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Abstract: This paper investigates the web crippling strength of cold-formed high-strength steel 

(CHS) channels with centered web holes subjected to end-one-flange (EOF) loading at elevated 

temperatures, considering both flanges fastened and unfastened to load plates conditions. The 

stress-strain curve and material properties for CHS (S690QL steel grade) channels were adopted 

from the literature, where the temperatures ranged from 20 to 800 °C. The material characteristics 

were incorporated into finite element (FE) models using ABAQUS. The developed FE model was 

then validated against the published test results to evaluate the effects of various parameters in-

cluding web hole diameter, bearing length, cross-section sizes, and flange fastening conditions of 

such channels at elevated temperatures, and a comprehensive parametric investigation including a 

total of 1710 validated finite element models was performed. From the parametric study results, it 

was found that the web crippling strength reduction factor is sensitive to the changes of the hole 

size and the bearing length, with the parameters of hole size having the largest effect on the web 

crippling reduction factor; however, the web crippling strength reduction factor remains stable 

when the temperature is changed from 20 to 800 °C. According to the FEA results, new reliable 

web crippling strength reduction factor equations for such CHS channels were proposed. In the 

comparison of proposed design strengths to the numerical failure load, the proposed design equa-

tions are suitable to predict the web crippling strength for CHS channels subject to EOF loading at 

ambient and elevated temperatures. 

Keywords: web crippling; numerical simulation; end-one-flange; proposed equation; elevated  

temperature; high-strength steel 

 

1. Introduction 

Cold-formed high-strength steel (CHS) channel section is a common solution for 

steel structures requiring higher capacity than typical cold-formed steel sections. The 

superior quality of CHS channel enables the members to retain higher strength while 

weighing less than conventional hot-rolled steel. Due to these advantages, CHS channel 

members are often used in beams, columns, wall panels, and cladding systems. Howev-

er, when CHS members are considered for building construction, localized web failure 

and fire safety are two major concerns. This study will investigate the effects of elevated 

temperatures on the web crippling strength of CHS channels with web holes under EOF 

loading. 
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Several studies focused on how cold-formed steel (CFS) structures react when ex-

posed to high temperatures [1–6]. The mechanical characteristics of low and high-

strength CFS sections at elevated temperatures were studied experimentally [1–3]. Javed 

et al. [4] have conducted a review study on the effects of fire loading on the CFS beams 

and columns, discussing the strength and failure mechanism of such members. In other 

studies, Fang et al. [5,6] performed numerical simulations on CFS members subjected to 

web crippling and axial compression. Gunalan et al. [7] studied the compressive behav-

ior of lipped and unlipped CFS channels at high temperatures. However, none of the 

abovementioned research studies addressed the web crippling performance of cold-

formed structural members, including CHS perforated channels at fire loading. 

In the literature, Chan and Young [8] investigated the web crippling strength of CFS 

beams with stiffening lips at high temperatures. They compared the findings from FE 

modelling against the calculated capacities determined from the Direct Strength Method 

(DSM) and Effective Width Method (EWM). Gunalan et al. [9] conducted a numerical 

simulation on CFS column members under fire loading and studied their flexural-

torsional buckling behavior. It was found that for moment released columns under flex-

ural-torsional buckling, lower mechanical properties exhibited high agreement and con-

sistency [9]. In addition, the results from FE models were compared against design 

guidelines from Australia/New Zealand Standard 4600 (AS/NZS) [10], BS 5950 Part 5 

[11], Eurocode 3 Parts 1.2 [12] and 1.3 [13], and DSM [9]. In other research, Gunalan et al. 

[7] recently determined that using non-linear stress-strain parameters in the CFS might 

improve the accuracy level of proposed design recommendations in the available design 

standards. 

Furthermore, Rokilan and Mahendran [14] conducted a research study to consider 

the impacts of material characteristics of the sections at elevated temperatures to further 

investigate the veracity of these findings. According to their findings, the design equa-

tions of EWM and DSM offered both conservative and unconservative estimations for 

determining the capacity of CFS members under various steel mechanical properties. In 

addition, they proposed a strength reduction factor for low and high steel sections ex-

hibiting high temperatures up to 700 °C. 

In terms of web crippling studies at room/ambient temperature, Uzzaman et al. [15–

22] used experimental and numerical simulation to study the web crippling strength of 

CFS perforated channel beams. Janarthanan et al. [23,24] studied the web crippling 

strength and failures of CFS channels, and they proposed modified coefficients to esti-

mate the failure load. Gunalan and Mahendran [25] conducted experimental tests to 

study the web crippling strength of CFS channel sections and proposed design equa-

tions within the Direct Strength Method guidelines [10,26]. These studies investigated 

mainly the cold-formed low-strength steel channels. However, the web crippling 

strength of cold-formed structural members (e.g., CHS channels) under EOF loading at 

high temperatures was not taken into account. 

Thus, this research aims to investigate the web crippling strength of CHS channels 

under EOF loading at elevated temperatures. The numerical study was conducted to in-

vestigate the impact of web hole size and high temperatures on the web crippling 

strength and behavior of CHS channels. In addition, the design standards were evaluat-

ed by comparing the values of design strengths to the web crippling strength of channels 

from this study. Using the FEA results, new reliable design equations were recommend-

ed to consider the web crippling strength reduction factor of CHS perforated channels at 

elevated temperatures. 

