformation at post-ultimate 

phase in Figure 15(d). At this stage, the stress propagated to the entire span which reveals that the section reaches the 

ultimate stage of failure. The in-depth- parametric study of web-thickness, inner bent radius, and bearing length, to 

thoroughly examine the web-crippling behaviour under the Z1-section of ETF loading case.  
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Figure 15. Web-crippling failure yield mechanism of SFHZ-section beam of Z1 (a) Initial- phase (b) pre-ultimate phase       

(c) Ultimate-phase (d) Post ultimate-phase 

Web crippling in cold-formed steel sections is a localized failure mechanism that occurs under concentrated 

transverse loads. It initiates with yielding near the web-flange junction, followed by progressive plastic deformation 

and, depending on web slenderness, may involve local buckling or crushing. The failure culminates in severe out-of-

plane deformation and a rapid loss of load capacity. This mechanism is influenced by factors such as geometry, material 

properties, and boundary conditions, and can be effectively captured through nonlinear finite element analysis. 

3.4. Assessment of Web-Crippling Capacities: Experimental and Numerical Insights 

The test-to-predicted web-crippling capacity ratios were assessed using the AISI S100 standard, and the results 

demonstrated the relationships between the experimental and numerical analyses (Tables 4 and 5). 

Table 4. Comparative Analysis of Web crippling test & numerical values for ETF 

S. No. d×bf×df×tf×tw 
fyw 

(MPa) 

ri 

(mm) 

lb 

(mm) 
ri/t lb/t d1/t 

PEXP 

(kN) 

