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ARTICLE INFO ABSTRACT
Keywords: High-strength Cold-Formed Steel (CFS) members are widely adopted as structural members in
High-strength cold-formed steel building structures due to its higher ultimate capacity. The flexural members are often subjected

Unlipped channel section

Web crippling

End-One-Flange (EOF) load case
Finite element analysis

Direct strength method

to concentrated transverse loads which may leads to buckling instabilities including web crip-
pling. However, there is no appropriate design rules and studies are available to estimate the web
crippling strength of high-strength CFS members. Hence, this paper presents a detailed numerical
investigation on high-strength CFS unlipped channel sections subjected to End-One-Flange (EOF)
loading condition with nominal yield strengths of 700 MPa, 900 MPa and 1000 MPa. For nu-
merical simulation study, non-linear Finite Element (FE) models were developed and validated
with the experimental results followed by an extensive parametric study using ABAQUS. In total,
243 FE models were developed with different geometric and material parameters including
section thickness, material strength, web slenderness ratio, inside bent radius to thickness ratio
and bearing length to thickness ratio. The ultimate web crippling strength results were compared
with the available design guidelines to check their suitability and accuracy in terms of strength
prediction. Then, new design rules to predict the web crippling capacity of high-strength CFS
unlipped channel section under EOF condition based on unified and Direct Strength Method
(DSM) approaches were proposed.

1. Introduction

In recent years, applications of the high-strength cold-formed steel have been predominant in the construction industry due to its
inherent advantages over the conventional strength steel sections such as high strength to weight ratio, material saving, handling and
transportation cost, suitable for long-span and high-rise building structures and lesser carbon footprint [1]. The nominal yield strength
of the CFS with high-strength materials range from 460 MPa to 1100 MPa are commercially available in the market [2,3].

High-strength CFS structural members are often subjected to concentrated transverse load or localised load or support reactions
which may cause web crippling failure. According to AISI S909 [4], web crippling failure is categorised into four main types based on
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the location of the load and support conditions: Interior-One-Flange (IOF), End-One-Flange (EOF), Interior-Two-Flange (ITF) and
End-Two-Flange (EOF) loading. The load case is considered to as end load where failure occurs within the 1.5d; from the end distance
and if the failure occurs higher than the 1.5d; from the end distance is referred as interior loading. Similarly, one-flange and two-flange
loading conditions are referred as the clear distance between the edges of the bearing plates is higher than the 1.5d; and lesser than the
1.5d;, respectively. Where d; is clear web height of the sections (Fig. 1).

Theoretical investigation of the web crippling capacity is complicated due to non-uniform stress distribution, yielding near the
localised area, inelastic behaviour and initial imperfection of web element [4]. Since the 1940 s, many researchers have performed
experimental investigations on the web crippling behaviour of CFS sections. Prabakaran and Schuster [6] carried out extensive web
crippling strength data analysis and developed an appropriate design equation to predict the web crippling capacity of the CFS sections
based on more than 1200 experimental test data that comprised the results of I section, Z-sections, Channel sections and multiple web
sections. Later, this study was extended by Beshara and Schuster [7] and they proposed improved web crippling coefficients which was
adopted in the North American Specification (NAS) [8].

Young and Hancock conducted an experimental investigation on the web crippling behaviour of CFS unlipped channel sections
under IOF, EOF, ITF and ETF loading conditions and proposed design equations based on a simple plastic mechanism [9]. Moreover,
same authors extended their experimental studies on CFS channel sections with unfastened flange conditions [10] and fastened flange
conditions [11] under two-flange web crippling loading conditions. Ren et al. [12] carried out non-linear finite element (FE) analysis of
CFS channel sections subjected to one-flange loading conditions, where FE models were validated against the experimental results by
Young and Hancock [9] and proposed web crippling design equations for the web slenderness range from 7.8 to 108.5. In addition,
Macdonald et al. [13,14] and Chen et al. [15] conducted experimental and numerical investigations on CFS lipped channel sections
subjected to all four load cases (IOF, EOF, ITF and ETF), where a wide range of sections dimensions were accommodated. Duarte and
Silvestre [16] performed numerical simulation of CFS plain channel beams under concentrated loads and proposed new
slenderness-based approach web crippling strength design rules.

Natario et al. [17,18] conducted web crippling investigations on CFS beam sections with fastened and unfastened flange conditions
using past experimental research studies and developed new design rules using the DSM based approach to determine web crippling
strength under ETF and ITF loading conditions, respectively. To develop DSM approach, the authors performed elastic buckling
analysis to determine elastic buckling load and rigid-plastic analyses to calculate the plastic load. In addition, Gunalan and Mahendran
carried web crippling studies of CFS unlipped channel sections subjected to two-flange loading conditions [19] and one-flange loading
conditions [20], this study compared their experimental results with the available design rules [8,21] and proposed modifications to
web crippling coefficients.

Besides, high-strength steel sections are widely adopted as structural members in the building construction due to its architectural
advantages and structural performance. However, very limited studies [22-25] investigated the web crippling behaviour of
high-strength CFS sections. Santaputra et al. [22] Conducted web crippling studies on brake-pressed CFS hat and built-up sections with
yield strengths of the material range from 401 to 1138 MPa. Wu et al. [23] carried out web crippling tests on high-strength CFS hat and
deck sections with yield strengths up to 894 MPa and stated low ductility properties of the steel causes a negligible effect on web
crippling capacity of the sections. Recently, Li and Young [24] conducted experimental studies on web crippling behaviour of
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Fig. 1. Four load cases for web crippling failure [5].
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high-strength CFS rectangular and square tubular sections under four varying load cases, where the test specimens web slenderness
was varied from 8.3 to 35.8 whilst yield strengths of the material were 700 and 900 MPa. Experimental results of this study were
compared with the available web crippling design rules and the study reported that the design rules were not suitable to determine the
nominal web crippling capacity of the high-strength steel tubular sections. Later, Li and Young [25] performed extensive numerical
investigations on high-strength tubular sections subjected to web crippling loading conditions. The improved modified design equation
and unified Direct Strength Method (DSM) were prosed based on the results to predict the nominal web crippling strength of
high-strength CFS tubular sections. However, web crippling study of CFS channel sections with yield strength greater than 690 MPa has
been very limited.