2. Web Crippling Failure 

The adoption of cold-formed structural elements in low to mid-rise structures in-

curs these members to concentrated loads introduced by transfer structures or irregular 

framing. Depending on the loading condition, these forces result in different failure 

modes. The most common failure modes are shear failure, buckling, bending, web crip-
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pling, or a combination of different modes [27]. As shown in Figure 1, a localised failure 

of the web beneath the bearing stress is presented as web crippling failure. 

 

Figure 1. Web crippling failure at a reaction point 

2.1. End-One-Flange Loading 

The cold-formed beams are often subjected to various web crippling failures, de-

pending on the location of the loads. Four types of failure load cases are available in 

Figure 2. Only the EOF load case was considered among these loadings in this study. 

 

Figure 2. Four loading cases for web crippling tests 

2.2. Experimental Investigation 

Lian et al. [15] and Sundararajah et al. [28] conducted experiments on cold-formed 

structural members subjected to EOF loading. The size and position of web holes were 

altered to examine their effects on the web crippling strength of channel sections. The 

specimens were collected with the web holes centered and offset with respect to the 

bearing plates. Variables such as nominal thickness, web depth, flange width, and web 

slenderness (h/t) were evaluated on three distinct cross sections. 

2.3. Current Design Codes 

The AS/NZS [10] and AISI [26] both include the web crippling strength prediction 

equation. Equation (1) is provided to calculate the nominal web crippling strength per 

web (PAISI&AS/NZS) for a channel segment without web holes. 

PAISI&AS/NZS = 𝐶𝑡𝑤
2 𝑓𝑦𝑠𝑖𝑛(θ) (1 − 𝐶𝑟√

𝑟𝑖

𝑡𝑤
) (1 + 𝐶𝑙 √

𝑁

𝑡𝑤
) (1 − 𝐶𝑤√

ℎ

𝑡𝑤
) (1) 

where, fy refers to yield stress of channel section; C refers to coefficient; ri is the inside 

bent radius; tw defines the thickness of web; 𝜃 is angle between the plane of the web and 
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bearing surface planes, which is equal to 90°; Cr refers to coefficient of inside bent radius; 

Cl refers to coefficient of bearing; Cw refers to coefficient of web slenderness; N refers to 

actual bearing length; h is the depth of flat portion of the web; coefficients of C, Cr, Cl, 

and Cw, for fastened flanges and un-fastened flanges are given in Table 1. 

A reduction factor (RAISI&AS/NZS) is provided to calculate the reduced web crippling 

strength of CFS channels with web openings. The reduction factor (R) for EOF loading, 

when the web openings are away from the bearing length, can be calculated using the 

following equation: 

RAISI&AS/NZS = 1.01 − 0.325
𝑎

ℎ
+ 0.083

𝑥

ℎ
≤ 1 (2) 

where a refers to web hole diameter; h refers to depth of web flat region; x refers to dis-

tance between bearing edge (nearest) and web opening. 

Table 1. Coefficients for fastened and un-fastened channels under EOF load case [10]. 

 C Cr Cl Cw 

Un-fastened 4.0 0.40 0.60 0.03 

Fastened 4.0 0.14 0.35 0.02 

3. Numerical Simulation 

3.1. General 

The non-linear FE models for unfastened and fastened CHS channels were devel-

oped using ABAQUS [29]. The centerline dimensions of the CHS channel section were 

considered. The model was developed using cross-sectional dimensions. As shown in 

Figure 3, four parts were defined to simulate the testing configuration, namely the chan-

nel section, the support bearing plates placed at both ends of the channel section, and 

the supporting block fastened at the back of the channel section using connectors. The 

section web crippling associated capacity was obtained by picking up the reaction forces 

through the support-bearing plates. Figure 4 summarizes the CHS channel symbol defi-

nitions, where the labelling of the specimen is shown in Figure 5. The detailed modelling 

technique is described below. 

 

Figure 3. Test configuration 
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Figure 4. Definition of symbols from the published experiments 

 

Figure 5. Specimen labelling. 

3.2. Material Property 

The stress-strain curve for steel grade S690QL at ambient and elevated tempera-

tures was taken from the study of Winful et al. [30]. It was then transformed to actual 

stress-plastic strain using Equations (3) and (4) [29]. The stress-strain material curves are 

shown in Figure 6 and the material properties of S690QL steel grade are summarised in 

Table 2. 

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀) (3) 

𝜀𝑡𝑟𝑢𝑒(𝑝𝑙) = 𝑙𝑛(1 + 𝜀) −
𝜎𝑡𝑟𝑢𝑒

𝐸
 (4) 

where E refers to Young’s modulus, 𝜎𝑡𝑟𝑢𝑒 refers to the true stress, ε𝑡𝑟𝑢𝑒(𝑝𝑙) refers to the 

plastic strain, σ and ε are the engineering stress and strain, respectively. 
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(a) up to 25% strain 

 
(b) up to 2% strain 

Figure 6. Engineering stress-strain curves for steel S690QL from 20 to 800 °C from Winful et al. 

[30]. 

Table 2. Material properties of CFS S690QL steel grade [30]. 