PFEA 

(kN) 
PEXP/PFEA 

1 150×55×18×1.2×1.2 457 3 50 2.50 41.66 95.00 4.85 4.68 1.04 

2 200×55×18×1.2×1.2 457 3 50 2.50 41.66 136.67 4.52 4.29 1.05 

3 150×55×18×1.6×1.6 248 3 50 1.88 31.25 71.25 6.12 5.97 1.03 

4 200×55×18×1.6×1.6 248 3 50 1.88 31.25 102.50 5.69 5.51 1.03 

5 150×55×18×2.0×2.0 226 3 50 1.50 25.00 57.00 8.82 8.79 1.00 

6 200×55×18×2.0×2.0 226 3 50 1.50 25.00 82.00 8.27 8.14 1.02 

7 150×55×18×1.2×1.2 457 3 100 2.50 83.33 95.00 6.60 6.12 1.08 

8 200×55×18×1.2×1.2 457 3 100 2.50 83.33 136.67 5.73 5.60 1.02 

9 150×55×18×1.6×1.6 248 3 100 1.88 62.50 71.25 7.95 7.62 1.04 

10 200×55×18×1.6×1.6 248 3 100 1.88 62.50 102.50 7.32 6.95 1.05 

11 150×55×18×2.0×2.0 226 3 100 1.50 50.00 57.00 9.64 9.48 1.02 

12 200×55×18×2.0×2.0 226 3 100 1.50 50.00 82.00 8.96 8.76 1.02 

13 150×55×18×1.2×1.2 457 4 50 3.33 41.66 95.00 4.57 4.29 1.07 

14 200×55×18×1.2×1.2 457 4 50 3.33 41.66 136.67 4.18 3.74 1.12 

15 150×55×18×1.6×1.6 248 4 50 2.50 31.25 71.25 5.84 5.48 1.06 

16 200×55×18×1.6×1.6 248 4 50 2.50 31.25 102.50 5.34 4.81 1.11 

17 150×55×18×2.0×2.0 226 4 50 2.00 25.00 57.00 8.16 8.48 0.96 

18 200×55×18×2.0×2.0 226 4 50 2.00 25.00 82.00 7.98 7.96 1.00 

19 150×55×18×1.2×1.2 457 4 100 3.33 83.33 95.00 5.19 4.74 1.09 

20 200×55×18×1.2×1.2 457 4 100 3.33 83.33 136.67 4.82 4.46 1.08 

21 150×55×18×1.6×1.6 248 4 100 2.50 62.50 71.25 6.97 6.59 1.06 

22 200×55×18×1.6×1.6 248 4 100 2.50 62.50 102.50 5.97 5.64 1.06 

23 150×55×18×2.0×2.0 226 4 100 2.00 50.00 57.00 9.15 8.78 1.04 

24 200×55×18×2.0×2.0 226 4 100 2.00 50.00 82.00 8.50 8.28 1.03 

                                                                                                                                                                                                                  Mean     1.05   

                                                                                                                                                                                                                  COV      0.03 

(a) (b) 

(c) (d) 
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Table 5. Comparative Analysis of web crippling test & numerical values for ITF 

S. No. d×bf×df×tf×tw 
fyw 

(MPa) 
ri 

lb 

(mm) 
ri/t lb/t d1/t 

PEXP 

(kN) 

PFEA 

(kN) 
PEXP/PFEA 

1 150×55×18×1.2×1.2 457 3 50 2.50 41.66 95.00 9.62 9.18 1.05 

2 200×55×18×1.2×1.2 457 3 50 2.50 41.66 136.67 9.02 8.97 1.00 

3 150×55×18×1.6×1.6 248 3 50 1.88 31.25 71.25 11.98 11.24 1.07 

4 200×55×18×1.6×1.6 248 3 50 1.88 31.25 102.50 11.02 10.65 1.03 

5 150×55×18×2.0×2.0 226 3 50 1.50 25.00 57.00 16.80 16.29 1.03 

6 200×55×18×2.0×2.0 226 3 50 1.50 25.00 82.00 16.48 16.18 1.02 

7 150×55×18×1.2×1.2 457 3 100 2.50 83.33 95.00 10.81 10.68 1.01 

8 200×55×18×1.2×1.2 457 3 100 2.50 83.33 136.67 10.17 9.92 1.03 

9 150×55×18×1.6×1.6 248 3 100 1.88 62.50 71.25 14.96 14.19 1.05 

10 200×55×18×1.6×1.6 248 3 100 1.88 62.50 102.50 13.54 13.18 1.03 

11 150×55×18×2.0×2.0 226 3 100 1.50 50.00 57.00 20.17 19.83 1.02 

12 200×55×18×2.0×2.0 226 3 100 1.50 50.00 82.00 19.26 18.92 1.02 

13 150×55×18×1.2×1.2 457 4 50 3.33 41.66 95.00 7.85 7.17 1.09 

14 200×55×18×1.2×1.2 457 4 50 3.33 41.66 136.67 7.63 6.98 1.09 

15 150×55×18×1.6×1.6 248 4 50 2.50 31.25 71.25 10.83 10.39 1.04 

16 200×55×18×1.6×1.6 248 4 50 2.50 31.25 102.50 10.09 9.96 1.01 

17 150×55×18×2.0×2.0 226 4 50 2.00 25.00 57.00 15.19 15.02 1.01 

18 200×55×18×2.0×2.0 226 4 50 2.00 25.00 82.00 14.86 14.37 1.03 

19 150×55×18×1.2×1.2 457 4 100 3.33 83.33 95.00 9.98 9.73 1.03 

20 200×55×18×1.2×1.2 457 4 100 3.33 83.33 136.67 9.48 9.13 1.04 

21 150×55×18×1.6×1.6 248 4 100 2.50 62.50 71.25 12.57 12.38 1.02 

22 200×55×18×1.6×1.6 248 4 100 2.50 62.50 102.50 11.86 11.53 1.03 

23 150×55×18×2.0×2.0 226 4 100 2.00 50.00 57.00 18.92 18.16 1.04 

24 200×55×18×2.0×2.0 226 4 100 2.00 50.00 82.00 18.19 17.69 1.03 

                                                                                                                                                                                                                 Mean     1.03  

                                                                                                                                                                                                                  COV     0.02 

These results suggest that the current AISI S100 specifications are unconservative, particularly in the case of screw-

fastened hollow Z-sections, because the test data consistently exceeded the predictions based on the standard equations. 