Moreover, Sundararajah et al. [26-29] conducted detailed experimental and numerical simulation investigations on high-strength
CFS channel sections under all four web crippling load cases (IOF, ITF, EOF and ETF). To account the effect of different geometrical
parameters, their study considered different section lengths, web heights, internal radii, bearing lengths and material strengths. The
results were compared with available design guidelines [8,21,30] and proposed new DSM approach equations and proposed modi-
fications to the web crippling coefficients. It should be note that this study performed on high-strength CFS sections with limited up to
550 MPa. To study the fastened flange condition, Janarthanan et al. [31,32] performed the experimental and numerical analysis of web
crippling failures of CFS unlipped channel sections under EOF and IOF load cases with fastened flange condition and proposed
modifications based on the AISI S100 [8]. In addition, the web crippling investigations were carried on CFS SupaCee sections under
one-flange loading conditions [33] and two-flange loading conditions [34] by Sundararajah et al. [33,34]. Recently, Almatrafi et al.
[35] performed web crippling investigation on CFS sigma sections under IOF loading condition and developed slenderness based
approach method design equation while Gatheeshgar et al. [36], [37] investigated the web crippling behaviour of new generation of
staggered slotted perforated channels under one-flange load cases. Besides, it should be noted that some recent studies investigated the
effect of web openings on web crippling strength in CFS channel beams [38-44] and hollow flange beams [45].

The aforementioned literature studies and currently available design guidelines for CFS structures such as AISI S100 [8], AS/NZS
4600 [21] and Eurocode 3 Part 1-3 [30] are suitable to estimate the web crippling capacity of CFS sections made of relatively lower
steel grades (yield strengths) and there is a necessity to assess the suitability for high-strength CFS sections. However, no research
studies investigated the web crippling behaviour of high-strength CFS channel sections. Hence, this research conducted a numerical
investigation on web crippling behaviour of high-strength CFS unlipped channel section under EOF loading condition with yield
strength ranged from 700 to 1000 MPa. A detailed parametric study was performed with 243 FE models considering different
cross-sectional dimensions, section thicknesses, material strengths, bearing lengths and internal radii. The results were compared with
the available design equations and suitable design equations and DSM equations to predict the web crippling strength of the
high-strength CFS unlipped channel sections subjected to EOF loading condition were developed.

2. Numerical modelling

This part describes the FE model development of high-strength CFS unlipped channel section under EOF web crippling loading
condition. In past years, many researches [22,25,27,29,32,46] carried out FE analysis to study the web crippling behaviour of channel
sections in detail. ABAQUS 6.14 [47] software is used for numerical modelling. Initially, full and half models were simulated and
validated against to the experimental test results which is discussed in Section 3. The results obtained from both full and half models
were very similar. Therefore, half model simulation was found to be suitable for parametric study considering lesser time and cost of
the analysis.

2.1. Material definition

Material properties of high-strength CFS unlipped channel section was defined in the ABAQUS using (a) density, (b) Young’s
modulus, (c) Poisson’s ratio and (d) stress-strain curve inputs. Density of the CFS was 7850 kg/m® whilst Young’s modulus and
Poisson’s ratio were 203,000 MPa and 0.3, respectively. Moreover, Recently Leroy Gardner and Xiang Yun [48] proposed a two-stage
Ramberg-Osgood model (Egs. (1)-(6)) to describe the stress-strain curve of the cold-formed steel which is based upon the material
model developed by Mirambell and Real [49] for stainless steel. The researchers [48] gathered a huge collection of the stress-strain
models from the literature review by considering various material strengths, shapes and forms of the production such as press
braked or cold-rolled and validated. Also, the study [48] suggested that Rossi et al. [50] study can be used to obtain the material model
of the corner regions (Eqgs. (7)-(10)). Plastic deformation in the corner regions during the manufacturing process causes corner
strength enhancement [50]. Corner strength enhancement of high strength steel sections has been derived using Egs. (7)-(10). Even
though stainless steel also adopts corner strength enhancement, notable differences can be observed between applied corner strength
curve equations of high strength and stainless steel. The material models proposed by Gardner and Yun [48] and Rossi et al. [50] were
applied in this study to find out the stress-strain behaviour of flat and corner regions respectively.

Applied stress-strain relationship of the flat region in this study:
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n - First strain hardening exponent:
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In this study, the first strain-hardening exponent was taken from following table (Table 1) [50].
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2.2. Element type

The web crippling setup of high-strength CFS unlipped channel section under EOF loading comprises channel beam section, loading
plate, supporting plates and web side plates (WSPs). The unlipped channel beam was modelled using 3D deformable shell elements,
which is quadrilateral shell S4R element type with linear-four nodes, reduced integration, finite strain and hourglass control. On the
other hand, discrete rigid element with four nodded R3D4 was chosen to model the loading plate, bearing plate and WSP to simulate
high stiffness and rigidity than the unlipped channel section. The FE model with S4R element type was often used to study web
crippling behaviour of CFS sections [22,25,27,29,32,46,51].