Temperature (°C) fy (MPa) E (MPa) 

20 739.3 199,300 

200 702.335 191,328 

400 687.549 177,377 

600 487.938 149,475 

800 81.323 53,811 

3.3. Meshing and Element Type 

For a modelling element type consistent with previous researchers [15–22,31–34], a 

quadrilateral shell SR4 element type with four nodes was used to model channels in 

ABAQUS, which is applicable for general shell purpose application and can capture fi-

nite membrane shell strains that are suitable for structural analysis. A mesh size (5 mm × 

5mm) was adopted for the channels, where a mesh convergence setting is ensured in the 

analysis acceptance criteria. The mesh size of 10 mm × 10 mm was adequate for the bear-

ing plates. For validating the FE model, smaller mesh sizes were adopted at the inside 

bend corners and around the web openings. The mesh sizes for different parts are 

shown in Figure 7 for FE models. 
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Figure 7. Meshing type in FE models. 

3.4. Loading and Boundary Conditions 

The Surface-to-Surface contact feature in the ABAQUS interaction library was 

adopted to simulate the contact between the support-loading plates and the CHS chan-

nels. A friction coefficient of 0.4 was employed between the channels and the support-

bearing plates. The contact interfaces were constrained not to allow penetrating surfaces 

into each other. For models with fastened flange, connectors were used to generate the 

fastened condition for the support bearing plates on the channels. The bearing plates 

with a roller support condition shown in Figure 3 were modelled by restraining the 

nodes along the support bearing in translation. The reaction forces were collected using 

the same node set. The top bearing plate was unfastened in the vertical direction, while 

other directions were fastened to achieve load-displacement corresponding to the Y-

direction in ABAQUS. Figure 8 shows the boundary conditions used in the FE model. 

 

 

Figure 8. Boundary conditions used in FE models. 

A displacement control method was adopted in this study by applying a vertical 

load to the top bearing plate attached to the channel section. The nodes of the top bear-

ing plate were bound as a rigid body and connected to a reference point using this pro-

cedure. The displacement control was applied to the reference point and displaced verti-

cally (Y-axis) to a predetermined value. 
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3.5. Validation of FE Model 

In this study, the developed FE models of the channels under EOF loading were 

validated using the test data of Lian et al. [15] and Sundararajah et al. [28]. Due to the 

paucity of data for the perforated CHS channels, the validation study against Lian et al. 

[15] and Sundararajah et al. [28] experimental tests were limited to the CFS channels on-

ly. The results of a comparison between the FEA-obtained web crippling strength and 

the experimental test [28] are shown in Table 3. The mean and coefficient of variation 

(COV) of experimental to FEA results (PEXP/PFEA) are 1.02 and 0.07 for the unfastened 

channel and 1.03 and 0.04 for the fastened channel, showing adequate accuracy for the 

parametric study. The FE model can calculate the web crippling strength of CHS chan-

nels subjected to EOF loading at room temperature, as concluded. 

In this study, it was assumed that the modelling procedure for CHS channels with 

and without web holes under EOF loading case at elevated temperature was the same as 

at ambient temperature, and the material properties were modified to account for the 

lower yield stress and other material properties at elevated temperature. 

Table 3. Comparison of FEA results with the experimental investigations from Lian et al. [15] and 

Sundararajah et al. [28]. 

Specimen ID 

Web Flange Lip 
Bend 

Radius 
Thickness 

Hole 

Dia 

Bearing 

Length 

Yield 

Stress 
Exp.Load    FEA Result 

PEXP/PFEA 
d bf bl r t a N fy PEXP PFEA 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (MPa) (kN) (kN) 