The new FEA model provided a better picture of the load-bearing behaviour than the standard design calculations. 

3.5. Implications for Code Improvement and Structural Design 

The implications of this comparative study for the design and analysis of cold-formed steel Z-sections are significant. 

• The present AISI S100 predictions are conservative for hollow Z-sections fastened with screws, which results in 

overestimation of the web-crippling strength. 

• Finite Element Analysis (FEA) is a better structural analysis tool with improved precision for predicting stress 

patterns and failure modes compared to conventional design formulas. 

• Load-deflection behaviour validates that ITF sections are more resistant to web crippling than ETF sections, and 

thus they are ideal for use in applications requiring higher load-bearing capacity. 

• An updated web-crippling coefficient update using experimental and FEA data can potentially enhance the design 

precision and structural reliability. 

• These findings confirm the value of numerical modelling for enhancing cold-formed steel designs to minimize 

physical testing and increase engineering standards for predicting structural performance 

4. Proposed Equation for Screw-Fastened Capacity in Z-Section 

AISI web crippling coefficients were calibrated based on 240 parametric analyses conducted using finite element 

(FE) models. The analyses involved varying several significant parameters: elastic limit (226 to 457 MPa), web thickness 

(1.2, 1.6, and 2.0 mm), corner radius (3 and 4 mm), bearing length (50 and 100 mm), and section depth (150 and 200 
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mm). The output from such FE models was interpreted using nonlinear regression techniques and placed in the frame 

of the design formulation as per AISI standards. 

Moreover, the reduction factor of the capacity was calculated using Equation 4 for AISI S100 and AS/NZS 4600. 

The revised coefficients enhance the web-crippling predictions of cold-formed screw-fastened Z-sections under the ETF 

and ITF load cases in Equation 5. The coefficients may be used for the AISI web crippling equations for any standard 

sample size. The reliability-based equation suggested in this study includes variations in the material properties, 

fabrication quality, experimental outcomes, and effects of loading, as represented by the following parameters: 

The capacity reduction factor (Φ𝑤) is defined as follows: 

Φ𝑤 = CΦM𝑚F𝑚P𝑚𝑒
√𝑉𝑀

2+𝑉𝐹
2+𝐶𝑃𝑉𝑃

2+𝑉𝑄
2

−𝛽0

  
(4) 

where, VM, 𝑉𝐹, 𝑉𝑃, and 𝑉𝑄 - COV for Characteristics of materials, manufacturing techniques, experimental observations, 

and effects of loading and 𝑀𝑚, 𝐹𝑚, and 𝑃m Mean values for variations in material, fabrication, and professional factors, 

𝐶𝛷 - Calibration efficiency factor, C𝑃 - Correction factor, 𝛽o - Reliability index:  

The proposed web-crippling capacity equation for screw-fastened Z-sections is given as: 

𝑃𝑝 = 𝐶𝑡𝑤
2𝑓𝑦𝑤 𝑠𝑖𝑛 𝜃 (1 − 𝐶ℎ√

𝑑1

𝑡𝑤
) (1 − 𝐶𝑟𝑖√

𝑟𝑖

𝑡𝑤
) (1 + 𝐶𝑙𝑏√

𝑙𝑏

𝑡𝑤
)  (5) 

4.1. Validation of Proposed Equation 

In the case of the ETF load case, the mean ratio of test-to-predicted web crippling capacity was 1.61, with a 

coefficient of variation (COV) of 0.10, as evident in Table 6. ITF load case, the mean test-to-predicted web crippling 

capacity was 1.60 and the COV was 0.18, as depicted in Table 7. 