Table 1
Strain-hardening exponents [50].
n m
Flat coupons 7.6 3.8
Corner coupons 7.0 4.2
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2.3. Mesh property

In this study, mesh sensitivity analysis was carried to select the proper mesh size for the high-strength CFS beams under EOF load
case shown in Fig. 2. The result shows similar observation as previous study [52]. Therefore, based on the past web crippling research
studies [27,29,52], mesh size of 5 mm x 5 mm for flat regions and 1 mm x 5 mm for corner regions were adopted for the unlipped
channel sections. Finer mesh size in the corner region of the section ensures the proper plastic deformation at the web-flange juncture
and appropriate stress distribution between the flange and web of the channel section. The discrete rigid elements including the
loading plate, supporting plate and WSPs are not directly associated with the web crippling strength. Therefore, a relatively coarser
10 mm x 10 mm mesh size were considered for the rigid elements, which has no influence in the analysis process. Fig. 3 shows the
mesh property of the unlipped channel section subjected to EOF web crippling loading.

2.4. Loading and boundary condition

To simulate suitable boundary conditions to the loading and supporting plates, a reference point was assigned to the respective
rigid element. The boundary condition of EOF loading condition was applied through the reference point. Fig. 4 represents the detailed
boundary condition of the full and half models under web crippling. Moreover, half model requires symmetry line boundary condition
to replicate the full model setup. To simulate exact experimental set-up, translation movement of X and Z direction along with all
rotational movement except X direction were restrained at the loading plate (top bearing plate). The vertical displacement of 20 mm
was applied through the loading plate in downward Y direction. To create a slower initial stage displacement and develop smooth
deformation in the structure, the applied displacement load is controlled by using smooth step amplitude function in ABAQUS. All the
translational and rotational movements except rotation about X and Y axes were restricted in the supporting plate (bottom bearing
plate). In addition, the symmetry line in the half models were restrained by ZSYMM symmetrical option, where the movements of Z
axis and rotation movements in the X and Y direction were not allowed.

2.5. Contact properties

In the FE model, the contact between channel section and the loading and supporting plates were modelled using contact pair
interaction option in the ABAQUS. According to past research studies [25,29,32,46], surface-to-surface contact property was created
between the sections. To simulate proper interaction properties, rigid plates were defined as master surface whereas slave surface was
assigned for respective flat flange and corner radius portion of the beam. The unlipped channel beam section element was modelled by
centreline method. Therefore, to ensure the half of the section thickness gap between rigid element and beam section ‘face-to-face’
position constraint was employed, which restrict the overlaps of two contact surface. The interaction property was defined with the
normal and tangential behaviour between the flanges of beam section and the bearing plates. Among various contact formulation,
‘hard’ contact is adopted for the pressure-overclosure and penalty friction formulation with coefficient of 0.4 was assumed to represent
the friction slip during analysis [5,25,27,29,32,36,37,52]. The recent study of Janarthanan et al. [32] suggested that the friction
coefficient of value is 0.4 for CFS unlipped channel beams under one-flange load case among consideration of various coefficient values
(0-0.8) and stated that the friction coefficient has negligible effect in web crippling strength, which is likely to the study of Natario
et al. [53].

2.6. Analysis type

Generally, static and quasi-static problems were able to solve using ABAQUS/Implicit and ABAQUS/ Explicit solver available in
ABAQUS [5,52]. For dynamic problems, ABAQUS/Implicit analysis method may cause convergence issues during analysis process
while ABAQUS/ Explicit solver is well suited. Therefore, ABAQUS/ Explicit method of approach is used in this study to analysis the

70
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—
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40
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Fig. 2. Mesh sensitivity analysis.
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Fig. 3. Mesh property of unlipped channel section.

Loading plate
(U= U,~=UR=UR,=0)
(Uy=-20)

I

Bearing plate
ZYSYMM symmetry -
boundary condition (U= Uy=U=UR.=0)
(U~UR=URy=0)

Fig. 4. Assembly and boundary condition of half and full FE models.

web crippling behaviour of high-strength CFS beams. The similar technique was used in the previous studies [5,27,29,52]. Smooth step
load rate with step time of 1 s (ST = 1 s) was considered in this study, this is because load rate with small step time (ST = 0.1 s) able to
cause higher and irregular failure effect in the result [27,29]. To reduce the computational time, mass scaling option were used in
ABAQUS/ Explicit solver while which leads to increase in inertial force and significant changes in the results. Therefore, mass scaling
option were not included in this study to perform high accuracy of analysis [27,29,37]. To be noted, Sundararajah et al. [27] conducted
detailed investigation on both load rate scaling and mass scaling selection for one-flange load case.

2.7. Initial geometrical imperfections

Past studies predicted that web crippling capacity of CFS will not affect much by not considering the geometric imperfections [29,
38,40,44,45,47,52]. Moreover, Sundararajah et al. [27] and Gatheeshgar et al. [37] studies stated that the effect of geometric

Table 2

Comparison of experimental [24,25] and FE analysis results.
Section Experimental FE Predictions- full Experimental/FE — full FE Predictions — half Experimental /FE — half

(kN) model (kN) model model (kN) model

HB80 x 80 x 4N50 80.5 77.85 1.03 83.85 0.96
H120 x 120 x 4N60 79.2 73.75 1.07 73.18 1.08
H160 x 160 x 4N150 108.5 109.63 0.99 115.98 0.94
H160 x 160 x 4N90 80.0 86.67 0.92 87.67 0.91
H100 x 100 x 4N50-2 73.5 70.95 1.04 69.38 1.06
H100 x 100 x 4N50-3 72.7 69.92 1.04 68.22 1.07
H100 x 100 x 4N30-1 52.0 54.669 0.95 51.59 1.01
H100 x 100 x 4N30-2 49.6 49.90 0.99 51.66 0.96
V100 x 100 x 4N90 109.1 121.07 0.9 118.46 0.92
V100 x 100 x 4N50 72 75.52 0.95 73.36 0.98
Mean 0.99 0.99
cov 0.06 0.06

Note: H is high yield strength steel (700 MPa), V is very high yield strength steel (900 MPa) and N is bearing length.
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imperfection on web crippling capacity under one-flange loading condition is less than 3% and 2% respectively. Therefore, geometric
imperfection is neglected in the numerical modelling of this study.

