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A B S T R A C T  A R T I C L E  H I S T O R Y 

Cold-formed steel unlipped channels with web openings increasingly employed as bearers and joists in the floor systems to embed the building 

services to maintain adequate clear storey-height and aesthetic appearance. The use of thin-unlipped channels is limited in the past due to flange 

buckling and mostly web crippling behaviour of lipped channels with web openings was investigated. However, with the thickness increment, the 

flange buckling of unlipped channels is limited, and these sections are used widely in construction. The major drawback with these cold-formed 

steel profiles is web crippling, localized failure due to higher web slenderness ratio. Web openings reduce the carrying web area of the sections, 

hence makes the unlipped channels more vulnerable to web crippling. Currently, unlipped channels with web openings are increasingly employed, 

although no proper guidelines are available to determine the capacity reductions due to the introduction of web openings. The main cold-formed 

steel specifications such as North American Specification (AISI S100) and Australian/ New Zealand standard (AS/NZS 4600) employ the unified 

design equation with different coefficients for all four load cases while Eurocode 3 Part 1-3 (ECS) employs different equations for each load case. 

In these specifications, design guidelines are available only for offset web openings for unlipped channels under one-flange load cases. This study 

investigates the effects of circular centred beneath and offset web openings on the capacity reduction of unfastened support unlipped channels 

subject to web crippling under end two flange load cases. The suitable reduction factor equations have been proposed for circular web openings of 

unlipped channels located directly underneath and away for the bearing plate using the outcome form the numerical study. 
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1.  Introduction 

 

Cold-formed steel portrays benefits such as the enhanced strength to weight 

ratio, fabrication easy and accurate in dimensions, compared to hot-rolled steel. 

The thickness of cold-formed steel profiles has been limited to 3.00 mm due to 

limitations in manufacturing technology in the past. Channel profiles such as 

lipped and unlipped are commonly employed in the building industry among 

different available shapes of cold-formed steel profiles. The lipped channels are 

more employed as joists and bearers in the typical floor systems due to their 

better performance under flexure compared to unlipped channels, where later 

may experience the buckling at compression flange under flexure. The thickness 

of cold-formed steel profiles is improved up to 8.00 mm due to advancement in 

the manufacturing technology. The thickness improvement reduces the 

possibilities of flange buckling of unlipped channels, and hence the usage of 

unlipped channels also increased similar to lipped channel profiles. Web 

crippling is a crucial localised problem, especially at the point loads and 

reactions in this cold-formed steel profiles because of higher web slenderness 

ratios due to small thicknesses. New building constructions employ these 

unlipped steel channels with circular openings at their webs to accommodate 

building services within the floor system to ensure aesthetic appearance and to 

maintain the clearance storey-height. However, the removal of the circular web 

part from the unlipped channel reduces the carrying area of the point loads and 

reactions and makes the profile more critical under web crippling. The 

behaviour of lipped channels under web crippling has been investigated without 

[1-5] and with the opening [6-17] at its webs, which is different from the 

performance of unlipped channels. However, the behaviour of unlipped 

channels with an opening has not explored in the past. Therefore, the web 

crippling performance of unlipped channels with circular openings at the web 

should be investigated thoroughly due to its increase in usage.      

 

In addition to the conventional parameters such as different load cases, steel 

profiles and support conditions, the ultimate failure load of steel profiles with 

web opening depends on types and diameter of the web opening. As per existing 

cold-formed steel codes such as North American Specification (AISI S100) [18], 

Australian/ New Zealand Standard (AS/NZS 4600) [19] and Eurocode 3 Part 1-

3 (ECS) [20] classified the practical failure modes into four as shown in Fig. 1 

such as (i) End-One-Flange (EOF) (ii) End-Two-Flange (ETF) (iii) Interior-

One-Flange (IOF) and (iv) Interior-Two-Flange (ITF) load cases based on their 

distances between loading and support reactions and failure locations while 

support conditions are unfastened and fastened conditions. Openings at the webs 

of the profiles are also commonly classified into two groups in the past studies 

as shown in Fig. 2 such as (i) centred beneath web opening, where the opening 

is located directly underneath the loading plate (ii) offset web opening where 

the opening is placed away from the bearing plate. Usually, the performance of 

cold-formed steel under web crippling is being investigated experimentally due 

to complexities involved in the theoretical methods. However, experimental 

studies are expensive and require more material. Hence the new approach of 

using numerical analysis which was introduced by Sivakumarn [22] with proper 

validations, is followed in this study. Finally, this study carefully investigates 

the reduction in the failure capacity of unlipped channels with a circular opening 

at the web of the profiles under web crippling with unfastened supports under 

ETF load case based on adequately developed and validated numerical models. 