Table 6. Comparative Analysis of Web Crippling Capacity CFSFHZ and FEA for ETF 

S. No. d×bf×df×tf×tw 
fyw 

(MPa) 
ri/t lb/t d1/t 

PEXP 

(kN) 

PFEA 

(kN) 

PEXP 

/PFEA 

PAISI 

(kN) 

PEXP 

/PAISI 

1 150×55×18×1.2×1.2 457 2.50 41.66 95.00 4.85 4.68 1.04 3.41 1.42 

2 200×55×18×1.2×1.2 457 2.50 41.66 136.67 4.52 4.29 1.05 2.98 1.52 

3 150×55×18×1.6×1.6 248 1.88 31.25 71.25 6.12 5.97 1.03 3.93 1.56 

4 200×55×18×1.6×1.6 248 1.88 31.25 102.50 5.69 5.51 1.03 3.53 1.61 

5 150×55×18×2.0×2.0 226 1.50 25.00 57.00 8.82 8.79 1.00 6.24 1.41 

6 200×55×18×2.0×2.0 226 1.50 25.00 82.00 8.27 8.14 1.02 5.70 1.45 

7 150×55×18×1.2×1.2 457 2.50 83.33 95.00 6.60 6.12 1.08 3.76 1.76 

8 200×55×18×1.2×1.2 457 2.50 83.33 136.67 5.73 5.60 1.02 3.28 1.75 

9 150×55×18×1.6×1.6 248 1.88 62.50 71.25 7.95 7.62 1.04 4.29 1.85 

10 200×55×18×1.6×1.6 248 1.88 62.50 102.50 7.32 6.95 1.05 3.85 1.90 

11 150×55×18×2.0×2.0 226 1.50 50.00 57.00 9.64 9.48 1.02 6.75 1.43 

12 200×55×18×2.0×2.0 226 1.50 50.00 82.00 8.96 8.76 1.02 6.17 1.45 

13 150×55×18×1.2×1.2 457 3.33 41.66 95.00 4.57 4.29 1.07 N. A 

14 200×55×18×1.2×1.2 457 3.33 41.66 136.67 4.18 3.74 1.12 N. A 

15 150×55×18×1.6×1.6 248 2.50 31.25 71.25 5.84 5.48 1.06 3.46 1.69 

16 200×55×18×1.6×1.6 248 2.50 31.25 102.50 5.34 4.81 1.11 3.10 1.72 

17 150×55×18×2.0×2.0 226 2.00 25.00 57.00 8.16 8.48 0.96 5.61 1.45 

18 200×55×18×2.0×2.0 226 2.00 25.00 82.00 7.98 7.96 1.00 5.13 1.56 

19 150×55×18×1.2×1.2 457 3.33 83.33 95.00 5.19 4.74 1.09 N. A 

20 200×55×18×1.2×1.2 457 3.33 83.33 136.67 4.82 4.46 1.08 N. A 

21 150×55×18×1.6×1.6 248 2.50 62.50 71.25 6.97 6.59 1.06 3.77 1.85 

22 200×55×18×1.6×1.6 248 2.50 62.50 102.50 5.97 5.64 1.06 3.39 1.76 

23 150×55×18×2.0×2.0 226 2.00 50.00 57.00 9.15 8.78 1.04 6.08 1.51 

24 200×55×18×2.0×2.0 226 2.00 50.00 82.00 8.50 8.28 1.03 5.55 1.53 

      Mean 1.05  1.61 

      COV 0.03  0.10 

Note: N.A.- AISI formulation is inapplicable for ri/𝑡 ≤ 3. 
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Table 7. Comparative Analysis of Web Crippling Capacity CFSFHZ and FEA for ITF 

S. No. d×bf×df×tf×tw 
fyw 

(MPa) 
ri/t lb/t d1/t 

PEXP 

(kN) 

PFEA 

(kN) 

PEXP 

/PFEA 

PAISI 

(kN) 