2.8. Residual stresses

Effect of residual stress in the web crippling behaviour of CFS are studied by various researchers and stated that effect in web
crippling capacity is less than 0.5% [54]. Therefore, residual stress effect was not considered in this study. For high strength steel
sections, effect of residual stress is very less compared to the effect of corer strength enhancement. Therefore, corner strength
enhancement was considered in this study whilst residual stress was neglected.

3. Validation

A non-linear FE model was developed and validated with the experimental test results [24,25] of the high-strength CFS tubular
sections under EOF loading condition to ensure the accuracy and reliability of the numerical simulation. Full model and half model of
tubular sections were developed and compared with the experimental results. Both the half and full FE model results showed good
agreement with the test results in terms of predicting the ultimate web crippling capacity as shown in Table 2.

In total, 10 web crippling experimental results of high-strength tubular sections including the yield strengths of 700 MPa and
900 MPa were validated using both full and half models which is presented in Table 2. The mean and COV values of both the full and
half models were 0.99 and 0.06. Hence, the developed FE models were able to predict the web crippling capacity under EOF condition
with high accuracy level.

In addition, the FE model results were validated against the experimental results in terms of applied load vs vertical displacement
curve. Fig. 5 shows the load vs vertical displacement curves for the section H120 x 120 x 4N60 from the experimental, FE-full model
and FE-half model. Fig. 5 clearly demonstrates that the both FE-full and half model curves have good correlation with the experimental
results from the initial loading stage up to post-failure stage. Also, FE-full model and FE-half model results of H120 x 120 x 4N60
show very similar curve.

The failure modes of the numerical model were also compared against with web crippling test results. Figs. 6 and 7 show the
comparison of experimental failure modes of section H160 x 160 x 4N90 with the FE-full model and FE-half model, respectively. The
failure modes of both numerical models agreed well with the experimental deformation. Meantime, FE-full model and FE-half model
showed similar failure modes. Overall, the FE-half model method was satisfactorily in simulating the experimental web crippling
ultimate capacity, failure modes and load vs vertical displacement response of high-strength CFS sections under EOF loading condition
with less time consumption. Hence, half model was adopted to the parametric study.

4. Parametric study

After a comprehensive validation process, a detailed parametric study was developed to investigate the web crippling behaviour of
the high-strength CFS unlipped channel section under EOF loading conditions. Therefore, 243 non-linear FE models were developed
with consideration of different geometrical parameters including three section dimensions 150 x 60, 200 x 75, 250 x 85 with section
thicknesses (t) of 4 mm, 6 mm and 8 mm. In addition, three material strengths (fy) of 700 MPa, 900 MPa and 1000 MPa and inside bent
radius ranged (r;) from 12 to 18 mm were taken for this study. Also, three bearing lengths (N) of 50 mm, 100 mm and 150 mm were
considered. Moreover, this study has incorporated the effect of web slenderness ratio (d;/t) ranged from 18.75 to 62.5, inside bent
radius to thickness (ri/t) ranged from 1.5 to 4.5 and bearing length to thickness (N/t) ranged from 6.25 to 37.5 to study the web
crippling behaviour. Table 3 shows the detailed parametric study plan and the corresponding section dimensions are illustrated in
Fig. 8.

90
80 1
70 +
60 1+ ;
50 + /

40+

30+ / ——EXP

20 4 / FE-Full Model
4y ] eeee- FE-Half model

Load (kN)

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Vertical displacement (mm)

Fig. 5. Applied load vs vertical displacement plot of section H120 x 120 x 4N60.
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Fig. 6. Failure mode comparison of experimental vs FE-full model for the section H160 x 160 x 4N90.
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Fig. 7. Failure mode comparison of experimental vs FE-half model for the section H160 x 160 x 4N90.

Table 3

Detailed parametric study plan.
Section (dxby) Thickness (t) Internal radius Bearing length Yield strength Young’s Poisson Material No. of
(mm x mm) (mm) (r) (mm) (N) (mm) (fy) (MPa) modulus (MPa)  ratio Density (kg/ models

m®)

150 x 60 4,6,8 12,15, 18 50, 100, 150 50, 100, 150 203,000 0.3 7850 81
200 x 75 4,6,8 12, 15,18 50, 100, 150 50, 100, 150 203,000 0.3 7850 81
250 x 85 4,6,8 12,15,18 50, 100, 150 50, 100, 150 203,000 0.3 7850 81
Total 243

Note: d = overall depth of the section and by = width of the flange.
5. Results

This section discusses the web crippling results of high-strength unlipped channel section under EOF loading condition. Table 4
presents the detailed ultimate web crippling capacity of high-strength CFS unlipped channel sections. Fig. 9 shows the applied load vs
displacement curve for the section 150 x 60 (t = 8 mm, r; = 12 mm, N = 150 mm and f; = 1000 MPa) and corresponding web
crippling failure progression is clearly illustrated in Fig. 10 in terms of initial-stage, before-ultimate stage, ultimate stage and post
ultimate stage. In the parametric study, various geometrical parameters including section dimensions, thicknesses, internal radii, and
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by

bt

I

Fig. 8. Section dimension of unlipped channel beam.