 

 

 

Among available primary three cold-formed steel standards, AISI S100 [18] 

and AS/NZS 4600 [19] employ the unified web crippling design equation which 

is shown by Equation 1 to determine ultimate failure loads of various steel 

profiles subjected to web crippling. As shown, the particular equation is 

developed based on different ratios such as: bearing length to thickness (lb/t), 

Fig. 1 Web crippling load cases [21] 
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web slenderness (d1/t) and inside bent to thickness (ri/t) in addition to material 

yield strength (fy) and section thickness (t). Particular equation covered all four 

load cases and fastened/unfastened supports with only differing values of four 

coefficients. Eurocode 3 Part 1 [20], totally different from the two standards 

mentioned above, employs different equations for each load case without 

separating support conditions, as shown in Equations 2 & 3. 
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where: k1, k4 : coefficients for the strength of the material, k2, k5 : coefficients 

for the inside bend radius to the thickness ratio, k3: coefficients for the angle 

between the flange and web, hw : web height between flange mid-lines,γM1: par-

tial safety factor. Other notations are similar to Equation 1.  

 

Although steel profiles with web openings used in building construction, 

there are only a few guidelines available in main cold-formed steel 

specifications such as AISI S100 [18] and AS/NZS 4600 [19] to calculate the 

capacity reduction of web crippling due to web openings. The available 

guideline is also limited to offset web openings for unlipped channels subject to 

interior one flange load cases as shown by Equations (4a) and (4b), where d, h, 

and x are the diameter of the web opening, depth of a straight portion of the web 

of unlipped channels and closest distance to web opening from the bearing plate. 

Unlipped channels with higher thicknesses are used in floor systems as bearers 

with web openings nowadays more often, especially with circular web openings. 

However, there have been no investigations performed to determine the 

reduction of the web crippling of unlipped channels with circular web openings. 

Hence, it is addressed in this study by numerical analysis. The effects of both 

types of web openings such as centred beneath and offset have been investigated 

for unlipped channels with unfastened supports under the load case of End-Two-

Flange. 
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2.  Literature review 

 

The behaviour of cold-formed steel profiles subjected to web crippling fail-

ure have been investigated since the 1940s with the experimental studies per-

formed by Winter and Pian [23], hence have a long history. These past studies 

have been critically analysed and discussed in this section into mainly two 

groups such as (i) experimental investigations of steel profiles without and with 

the presence of web openings and then (ii) numerical studies of steel profiles 

without and with the presence web openings. 

 

1a: Firstly, web crippling performance of cold-formed I-sections were 

explored by Winter and Pian [23] using 136 tests and empirical design equations 

were developed. Hetrakul and Yu [1] investigated the performance of lipped 

and unlipped channels subjected to web crippling, and they noticed the capacity 

is slightly higher (about 10%) for lipped channels compared to similar unlipped 

channels. However, they did not consider this capacity enhancement and 

proposed design equation commonly for channel profiles. Gerges and Schuster 

[2] explored the performance of lipped channels with the ratio large inside bent 

radius changing from 5 to 10, subjected to web crippling with fastened supports. 