PEXP 

/PAISI 

1 150×55×18×1.2×1.2 457 2.50 41.66 95.00 9.62 9.18 1.05 5.47 1.76 

2 200×55×18×1.2×1.2 457 2.50 41.66 136.67 9.02 8.97 1.00 5.46 1.65 

3 150×55×18×1.6×1.6 248 1.88 31.25 71.25 11.98 11.24 1.07 8.00 1.50 

4 200×55×18×1.6×1.6 248 1.88 31.25 102.50 11.02 10.65 1.03 7.99 1.38 

5 150×55×18×2.0×2.0 226 1.50 25.00 57.00 16.80 16.29 1.03 13.68 1.23 

6 200×55×18×2.0×2.0 226 1.50 25.00 82.00 16.48 16.18 1.02 13.66 1.21 

7 150×55×18×1.2×1.2 457 2.50 83.33 95.00 10.81 10.68 1.01 6.59 1.64 

8 200×55×18×1.2×1.2 457 2.50 83.33 136.67 10.17 9.92 1.03 6.58 1.55 

9 150×55×18×1.6×1.6 248 1.88 62.50 71.25 14.96 14.19 1.05 9.51 1.57 

10 200×55×18×1.6×1.6 248 1.88 62.50 102.50 13.54 13.18 1.03 9.49 1.43 

11 150×55×18×2.0×2.0 226 1.50 50.00 57.00 20.17 19.83 1.02 16.11 1.25 

12 200×55×18×2.0×2.0 226 1.50 50.00 82.00 19.26 18.92 1.02 16.09 1.20 

13 150×55×18×1.2×1.2 457 3.33 41.66 95.00 7.85 7.17 1.09 N. A 

14 200×55×18×1.2×1.2 457 3.33 41.66 136.67 7.63 6.98 1.09 N. A 

15 150×55×18×1.6×1.6 248 2.50 31.25 71.25 10.83 10.39 1.04 4.94 2.19 

16 200×55×18×1.6×1.6 248 2.50 31.25 102.50 10.09 9.96 1.01 4.93 2.05 

17 150×55×18×2.0×2.0 226 2.00 25.00 57.00 15.19 15.02 1.01 9.97 1.52 

18 200×55×18×2.0×2.0 226 2.00 25.00 82.00 14.86 14.37 1.03 9.96 1.49 

19 150×55×18×1.2×1.2 457 3.33 83.33 95.00 9.98 9.73 1.03 N. A 

20 200×55×18×1.2×1.2 457 3.33 83.33 136.67 9.48 9.13 1.04 N. A 

21 150×55×18×1.6×1.6 248 2.50 62.50 71.25 12.57 12.38 1.02 5.87 2.14 

22 200×55×18×1.6×1.6 248 2.50 62.50 102.50 11.86 11.53 1.03 5.86 2.02 

23 150×55×18×2.0×2.0 226 2.00 50.00 57.00 18.92 18.16 1.04 11.74 1.61 

24 200×55×18×2.0×2.0 226 2.00 50.00 82.00 18.19 17.69 1.03 11.72 1.55 

      Mean 1.03  1.60 

      COV 0.02  0.18 

Note: N.A.- AISI formulation is inapplicable for ri/𝑡 ≤ 3. 

 

The Table 8 compares experimental, FEA, and proposed equation-based web-crippling capacities for ETF and 

ITF load scenarios. The result shows the proposed coefficients offer dramatic improvements in accuracy compared 

to the AISI S100 design equations. A comparison of the test-to-predicted ratios further supported the effectiveness 

of the proposed equation in assessing the web crippling capacities under ETF and ITF load cases. The proposed 

equation demonstrates appreciable improvement in accuracy and uniformity in comparison to AISI S100 

predictions. In the ETF load case, the AISI S100 method overestimates the strength extensively with a mean ratio 

of 1.61 and a coefficient of variation (COV) of 0.08. Contrarily, the proposed equation provides a much more 

accurate prediction with a mean ratio of 1.04, having a COV of 0.08, depicting less variability and more consistency 

in the results.  