Sections with un-fastened flanges 

1 101 50.4 14.5 3.5 1.03 0 25 581 3.92  4.17  0.94  

2 101 51.1 15.6 4 1.52 0 50 540 9.62  10.29  0.93  

3 151.4 61.3 19.6 4.5 1.52 0 50 531 8.75  8.98  0.97  

4 203.4 76.4 19.8 5 1.91 0 100 506 12.39  11.16  1.11  

5 203.8 77.7 22 5 2.41 0 100 526 20.05  22.83  0.88  

6 142.7 59.79 13.23 4.8 1.23 0 100 639.8 4.78 4.34  1.10  

7 142.09 60.07 13.34 4.8 1.25 0 120 639.8 5.41  4.77  1.13  

8 142.22 60.03 13.11 4.8 1.23 55.17 120 639.8 4.66  4.32  1.08  

9 142.27 60 13.26 4.8 1.25 55.27 120 639.8 4.22  4.13  1.02  

10 142.15 60.06 13.27 4.8 1.24 0 150 639.8 5.56  5.03  1.11  

11 142.17 60 13.16 4.8 1.23 55.11 150 639.8 5.00  4.66  1.07  

12 202.07 65.37 14.85 5 1.35 0 120 649.6 4.60  4.31  1.07  

13 202.02 65.42 14.75 5 1.35 79.34 120 649.6 3.89  4.23  0.92  

14 202.13 65.4 14.72 5 1.35 0 150 649.6 4.96  4.81  1.03  

15 202.05 65.22 14.87 5 1.35 79.4 150 649.6 4.37  4.33  1.01  

16 202.41 65.26 14.31 5 1.35 99.52 150 649.6 3.85  3.95  0.97  

17 303.42 88.2 18.56 5 1.9 0 100 670.6 7.92  7.50  1.06  

18 303.04 88.15 18.67 5 1.9 179.07 100 670.6 6.80  6.40  1.06  

19 302.35 89.08 18.61 5 1.9 0 120 670.6 8.66  7.77  1.11  

20 303.63 89.3 18.62 5 1.9 89.58 120 670.6 8.62  9.49  0.91  

21 303.37 88.86 18.45 5 1.9 0 150 670.6 8.81  8.10  1.09  

22 303.47 89.73 18.38 5 1.9 119.28 150 670.6 8.30  8.57  0.97  

Average           1.02  

Cov           0.07  

Sections with fastened flanges 

23 142.13 60.06 13.17 4.8 1.27 0 100 639.8 7.07  6.98  1.01  

24 142.06 60.02 13.06 4.8 1.27 55.27 100 639.8 6.79  6.64  1.02  

25 142.18 60.11 13.22 4.8 1.25 55.18 100 639.8 5.68 6.18  0.92  
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26 142.17 60.13 13.11 4.8 1.24 55.29 120 639.8 7.08  6.81  1.04  

27 142.27 59.99 13.14 4.8 1.23 0 150 639.8 7.97  7.79  1.02  

28 142.26 60.09 13.21 4.8 1.23 55.25 150 639.8 7.24  7.46  0.97  

29 202.01 65.57 14.51 5 1.35 0 100 649.6 6.53  6.36  1.03  

30 202.01 65.22 14.86 5 1.35 79.34 100 649.6 6.39  6.02  1.06  

31 202.02 65.39 14.71 5 1.35 0 120 649.6 7.11  6.74  1.05  

32 202 65.43 14.84 5 1.35 79.34 120 649.6 6.61  6.41  1.03  

33 201.6 65.46 14.24 5 1.33 99.5 120 649.6 5.98  5.93  1.01  

34 202.01 65.45 14.75 5 1.32 0 150 649.6 7.73  6.95  1.11  

35 202.03 65.18 14.77 5 1.33 79.37 150 649.6 7.12  6.73  1.06  

36 202.43 65.42 14.36 5 1.34 99.57 150 649.6 6.80  6.59  1.03  

Average           1.03  

Cov           0.04  

Using validated FE models, the FEA results from selected models (shown in Table 4) 

were compared to the predicted web crippling strength determined by AISI and 

AS/NZS standards [10,26]. Table 5 reveals that the FEA results closely matched to the 

calculation results determined by design standards. 

Table 4. Geometric properties of FE models of channel sections with web openings. 

Specimen h (mm) bf (mm) bl (mm) ri (mm) tw (mm) a (mm) N (mm) L (mm) 

C100-50-20-t2.5-N50-A0-FR 91.5 50 20 3 2.5 0.0 50 474.5 

C100-50-20-t2.5-N50-A0.2-FR 91.5 50 20 3 2.5 18.3 50 474.5 

C100-50-20-t2.5-N50-A0.4-FR 91.5 50 20 3 2.5 36.6 50 474.5 

C100-50-20-t2.5-N50-A0.6-FR 91.5 50 20 3 2.5 54.9 50 474.5 

C100-50-20-t2.5-N50-A0.8-FR 91.5 50 20 3 2.5 73.2 50 474.5 

C150-50-20-t2.5-N50-A0-FR 141.5 50 20 3 2.5 0.0 50 624.5 

C150-50-20-t2.5-N50-A0.2-FR 141.5 50 20 3 2.5 28.3 50 624.5 

C150-50-20-t2.5-N50-A0.4-FR 141.5 50 20 3 2.5 56.6 50 624.5 

C150-50-20-t2.5-N50-A0.6-FR 141.5 50 20 3 2.5 84.9 50 624.5 

C150-50-20-t2.5-N50-A0.8-FR 141.5 50 20 3 2.5 113.2 50 624.5 

C200-50-20-t2.5-N50-A0-FR 191.5 50 20 3 2.5 0.0 50 774.5 

C200-50-20-t2.5-N50-A0.2-FR 191.5 50 20 3 2.5 38.3 50 774.5 

C200-50-20-t2.5-N50-A0.4-FR 191.5 50 20 3 2.5 76.6 50 774.5 

C200-50-20-t2.5-N50-A0.6-FR 191.5 50 20 3 2.5 114.9 50 774.5 

C200-50-20-t2.5-N50-A0.8-FR 191.5 50 20 3 2.5 153.2 50 774.5 

Table 5. Comparison of FEA results with current design standards. 