bearing lengths were considered to investigate the web crippling behaviour under EOF condition. The detailed effect of these pa-
rameters on the web crippling capacity of high-strength CFS unlipped channel sections are presented in the following sub-sections:

5.1. Effect of thickness (t) on the web crippling capacity

The effect of thickness of the section on the web crippling strength is shown in Fig. 11(a). It clearly depicts an increasing trend of
web crippling strength of the sections when thickness increases. As the thickness (t) changed from 4 mm to 8 mm for the section
200 x 75 (r; = 12 mm, N = 150 mm and f; = 1000 MPa), it is observed that the web crippling strength of the section increased from
55.69 kN to 248.64 kN shown in the Fig. 11(b). It means the web crippling strength of thickness 8 mm sections shows 346.47% greater
than the thickness of 4 mm sections.

5.2. Effect of internal radius (r;) on the web crippling capacity

Fig. 12(a) illustrates the effect of internal radius (r;) of the section on the web crippling capacity, this graph shows that the
downward trend of the web crippling strength when the internal radius of the section increases. From the parametric results,
124.99 kN and 108.59 kN are the web crippling capacity of the high-strength unlipped channel section 200 x 75 (t = 6 mm,
N = 100 mm and fy = 1000 MPa) when the internal radius (r;) of the section increases from 12 mm to 18 mm (Fig. 12(b)), respectively.
Also, which clearly depicts that the decrease in strength about 13.12%.

5.3. Effect of bearing length (N) on the web crippling capacity

When the bearing length of the loading plate higher, the web crippling capacity of the unlipped channel sections shows increment.
Fig. 13(a) gives the effect of bearing length on the web crippling behaviour of the beams. From the FE results, it is observed that the
web crippling capacity of the section 150 x 60 (t = 6 mm, r; = 15 mm and f; = 900 MPa) is 91.14 kN for bearing length 50 mm and
133.99 kN for bearing length 150 mm, which shows that the increase in strength about 47.02% is clearly illustrated in the Fig. 13(b).

6. Comparisons of FE results with current design guidelines
6.1. AS/NZS 4600 [29] and AISI S100 [8]

The design standards AS/NZS 4600 [21] and AISI S100 [8] for CFS structures specified identical design guidelines to determine the
nominal web crippling capacity of the CFS sections. The specified equation is given by Eq. (11) which is used to predict the strength
under the EOF load case. These design guidelines are adopted based on the detailed past experimental data analysis by Prabakaran and
Schuster [6] and which is suitable to open CFS sections with different geometrical parameters. The design equation accounts the
various parameters such as flat web portion to thickness (slenderness) ratio (d;,t), bearing length to thickness ratio (N/t), internal
radius to thickness ratio (rj/t), strength of the material (fy) and the angle of web surface plane to the flange surface plane (6). Note that
the parameters in the equation (Eq. (11)) should satisfy the following conditions such as dTl < 200, ¥ < 210, r; <2, % < 2and @ =90°.

9
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Table 4
Detailed parametric study results.

No. Section (dxbg) (mm x mm) Thickness (t)(mm) Internal radius (r;) (mm) Bearing length (N) (mm) Web crippling capacity (Rb) (kN)
fy =700 fy = 900 fy = 1000

1 150 x 60 4 12 50 37.57 42.79 45.39
2 150 x 60 4 15 50 34.69 39.90 42.95
3 150 x 60 4 18 50 32.34 38.97 37.96
4 150 x 60 4 12 100 49.90 58.81 61.37
5 150 x 60 4 15 100 45.23 55.30 59.93
6 150 x 60 4 18 100 41.57 48.77 56.06
7 150 x 60 4 12 150 54.65 65.28 70.77
8 150 x 60 4 15 150 51.29 63.94 66.64
9 150 x 60 4 18 150 47.10 58.53 62.42
10 150 x 60 6 12 50 82.24 96.38 104.72
11 150 x 60 6 15 50 72.86 91.14 97.80
12 150 x 60 6 18 50 70.88 79.86 85.57
13 150 x 60 6 12 100 111.82 131.19 139.19
14 150 x 60 6 15 100 101.47 123.67 131.87
15 150 x 60 6 18 100 97.69 113.75 125.63
16 150 x 60 6 12 150 109.50 134.89 150.47
17 150 x 60 6 15 150 108.97 133.99 140.98
18 150 x 60 6 18 150 103.81 130.53 140.87
19 150 x 60 8 12 50 139.84 166.43 179.70
20 150 x 60 8 15 50 126.67 145.68 164.20
21 150 x 60 8 18 50 111.93 132.30 146.01
22 150 x 60 8 12 100 177.10 211.78 236.78
23 150 x 60 8 15 100 166.27 208.92 228.16
24 150 x 60 8 18 100 159.42 197.66 220.90
25 150 x 60 8 12 150 203.70 206.33 245.01
26 150 x 60 8 15 150 203.23 236.83 213.79
27 150 x 60 8 18 150 183.05 193.22 237.43
28 200 x 75 4 12 50 37.59 42.40 44.50
29 200 x 75 4 15 50 34.76 40.93 40.88
30 200 x 75 4 18 50 31.83 38.18 38.87
31 200 x 75 4 12 100 42.42 48.74 51.27
32 200 x 75 4 15 100 40.65 44.84 49.13
33 200 x 75 4 18 100 35.40 43.60 45.19
34 200 x 75 4 12 150 51.05 55.30 61.28
35 200 x 75 4 15 150 48.99 54.46 58.68
36 200 x 75 4 18 150 44.83 51.51 55.43
37 200 x 75 6 12 50 82.62 97.89 103.56
38 200 x 75 6 15 50 69.21 91.69 97.62
39 200 x 75 6 18 50 69.88 80.18 88.56
40 200 x 75 6 12 100 100.83 117.82 124.99
41 200 x 75 6 15 100 91.27 109.16 117.29
42 200 x 75 6 18 100 84.31 101.33 108.59
43 200 x 75 6 12 150 103.11 141.62 143.54
44 200 x 75 6 15 150 112.70 130.78 141.10
45 200 x 75 6 18 150 105.80 126.85 135.40
46 200 x 75 8 12 50 141.76 171.79 182.48
47 200 x 75 8 15 50 127.51 157.58 171.29
48 200 x 75 8 18 50 116.38 140.16 150.29
49 200 x 75 8 12 100 176.09 210.32 225.60
50 200 x 75 8 15 100 160.27 194.89 214.79
51 200 x 75 8 18 100 148.09 182.86 194.33
52 200 x 75 8 12 150 204.69 235.76 267.02
53 200 x 75 8 15 150 200.49 234.51 255.09
54 200 x 75 8 18 150 186.36 227.71 244.62
55 250 x 85 4 12 50 36.46 40.54 42.63
56 250 x 85 4 15 50 34.42 39.31 39.11
57 250 x 85 4 18 50 31.56 37.35 35.65
58 250 x 85 4 12 100 41.30 44.60 47.72
59 250 x 85 4 15 100 37.99 43.16 44.39
60 250 x 85 4 18 100 34.54 38.32 42.70
61 250 x 85 4 12 150 47.96 54.07 55.69
62 250 x 85 4 15 150 45.13 49.75 52.95
63 250 x 85 4 18 150 42.33 49.22 52.12
64 250 x 85 6 12 50 82.41 96.36 101.64
65 250 x 85 6 15 50 73.38 88.97 95.40
66 250 x 85 6 18 50 65.70 81.96 84.12
67 250 x 85 6 12 100 96.26 111.37 117.58