Similarly, in the ITF load case, the AISI S100 method continues with overestimation with a mean ratio of 1.60, while 

the proposed equation provides a better mean ratio of 1.02, having a COV of 0.09. These findings demonstrate that the 

proposed equation yields more accurate web-crippling strength predictions, eliminating overestimation problems in 

current design standards. 
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Table 8. Comparative evaluation of web-crippling capacity: CFSFHZ, FEA and Proposed analytical coefficients for ETF and ITF 

S. No. 

Screw-fastened Hollow 

Z-section Beam 

(d×bf×df×tf×tw) 

ETF ITF 

PEXP PEXP/PAISI PFEA/PAISI PEXP PEXP/PAISI PFEA/PAISI 

1 150×55×18×1.2×1.2 4.85 0.85 0.83 9.62 0.87 0.83 

2 200×55×18×1.2×1.2 4.52 0.88 0.83 9.02 0.90 0.89 

3 150×55×18×1.6×1.6 6.12 1.09 1.06 11.98 1.09 1.02 

4 200×55×18×1.6×1.6 5.69 1.09 1.06 11.02 1.08 1.04 

5 150×55×18×2.0×2.0 8.82 1.09 1.08 16.80 1.05 1.02 

6 200×55×18×2.0×2.0 8.27 1.09 1.07 16.48 1.10 1.08 

7 150×55×18×1.2×1.2 6.60 0.98 0.91 10.81 0.83 0.82 

8 200×55×18×1.2×1.2 5.73 0.93 0.91 10.17 0.85 0.83 

9 150×55×18×1.6×1.6 7.95 1.20 1.16 14.96 1.16 1.10 

10 200×55×18×1.6×1.6 7.32 1.20 1.14 13.54 1.13 1.10 

11 150×55×18×2.0×2.0 9.64 1.02 1.01 20.17 1.09 1.07 

12 200×55×18×2.0×2.0 8.96 1.02 0.99 19.26 1.11 1.09 

13 150×55×18×1.2×1.2 4.57 N. A 7.85 N. A 

14 200×55×18×1.2×1.2 4.18 N. A 7.63 N. A 

15 150×55×18×1.6×1.6 5.84 1.07 1.01 10.83 1.03 0.98 

16 200×55×18×1.6×1.6 5.34 1.06 0.95 10.09 1.03 1.02 

17 150×55×18×2.0×2.0 8.16 1.03 1.07 15.19 0.99 0.98 

18 200×55×18×2.0×2.0 7.98 1.08 1.08 14.86 1.03 0.99 

19 150×55×18×1.2×1.2 5.19 N. A 9.98 N. A 

20 200×55×18×1.2×1.2 4.82 N. A 9.48 N. A 

21 150×55×18×1.6×1.6 6.97 1.09 1.03 12.57 1.01 1.00 

22 200×55×18×1.6×1.6 5.97 1.01 0.95 11.86 1.03 1.00 

23 150×55×18×2.0×2.0 9.15 1.00 0.96 18.92 1.06 1.01 

24 200×55×18×2.0×2.0 8.50 0.99 0.96 18.19 1.08 1.05 

 Mean 1.04 1.00  1.02 1.00 

 COV 0.08 0.09  0.09 0.09 

4.2. Recommended Web-Crippling Coefficients for CFSFHZ-sections 

The revised web-crippling coefficients for the ETF and ITF loads were compared with those for the ETF and ITF 

loads, and the AISI S100 standards were compared with the newly proposed values in Table 9. 