Specimen 

Ultimate Web Crippling Strength 

Per Web (kN) 
Comparison 

PFEA PASISI&AS/NZS PFEA/PAISI&AS/NZS 

C100-50-20-t2.5-N50-A0-FR 38.61 31.30 1.22 

C100-50-20-t2.5-N50-A0.2-FR 38.49 30.46 1.26 

C100-50-20-t2.5-N50-A0.4-FR 37.50 29.30 1.22 

C100-50-20-t2.5-N50-A0.6-FR 34.59 27.00 1.25 

C100-50-20-t2.5-N50-A0.8-FR 27.48 24.71 1.11 

C150-50-20-t2.5-N50-A0-FR 29.85 29.61 1.00 

C150-50-20-t2.5-N50-A0.2-FR 29.17 28.78 1.01 

C150-50-20-t2.5-N50-A0.4-FR 27.29 26.87 1.02 

C150-50-20-t2.5-N50-A0.6-FR 24.89 24.87 1.00 
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C150-50-20-t2.5-N50-A0.8-FR 23.47 23.14 1.01 

C200-50-20-t2.5-N50-A0-FR 23.73 28.20 0.84 

C200-50-20-t2.5-N50-A0.2-FR 23.20 27.49 0.84 

C200-50-20-t2.5-N50-A0.4-FR 21.43 25.57 0.83 

C200-50-20-t2.5-N50-A0.6-FR 19.74 24.03 0.82 

C200-50-20-t2.5-N50-A0.8-FR 16.53 21.81 0.76 

Average   1.01 

COV   0.16 

4. Parametric Study 

Using validated FE models, a comprehensive parametric investigation has been 

conducted to examine the effects of increasing temperature on the web crippling 

strength of CHS channels under EOF loading and associated strength reductions due to 

web holes. The objective of the parametric research is to determine the qualitative effect 

of parameter changes on the web crippling strength of CHS using the existing database. 

These parameters would be included into the proposed equation in the subsequent sec-

tion. In total, there were 1710 FEA models generated and assessed. Web depth (bw) 

ranged from 100 to 300 mm; diameter of web opening to the height of web (a/h) ranged 

from 0.2 to 0.8; length of bearing plate to the height of web (N/h) ranged from 0.17 to 

1.14; and section thickness (tw) ranged from 2, 4, and 6 mm. In addition, various bearing 

plate lengths (N) were employed including 50, 75, and 100 mm. The steel grade S690QL 

was employed with an elastic-perfectly plastic material description based on the materi-

al parameters from Table 2. 

The strength of CHS channels under EOF loading case is affected by three ratios, 

namely: r/t, N/t and h/t which correspond to the interior radius to the section thickness, 

the ratio of bearing length to web thickness and the ratio of web height to its thickness, 

respectively. The web crippling strength of CHS channels is calibrated by the reduction 

factor (R). The parametric study only looked at the web crippling strength and behavior 

of CHS channels containing web holes under EOF loading at elevated temperatures. 

The effects of each of these parameters at elevated temperatures are elaborated in 

the following sections with five temperature levels considered, 20 °C, 200 °C, 400 °C, 600 

°C, and 800 °C. 

4.1. Parametric Study 

4.1.1. Effect of the r/t (Corner Radius/Section Thickness) Ratio on the Web Crippling 

Strength 

The effect of the r/t ratio on the web crippling strength of CHS channels was inves-

tigated. As demonstrated in Figure 9, the negative influence of the r/t ratio on the web 

crippling strength can be observed. At ambient temperature, the average web crippling 

strength of CHS fastened and unfastened channels fell by 85.77% and 82.45%, respective-

ly, from 0.5 to 1.5.0 
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(a) Channel sections with unfastened flanges (b) Channel sections with fastened flanges 

Figure 9. Ratio of r/t against web crippling strength. 

4.1.2. Effect of the N/t (Bearing Length/Section Thickness) Ratio on the Web Crippling 

Strength 

Figure 10 shows that the web crippling strength decreases with higher values of N/t 

ratio from 8 to 50. The average reduced percentages for channel flanges (fastened and 

unfastened) at ambient temperature are 85.74% and 81.28%, respectively. Upon N/t 

reaching 37.5, the web crippling strength stabilises at ambient and elevated tempera-

tures. 

  

(a) Channel sections with unfastened flanges (b) Channel sections with fastened flanges 

Figure 10. Ratio of N/t against web crippling strength. 

4.1.3. Effect of the h/t (Web Depth/Section Thickness) Ratio on the Web Crippling 

Strength 

The ratio of the h/t ratio on the web crippling strength is explored as depicted in 

Figure 11. The rise in the ratio is associated with a reduction in the web crippling 

strength. The average ultimate web crippling strength of CHS unfastened and fastened 

channels with unfastened and fastened condition on flanges are lowered by 88.94 % and 

86.85 %, respectively, when the h/t ratio is changed from 14.67 to 146. 
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(a) Channel sections with un-fastened flanges (b) Channel sections with fastened flanges 

Figure 11. Ratio of h/t against web crippling strength. 

4.1.4. Effect of Fastened Flanges on the Web Crippling Strength 

From Figure 12, the average ultimate web crippling strength of CHS channels with 

fastened flange is 28.77 % more than that of CHS channels with unfastened flange. For 

CHS channels with web holes, the fastened flange condition may prevent the rotation of 

the flanges, which increases the web crippling strength of such channels under EOF 

loading. 

 

Figure 12. Comparison of web crippling strength of unfastened and fastened flanges. 

4.1.5. Effect of Elevated Temperatures on the Web Crippling Strength 

Figure 13 shows the web crippling strength of CHS channels response to a tempera-

ture gradient. The ultimate web crippling strength decreases as the temperature rises 

from 20 to 800 ℃. As shown in Table 6, the drop percentage in the web crippling 

strength for unfastened-flange channels is larger than that for fastened-flange channels. 