(continued on next page)
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Table 4 (continued)

No. Section (dxbg) (mm x mm) Thickness (t)(mm) Internal radius (r;) (mm) Bearing length (N) (mm) Web crippling capacity (Rb) (kN)

fy =700 fy=900  fy =1000

68 250 x 85 6 15 100 87.62 102.41 111.11
69 250 x 85 6 18 100 79.30 97.87 103.26
70 250 x 85 6 12 150 110.43 130.40 141.19
71 250 x 85 6 15 150 104.88 126.22 131.86
72 250 x 85 6 18 150 100.25 124.90 124.74
73 250 x 85 8 12 50 144.24 170.31 181.39
74 250 x 85 8 15 50 128.69 149.68 167.15
75 250 x 85 8 18 50 115.18 129.10 151.85
76 250 x 85 8 12 100 172.62 210.07 218.07
77 250 x 85 8 15 100 157.72 191.67 204.39
78 250 x 85 8 18 100 147.51 162.84 189.91
79 250 x 85 8 12 150 212.57 238.07 248.64
80 250 x 85 8 15 150 205.35 226.58 244.52
81 250 x 85 8 18 150 185.24 223.58 231.17

Note: d = overall depth of the section and by = width of the flange.

250

200 1

150 1

100

50 1

Web crippling capacity (kN)

0 3 6 9 12 15
Vertical displacement (mm)

Fig. 9. Applied load vs displacement plot of section 150 x 60 with f, of 1000 MPa.

; N d
RbAS/NZS4600 = Ctzﬁsmﬁ(l — CR\/? ) (1 + CN\/; ) (1 - Ch\/; ) (11)

where f, is the yield stress, t is the thickness of the section, d; is the height of the flat web portion, N is the bearing length, r; is the inside
corner radius and C, Cg, Cy and Cy are the geometrical coefficients for the CFS single web channel section with unfastened and
unstiffened flange condition from AISI S100 Tables G5-2 [8] and AS/NZ 4600 Table 3.3.6.2(B) [21].

The results obtained from the FE analysis were compared with the design equation (Eq. (11)) of AS/NZS 4600 [21] and AISI S100
[8], shown in Fig. 14 The comparison results provided the mean and COV value as 1.04 and 0.24 respectively. The comparisons shows
that the codified design guidelines were unsafe or unconservative to calculate the web crippling capacity of the high-strength unlipped
channel sections under EOF condition.

6.2. Eurocode 3 Part 1-3 [30]

Eurocode 3 Part 1-3 [30] standard provides design guidelines for web crippling strength for CFS structures. The presented
equations can predict the nominal web crippling capacity of CFS sections under transverse loading conditions (ETF, ITF, EOF and IOF).
The mentioned design equations (Eq. (12)) can determine the web crippling strength of single unstiffened CFS section subjected to EOF
load case and which is limited to the two conditions including < 6 and, he < 200.

]
_ klkzkgf;‘tz |:

h, N
Roses = 5.92——} {1 +0.01 7} (12)

132¢

Ymi

2
where, k; =1.33 — 0334 k, =115 - 0152 05 <k;<10,ks =07 —0.3(&
228 t 30

hy, is the web height between the midlines of the flanges, y,; = 1 is the partial safety factor and 6 is the angle of web surface plan to
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Fig. 11. (a) Effect of thickness (t) on the web crippling strength. (b) Load-displacement plot for the section 200 x 85 with varied thickness (t).
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Fig. 13. (a) Effect of bearing length (N) on the web crippling strength. (b) Load-displacement plot for the section 150 x 60 with varied bearing
length (N).
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Fig. 14. Comparison of FEA results with AS/NZS 4600 [21] and AISI S100 [8].

the flange surface plane.