Table 6. Proposed web-crippling coefficients of ETF & ITF loads 

Load case Coefficients C Cr Clb Cw Фw Mean COV 

ETF 
AISI 13 0.32 0.05 0.04 0.90 1.61 0.10 

Proposed 8.4 0.12 0.13 0.032 0.89 1.04 0.08 

ITF 
AISI 24 0.52 0.15 0.001 0.80 1.60 0.18 

Proposed 17.1 0.15 0.13 0.031 0.80 1.02 0.09 

This study investigates the web-crippling behaviour of an unfastened CFSFHZ for resisting ETF and ITF loading 

scenarios. A comprehensive approach combining experimental testing, FEA, and parametric investigation was adopted 

to analyse the structural behaviour of such sections. The web-crippling capacity was tested for 48 specimens and 

compared against American and AS/NZS design code predictions. The comparison revealed that both standards 

provided conservative strength estimates for sections with an internal bend radius to material thickness ratio (
𝑟𝑖

𝑡
) up to 

3.3, but became excessively conservative beyond this threshold. The same applied to lipped Z-sections, in which 

forecasts were conservative for a lip-to-thickness (
𝑙𝑏

𝑡
) ratio of as much as 84 but were too conservative for any value 

beyond this, particularly for edge ETF and ITF configurations.  
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The AISI-S100 and existing methods tend to underestimate web crippling strength by up to 18%, whereas the 

proposed coefficients reduce the prediction error to within 3%. While the current methodology relies on empirical 

equations based on past experiments, the proposed approach uses regression-based coefficients derived from finite 

element analysis and experimental data. For thin web effects in the web, existing procedures are conservative, 

particularly for high slenderness ratios, whereas the proposed method provides more accurate results in slender web 

section situations. Existing procedures have limited validation when applied to new cold-formed steel (CFS) profiles, 

and the proposed coefficients have been calibrated through extensive testing and full-scale FEA. Lastly, the safety 

factors in existing methods may be overly conservative, but the proposed approach adjusts these factors to more 

accurately reflect experimental results. 

5. Conclusion 

The proposed study and comprehensive evaluation of combined experimental testing and nonlinear finite element 

analysis to probe the web-crippling performance of cold-formed, screw-fastened hollow sections under End-Two-Flange 

(ETF) and Interior-Two-Flange (ITF) loading scenarios. 48 specimens, with varying material thicknesses, bearing 

lengths, and inner bent radius, were methodically evaluated to separate the effect of each geometric parameter on failure 

mechanisms and web-crippling strength. Whereas tighter inner bent radius increases stress concentrations and 

precipitates earlier web-crippling failures, parametric study showed that increases in web thickness and extended bearing 

lengths greatly increase the load-carrying capacity. Consistent conservatism in the current design equations revealed by 

comparative benchmarking against the AISI S100 and AS/NZS 4600 requirements suggests the possibility for material 

overdesign. Parametric studies of general nature were applied to develop novel calibrated coefficients and proposed 

equations. The stability of the revised equations for effectiveness was demonstrated through reliability-based validation 

with a demonstration of 15% mean reduction of design conservatism for a coefficient of variation of less than 0.10. By 

enabling improved estimation of web crippling capacity, these expressions invite maximum material usage without 

compromising on structural integrity. The conclusions reached in the work form a basis for updating specifications for 

design requirements of cold-formed steel and design inclusion of screw-fastened Z section beams within lightweight 

structural frames. These coefficients can be made part of structural design software with a view to optimizing processes 

and delivering measurable resource and construction costs savings. In addition, deeper exploration of the residual stress 

effects and manufacturing variability promises to enhance the further improvement in the model fidelity and 

predictability. 

6. Notations 

d Overall depth d1 Clear web heights 

bf Flange breadth tw Web thickness  

tf Flange gauge fyw Yield stresses 

lb Loading plate length Clb Loading length coefficient 

ri Inner bent radius  Cri Inner bent radius coefficient 

𝐶𝑊 Web height coefficient C Coefficient  

Pn Web-crippling strength 𝜃 Web-to-surface angle 

E Modulus of elasticity fu Critical fracture stress 

εu Gauge length   
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