Figure 14 depicts some selected failure modes using the Von Mises stress criterion. From 

Figure 14, it is observed that the out-of-plane deformation of the webs occurs under EOF 

loading. The failure modes are similar for most of the sections at ambient and high tem-

peratures. However, the stress distribution near the web holes increases as temperature 

increases (see Figure 14). Furthermore, it was found that the web crippling strength of 

CHS channels decreases with increasing temperatures. 
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(a) Channel sections with unfastened flanges (b) Channel sections with fastened flanges 

Figure 13. web crippling strength against temperatures. 

 
 

(a) 20 °C (b) 200 °C 

  
(c) 400 °C (d) 600 °C 

 
(e) 800 °C 

Figure 14. Failure modes of specimen C150-50-20-t2.5-N50-A0.4-FR under different temperatures. 

Table 6. Average strength reduction percentage (%) of investigated sections at elevated tempera-

ture against ambient temperature (T = 20 ℃). 

 UnFastened Flanges 
Fastened 

Flanges 

Temperature 

T = 20 ℃ -- -- 

T = 200 ℃ 3.66 2.93 

T = 400 ℃ 6.79 5.72 

T = 600 ℃ 26.49 22.46 

T = 800 ℃ 83.10 82.89 

4.2. Web Crippling Strength Reduction Factor (R) 

Equation (5) provided the web crippling strength reduction factor (R) calculation 

formula: 
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0/hole AR P P=
 

(5) 

where Phole is the web crippling strength of section with centered web holes; PA0 is the 

web crippling strength of section without web holes. 

4.2.1. Effect of the a/h (Hole Diameter/Web Depth) Ratio on R 

Figure 15 and Table 7 illustrate the relationship between the a/h ratio and the web 

crippling strength reduction factor (R). Figure 15 depicts a decreasing trend in the R as a 

result of the increasing a/h ratio. When the a/h ratio grows from 0.2 to 0.6, CHS channels 

with fastened flanges see a modest variation in the reduction factor when exposed to 

various temperatures. In Table 7, the average R value for CHS unfastened channels re-

duces from 0.95 to 0.75, with an increase in a/h ratio. Similarly, the average R value for 

CHS fastened channels decreases from 0.99 to 0.73. 

 
 

(a) Channel sections with unfastened flanges (b) Channel sections with fastened flanges 

Figure 15. Strength reduction factor against a/h. 

Table 7. Average strength reduction factor (R) of investigated sections. 

 Unfastened Flanges 
Fastened 

Flanges 

a/h 

0.2 0.95 0.99 

0.4 0.91 0.97 

0.6 0.85 0.92 

0.8 0.75 0.73 

4.2.2. Effect of the N/h (Bearing Length/Web Depth) Ratio on R 

The web crippling strength reduction factor (R) for CHS fastened channels has a 

significant influence with N/h ratio increases and an a/h ratio larger than 0.8. The factor R 

fluctuates between 1% and 30% when the N/h ratio rises from 0.17 to 1.14 for CHS unfas-

tened channels, depending on the a/h ratio. A ratio of 0.8 a/h corresponds to the steepest 

decline. 

4.2.3. Effect of Fastened Flanges on R 

As seen in Figure 15, fastened sections behave more rigidly than unfastened sec-

tions when a/h varies between 0 and 0.8, with a little variance of around 4%. 
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5. Proposed Design Equations 

Since existing design standards do not effectively predict the web crippling strength 

of CHS channels at elevated temperatures, the FEA parametric results were utilized to 

propose new equations to address this issue. Using SPSS analytical software [35], a sta-

tistical analysis was undertaken to propose a design equation including results from the 

parametric results of this study. The proposed equation has the following limits: r/t ≤ 1.5, 

N/t ≤ 50, h/t ≤ 146, a/h ≤ 0.8, N/h ≤ 1.14. 

Equation (6) represents the design equation to determine the web crippling strength 

reduction factors (Rprop) of CHS channels with centered web holes: 

𝑅𝑝𝑟𝑜𝑝 = 𝛼 − 𝛾
𝑎

ℎ
+ 𝜆

𝑁

ℎ
 (6) 

𝑅 = 𝑃𝑤/𝑃0 (7) 

where α, γ, and λ are coefficients, and α, γ, and λ values obtained with SPSS are given in 

Table 8. Pw is the web crippling strength of the perforated channel section, and P0 is the 

web crippling strength of the unperforated same channel section. 

Table 8. Proposed equation coefficients for reduction factor (R). 

Coefficient Flanges Unfastened to Support Flanges Fastened to Support 

α 0.961 1.115 

γ 0.317 0.411 

λ 0.120 −0.017 

To quantify the accuracy of the proposed equations, a comparison was conducted 

between the results from the equations and the FEA results as well as between design 

codes. Using the FEA data, equation (6) was utilised to calculate the reduction factors for 

EOF web crippling strength. Tables 9 and 10 demonstrate that the recommended web 

crippling strength reduction factors (Rprop) estimate the reduction in ultimate failure 

strength of CHS channels with web holes under EOF loading with high accuracy. The 

average values of the proposed web crippling strength reduction factor R/Rprop ratio are 

less than the factors provided by the AISI and AS/NZS design standard (R/RAISI&AS/NZS) 

and have a smaller coefficient of variation (COVs) showing better accuracy and predic-

tion. It also can be seen from Table 10 that the COVs derived from the proposed equa-

tions and AISI and AS/NZS [10,26] are comparable when compared to CHS fastened 

channels. 