Fig. 15 illustrates the comparisons of available design equation (Eq. (12)) prediction results with the FEA data, the mean and COV
value of the prediction results are 0.09 and 0.86. The comparison results clearly depicts that the design guidelines of Eurocode 3 Part
1-3 [30] is highly over conservative and unsafe for high-strength CFS beams. Moreover, it could be noted that the comparison result
gave negative web crippling strength values for the sections with yield strength of 1000 MPa. Therefore, this comparisons neglected
the FEA results of 1000 MPa strength sections and which clearly depicts that the design guidelines of Eurocode 3 [30] cannot be used to
predict the web crippling capacity of unlipped channel sections with high-strength under EOF loading condition.

Even though AS/NZS 4600 [21] and AISI S100 [8] recommend a unified equation to predict the web crippling capacity with
different coefficients by considering various cold-formed steel sections, all four loading conditions and supporting conditions, Euro-
code 3 Part 1-3 [30] provide different design equations for each load cases. Moreover, Eurocode 3 Part 1-3 [30] does not categorise the
supporting conditions. The AS/NZS 4600 [21] and AISI S100 [8] equations are developed based on experimental results of Prabakaran
et al. [55]. Those experiments used different specimen lengths, test procedures and did not consider the higher yield strength of the
material. Meanwhile, design rules available in the Eurocode 3 Part 1-3 [30] are developed based on the old AISI standard [56]. The

14
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Fig. 15. Comparison of FEA results with Eurocode 3 [30].

design equations are not suitable for commercially available high-strength sections due to the inconsistencies of past researches and
limitation of parametric in design standards.

6.3. Sundararajah [57]

Sundararajah [57] conducted extensive web crippling investigation on CFS sections using experimental and numerical simulation.
Based on the design guidelines (Eq. (11)) of AS/NZS 4600 [21] and AISI S100 [8], the research study proposed improved coefficients to
predict the web crippling capacity of unlipped channel sections under EOF loading condition. Comparison study was conducted be-
tween prediction using the improved design equation by Sundararajah [57] and FEA data. The mean and COV of the comparison were
1.60 and 0.16 respectively. Therefore, this proposed coefficients by Sundararajah [57] was unsafe or unconservative and not able to

estimate the appropriate web crippling behaviour of high-strength unlipped channel beams under EOF condition. The comparison
results illustrated in Fig. 16.

7. Proposed equations for high-strength unlipped channel section under EOF load case

7.1. Proposed Eq. (1)

The comparison results showed that the available design guidelines and equations were not feasible to determine the web crippling
strength of high strength unlipped channel beams under EOF load case. Therefore, this study has proposed new improved coefficients
(Eq. (13)) based on the AS/NZ 4600 [21] and AISI S100 [8] using extensive parametric results. To evaluate the accuracy level of
proposed Eq. (1) (Eq. (13), the mean and COV values were 1.00 and 0.07 respectively. Therefore, the capacity reduction factor (¢,,)
values is 0.90 for the proposed Eq. (1) (Eq. (13)) shown in the Table 5. Fig. 17 illustrates the plot of predicted results of proposed Eq. (1)
(Eq. (13)) with FEA data, the comparison results shows that the proposed equation (Eq. (13)) has good agreement with parametric

results and able to determine the appropriate web crippling strength of unlipped channel sections under EOF load case with unfastened
flange condition.
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Fig. 16. Comparison of FEA results with Sundararajah [57].
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Table 5
Reliability analysis of the proposed equations.

Proposed equations Mean cov Reduction factor (¢,,)
Proposed Eq. (1) (Eq. (13)) 1.00 0.07 0.90
Proposed Eq. (2) (Eq. (14)) 1.00 0.05 0.91
Proposed DSM equations (Eqs. (23) and (24)) 1.00 0.06 0.91
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Fig. 17. Comparison plot of FEA results with proposed Eq. (1) (Eq. (13)).

Rb:1.8212ﬁ,sin6’(1—0‘21\/§ ) <1+0.61\/]7 ) (I—0.04ﬁ > 13)

7.2. Proposed Eq. (2)

The parametric results clearly show that the significant increasing of web crippling strength of the sections when the material
strength changes from 700 MPa to 1000 MPa. Therefore, the new equation (Eq. (14)) incorporated with the strength factor (C¢) was
developed using FEA results. It was observed that Eq. (14) resulted in higher level of accuracy compared to Eq. (13) due to the inclusion
of addition strength. Mean, COV and capacity reduction factor (¢,,) value were calculated as 1.00, 0.05 and 0.91 respectively and
illustrated in Table 5. The comparison of predicted results of proposed Eq. (2) with FEA data are illustrated in Fig. 18. The both
proposed equations (Eqs. (13) and (14)) are highly recommended for the web crippling strength prediction of the high-strength
unlipped channel beams under EOF load case with unfastened flange condition.

Rh:0.54tzfvsin0(l—0.21\/§ ) <1+0.63\/§ ) (1—0.03@ ) <1+4.27 2;0 ) a4

¥

8. Direct strength method

Direct-strength method is an another method to determine the capacity of CFS members developed by Schafer [58]. However, these
DSM design equations were not included in the current design guidance AS/NZS 4600 [21], AISI S100 [8] and Eurocode 3 part 1-3
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Fig. 18. Comparison plot of FEA results with proposed Eq. (2) (Eq. (14)).
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Fig. 19. Comparison between parametric results and available DSM equation [57].