Table 9. Comparison of proposed equations for strength reduction factor with other calculation 

methods for channel sections with unfastened flanges. 

Specimen 

Failure Load 

without Web 

Holes 

Reduction Factors 
R/RAISI&AS/NZS R/Rprop 

P0 (kN) R = Pw/P0 RAISI&AS/NZS Rprop 

Channel sections at 20 °C 

C100-50-20-t6-N75-A0.2-FR 166.50 0.99 0.97 0.99 1.02 0.99 

C100-50-20-t6-N75-A0.4-FR 166.50 0.98 0.90 0.94 1.09 1.04 

C100-50-20-t6-N75-A0.6-FR 166.50 0.96 0.82 0.87 1.16 1.10 

C100-50-20-t6-N75-A0.8-FR 166.50 0.84 0.75 0.81 1.12 1.04 

Average  1.10 1.04 

COV  0.05 0.04 

Channel sections at 200 °C 

C100-50-20-t6-N75-A0.2-FR 159.74 0.99 0.97 0.99 1.02 0.99 
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C100-50-20-t6-N75-A0.4-FR 159.74 0.98 0.90 0.94 1.09 1.04 

C100-50-20-t6-N75-A0.6-FR 159.74 0.96 0.82 0.87 1.16 1.10 

C100-50-20-t6-N75-A0.8-FR 159.74 0.78 0.75 0.81 1.04 0.96 

Average  1.08 1.02 

COV  0.06 0.06 

Channel sections at 400 °C 

C100-50-20-t6-N75-A0.2-FR 156.39 0.99 0.97 0.99 1.02 0.99 

C100-50-20-t6-N75-A0.4-FR 156.39 0.97 0.90 0.94 1.08 1.03 

C100-50-20-t6-N75-A0.6-FR 156.39 0.95 0.82 0.87 1.15 1.08 

C100-50-20-t6-N75-A0.8-FR 156.39 0.83 0.75 0.81 1.10 1.02 

Average  1.09 1.03 

COV  0.05 0.04 

Channel sections at 600 °C 

C100-50-20-t6-N75-A0.2-FR 116.76 0.98 0.97 0.99 1.01 0.98 

C100-50-20-t6-N75-A0.4-FR 116.76 0.96 0.90 0.94 1.07 1.02 

C100-50-20-t6-N75-A0.6-FR 116.76 0.94 0.82 0.87 1.14 1.07 

C100-50-20-t6-N75-A0.8-FR 116.76 0.79 0.75 0.81 1.05 0.97 

Average  1.07 1.01 

COV  0.05 0.04 

Channel sections at 800 °C 

C100-50-20-t6-N75-A0.2-FR 21.85 0.99 0.97 0.99 1.02 0.99 

C100-50-20-t6-N75-A0.4-FR 21.85 0.98 0.90 0.94 1.09 1.05 

C100-50-20-t6-N75-A0.6-FR 21.85 0.97 0.82 0.87 1.17 1.11 

C100-50-20-t6-N75-A0.8-FR 21.85 0.84 0.75 0.81 1.12 1.04 

Average  1.1 1.05 

COV  0.06 0.05 

Table 10. Comparison of proposed equations for strength reduction factor (R) with other calcula-

tion methods for channel sections with fastened flanges. 

Specimen 

Failure Load 

without Web 

Holes 

Reduction Factors 
R/RAISI&AS/NZS R/Rprop 

P0 (kN) R = Pw/P0 RAISI&AS/NZS Rprop 

Channel sections at 20 °C 

C100-50-20-t6-N75-A0.2-FX 216.10 0.98 0.97 0.99 1.01 0.96 

C100-50-20-t6-N75-A0.4-FX 216.10 0.98 0.90 0.94 1.09 1.05 

C100-50-20-t6-N75-A0.6-FX 216.10 0.95 0.82 0.85 1.15 1.11 

C100-50-20-t6-N75-A0.8-FX 216.10 0.73 0.75 0.77 0.97 0.95 

Average  1.05 1.02 

COV  0.07 0.07 

Channel sections at 200 °C 

C100-50-20-t6-N75-A0.2-FX 209.14 0.98 0.97 0.99 1.01 0.96 

C100-50-20-t6-N75-A0.4-FX 209.14 0.98 0.90 0.94 1.09 1.05 

C100-50-20-t6-N75-A0.6-FX 209.14 0.95 0.82 0.85 1.15 1.11 

C100-50-20-t6-N75-A0.8-FX 209.14 0.72 0.75 0.77 0.96 0.93 

Average  1.05 1.01 

COV  0.08 0.08 

Channel sections at 400 °C 

C100-50-20-t6-N75-A0.2-FX 204.90 0.98 0.97 0.99 1.01 0.96 
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C100-50-20-t6-N75-A0.4-FX 204.90 0.98 0.90 0.94 1.09 1.05 

C100-50-20-t6-N75-A0.6-FX 204.90 0.95 0.82 0.85 1.15 1.11 

C100-50-20-t6-N75-A0.8-FX 204.90 0.72 0.75 0.77 0.96 0.93 

Average     1.05 1.01 

COV     0.08 0.08 

Channel sections at 600 °C 

C100-50-20-t6-N75-A0.2-FX 158.90 0.98 0.97 0.99 1.01 0.96 

C100-50-20-t6-N75-A0.4-FX 158.90 0.98 0.90 0.94 1.09 1.05 

C100-50-20-t6-N75-A0.6-FX 158.90 0.95 0.82 0.85 1.15 1.11 

C100-50-20-t6-N75-A0.8-FX 158.90 0.69 0.75 0.77 0.92 0.89 

Average  1.04 1.00 

COV  0.09 0.09 

Channel sections at 800 °C 

C100-50-20-t6-N75-A0.2-FX 32.27 0.97 0.97 0.99 0.99 0.95 

C100-50-20-t6-N75-A0.4-FX 32.27 0.96 0.90 0.94 1.07 1.02 

C100-50-20-t6-N75-A0.6-FX 32.27 0.89 0.82 0.85 1.08 1.04 

C100-50-20-t6-N75-A0.8-FX 32.27 0.61 0.75 0.77 0.81 0.79 

Average  0.99 0.95 

COV  0,13 0.11 

6. Conclusions 

This paper presents a numerical study on the strength and behavior of EOF web 

crippling on CHS perforated channels with S690QL steel grade at elevated temperatures. 

The non-linear FE models of CHS channels with web holes under EOF loading were 

generated and validated against experimental test data at ambient temperatures. Then, a 

comprehensive parametric investigation was performed on the web crippling strength of 

CHS channels under EOF loading at high temperatures. 

• In total, 1710 FEA models were examined on the web crippling strength of CHS 

channels under EOF loading, including the various effects of a/h, N/h, flange type, 

and elevated temperatures. 

• Both the ratios of a/h and N/h influence the web crippling strength reduction factor, 

with the ratio of a/h having a significant impact on the factor. Besides, the web crip-

pling strength reduction factor is unaffected by temperatures ranging from 20 to 

800 °C. 

• Using FEA results, new design equations were created to account for the effects of 

cross-sectional geometry, bearing plate, flange type, and hole size on the EOF load-

ing of CHS channels at elevated temperatures. The recommended design equations 

for CHS channels are limited to r/t ≤ 1.5, N/t ≤ 50, h/t ≤ 146, a/h ≤ 0.8, and N/h ≤ 1.14. 

• The proposed equations were compared to AISI and AS/NZS calculation tech-

niques. In particular, for CHS channels with unfastened flanges, the proposed equa-

tions outperformed the AISI and AS/NZS equations, as shown by a comparison 

with experimental data from the literature. 

Author Contributions: Conceptualization, Z.F., D.L.C., K.R.; methodology, Z.F., D.L.C.; writing—

original draft preparation, Z.F.; writing—review and editing, K.R., A.Y., Y.A.-R.; supervision, K.R., 

J.B.P.L. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this paper has been properly cited. 



Buildings 2023, 13, 266 18 of 20 
 

Acknowledgments: We would like to express our gratitude to Franck Mahalatchimy and Hao 

Liang for their contributions to this paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

Abbreviations 

a Hole diameter 

Ae Effective sectional area 

bf Flange width 

bl Lip width 

C Coefficient 

CAE Computer-aided engineering 

CHS Cold-formed high-strength steel 

CFS  Cold-formed steel 

Cl Coefficient bearing length 

COV Coefficient of variation 

Cr Coefficient of inside bent radius 

Cw Coefficient of web slenderness 

d Depth of the web 

dl Lip downturn width 

DSM Direct strength method 

E Young’s modulus 

EOF  End-One-Flange 

EWM Effective width method; 

FAISI&AS/NZS Nominal axial capacity from AISI&AS/NZS specifications 

FE Finite element 

fe Least of elastic flexural, torsional, and flexural-torsional buckling stress 

FEA Finite element analysis 

FEM Finite element model 

FEXP Axial capacity from experimental 

FFEA Axial capacity from FEA 

fn Buckling stress at critical load 

Fn Axial strength 

fy Yield stress 

h Depth of the flat portion of the web 

L Length of the section 

LPF Load proportionally factor 

N Bearing length 

P0 Web crippling strength of channel sections without web holes 

PAISI&AS/NZS Nominal web crippling strength per web from AISI&AS/NZS specifications 

PEV Concentrated load in FE model 

PEXP Web crippling strength from experimental 

PFEA Web crippling strength from FEA 

Pn Web crippling strength 

Pw Web crippling strength of channel sections with web holes 

R Web crippling strength reduction factor from FEA 

Rprop Proposed web crippling strength reduction factor 

r Inside bend radius 

RAISI&AS/NZS Web crippling strength reduction factor from AISI&AS/NZS specifications 

S4R 4-noded doubly curved linear shell elements 

tw Web thickness 

x Nearest distance between the web hole and the edge of bearing 

α, γ, λ Coefficients from proposed equation 

ε Engineering strain 

εtrue(pl) Plastic strain 

εu Strain at ultimate tensile strength 

λc Non-dimensional slenderness 
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σ  Engineering stress 

σ0.2 0.2% proof stress 

σ0.5 0.5% proof stress 

σtrue True stress 

σu Ultimate tensile strength 
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