[30] for web crippling. Many studies [17-19,26-29], developed suitable DSM design equations to predict the web crippling behaviour
of CFS recently. Sundararajah et al. [57] proposed suitable DSM equations to predict the web crippling strength of CFS unlipped
channel section under EOF loading conditions, given by Eqs. (15) and (16). The DSM approach was compared with FE results of this
study to ensure the applicability. The comparison is presented by Fig. 19 and the mean and COV of comparison were 0.86 and 0.17
respectively for FEA results over prediction of DSM equations (Eqs. (15) and (16)). Therefore, Equations proposed by Sundararajah
[57] is not suitable to predict the web crippling capacity of unlipped channel section with high-strength material.

Ry
Rb,v

Rb 1 0.90 1 0.90
= [1-025 (- ~)  fork > 0.69 16
o (mom ()7)6) e ®

where, 1 =,/ }% is a slenderness ratio.
Following the comparison of available DSM equation, new DSM based equations were proposed. Critical buckling load (Rp, ;) and
yield load (Ryp,y) of unlipped channel section was calculated using Egs. (17) and (18), respectively.

=1 for 1<0.69 as

kn’EP
12(1 —v)d 47

Roy = f,N,y (w/4rm2 Ir- 2rm) (18)

Supporting equations used to calculate the yield load (Ry,y) of unlipped channel section is illustrated by Egs. (19)-(21).

Ryor =

Ny= I+ (25, +09d) (19)

t
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Fig. 20. Comparison between parametric results and proposed DSM equation.
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Few =i+t (21)

where, k is the buckling coefficient, E is modulus of elasticity, t is thickness, v is Poisson’s ratio, Ny, is the yield mechanism length, f, is
the yield stress, [, is the bearing length, r, is the internal bent radius at the middle of the section, r.y is the internal bent radius of the
outer section and d is the web height.

The buckling coefficient (k) was determined using Sundararajah [57] study on unlipped channel section (see Eq. (22)).

k:Cb<1*Cb,r\/§ ) <1+Cb,l\/1? ) <1Cb,wv@ ) <1+Cb,b\/§ ) (22)

where, Cy, - general coefficient = 1.01, Gy, - Coefficient of inside bent radius to thickness ratio = 0.01, Cp,, - Coefficient of web
slenderness ratio = 0.4, Cy, ) - Coefficient of bearing length to thickness ratio = 0.05 and Cy, ;, - Coefficient of flange width to thickness
ratio = 0.01.

The developed DSM approach is given by Egs. (23) and (24) whilst comparison of the proposed DSM vs FE results of unlipped
channel section with high-strength under EOF loading condition is illustrated in Fig. 20. The comparison between proposed DSM and
FE results showed the mean, COV and reduction factor (¢,) values of 1.00, 0.06 and 0.91 respectively.

R

R_b = —125A+154 for 2<0.50 (23)
b.y

R 1 0.89 l 0.89

R—b = 061 (1 —0.1 (I) <E) for 4 >0.50 (24)
b.y

9. Reliability analysis

Reliability analysis was performed to evaluate the capacity reduction factors (¢,,) for the proposed equations. AISI S100 [8]
provided the capacity reduction factor equation (Eq. (25)) and respective parameters. The parameters Py, and Vj, are mean and COV
values of FEA results to the predicted proposed equation values.

0n = LSIM,F, Ppe VWt viGuERY (25)

where,
Bo = reliability index, which is equal to 2.5.
My, and Vi, = mean and COV of the material factor, which are 1.1 and 0.1.
Fn and Vi = mean and COV of the fabrication factor, which are 1.0 and 0.05.
Vq = COV of load effect, which is equal to 0.21.

Cp = correction factor 1 -+1] [ ].

n = number of tests.
m = degree of freedom (m = n-1).

10. Conclusion

This paper investigated the web crippling behaviour of high-strength CFS unlipped channel sections subjected to the EOF load case
with unfastened flange condition. High-strength CFS grades such as 700 MPa, 900 MPa and 1000 MPa were used in this study.
Initially, a non-linear FE models were developed and validated against the available experiment results under EOF loading condition
using ABAQUS software [47]. In the validation, both full and simplified half model analysis were performed and recommended FE-half
models to carry out the parametric study with less computational time and higher accuracy in results. ABAQUS/Explicit solver was
used in the numerical simulation study. In the extensive parametric FE investigation, 243 FE models were modelled and analysed with
various key parameters such as web clear height to thickness ratio, internal radius to thickness ratio, bearing length to thickness ratio,
section thickness and material yield strength to study web crippling behaviour of high-strength CFS unlipped channel beams. Based on
the parametric results, the effect of section thickness (t = 4-8 mm) and bearing length (N = 50-150 mm) showed that the significant
increase in average web crippling strength of the sections about 303.14% and 47.06% respectively. However, the average web
crippling capacity was reduced about 12.08% due to the effect of internal radius (r; = 12-18 mm).

The web crippling capacity obtained from the numerical analysis was compared with the available design guidelines such as AS/
NZS 4600 [21] and AISI S100 [8], Eurocode 3 Part 1-3 [30] and Sundararajah [57] to check their suitability. The comparison study
showed that the existing design standards AS/NZS 4600 [21] and AISI S100 [8] and Sundararajah [57] were unsafe or unconservative.
Whilst, Eurocode 3 Part 1-3 [30] is highly over conservative and not able to predict the web crippling capacity of high strength CFS
unlipped channel sections under EOF load case. Therefore, based on numerical results, improved design equations were developed
according to the current design standards and new DSM based design equations were proposed. The capacity reduction factors were
calculated using reliability analysis, which showed that the proposed design equations are capable of estimating the web crippling
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strength of high strength CFS unlipped channel sections under EOF load case with high level of accuracy.
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