Beshara and Schuster [3] reported that the ultimate capacity of cold-formed steel 

profiles under web crippling depends on the specimen length, 50% and 5% 

higher for ITF and ETF load cases for long specimen compared to short lengths, 

based on a pilot study, respectively. The above-researchers [3] proposed 

standard specimen lengths such as 3d and 5d, respectively for ETF and ITF load 

cases, where d is the straight web portion of the profiles. The suggestion by the 

above researchers has been included in the guidelines of AISI web crippling test 

method [21]. Research studies mentioned above targeted the behaviour of lipped 

channels under web crippling while recently only, more research studies have 

been performed to investigate the behaviour of unlipped channels. Young and 

Hancock [24] and Gunalan and Mahendran [25, 26] investigated the 

performance of unlipped channels with unfastened supports subjected to web 

crippling under all four load cases. Based on their study above researcher [24-

26] informed that predicted values of unified design equation with existing 

coefficients were unconservative for unlipped channels with unfastened support 

condition. Therefore Young and Hancock [24] developed a design equation 

which is partly based on the theoretical background, yield line theory, only 

applicable for thick (stocky) unlipped channels for all load cases. Gunalan and 

Mahendran [25, 26] stayed with the unified design equation format but with new 

proposed coefficients by them for all load cases. Sundararajah et al. [5, 27] 

proved that the structural performance of lipped and unlipped channels are 

different, and they separately proposed coefficients to the unified design 

equation as listed in Table 1. Janarthanan et al. [28-31] identified that AISI S100 

[18] still have shortcomings, such as no coefficients available to determine the 

web crippling capacity of unlipped channels with fastened supports under one 

flange load cases. They have proposed coefficients to the unified design 

equation based on experimental and numerical investigations. These show there 

are certain shortcomings in the current North American Specification (AISI 

S100) [18] and Australian/New Zealand standard (AS/NZS 4600) [19]. 

 

Table 1 

Proposed coefficients to web crippling unified design equation [5, 27] 

Equation Load case C Cr Cl Cw 

Proposed for Lipped channels 

ETF 5.35 0.22 0.23 0.06 

ITF 17.0 0.19 0.05 0.03 

EOF 6.3 0.1 0.10 0.02 

IOF 4.9 0.01 0.38 0.03 

Proposed for Unlipped channels 

ETF 3.60 0.15 0.15 0.05 

ITF 15.6 0.25 0.01 0.001 

EOF 9.0 0.30 0.20 0.05 

IOF 14.7 0.18 0.05 0.01 

Note: EOF, IOF, ETF and ITF: End-One, Interior-One, End-Two and Interior-Two-Flange 

load cases, Cr, Cl, Cw – coefficient values ratios for the corner radius to thickness, bearing 

length to thickness, web slenderness and C is a general coefficient  

 

1b: The cost-effective way of investigating the behaviour of cod-formed 

steel subject to web crippling is using numerical analysis. Lots of finite element 

software are available nowadays, among that commonly used software in the 

investigation of web crippling are ANSYS, ABAQUS and ADINA. These 

softwares mentioned above are used for parametric study and to enhance the 

data strength after proper model validation. Considering recent numerical 

studies, McDonald et al. [4] developed numerical models for lipped channels 

using ANSYS for all four load cases and validated the developed models using 

their test results. Ren et al. [32] also used ANSYS and validated their developed 

FE models using already existed test data of web crippling of Young and 

Hancock [24]. Similarly, Natario et al. [33], Sundararajah et al. [5], and 

Janarthanan et al. [29, 31] developed FE models in ABAQUS and validated 

their FE models using quasi-static analysis by explicit analysis. As discussed 

above, the crucial part of finite element analysis is accurate validation.  

 

2a: Similar to steel profiles without web opening, the effect of web 

openings on the web crippling capacity of the lipped channel is investigated 

mostly in the past, compared to unlipped channels. In all past studies [7-9], the 

web openings are classified into main two types such as (i) centred beneath and 

(ii) offset web openings as shown in Fig. 2, wherein the first type, the web 

opening is directly placed underneath the bearing plate while in the second type, 

the web opening is placed away from the bearing plate. First, Yu and Davis [6] 

investigated the performance of lipped channels under web crippling with two 

different opening shapes such as (i) circular and (ii) square, located directly 

underneath the bearing plate under IOF load case based on 20 results. 

Sivakumaran and Zielonka [7] performed an experimental study to find the 

effect of different shapes of web openings on the web crippling capacity of 

lipped channels with unfastened supports using 103 test results. The above 

researchers [7] observed that then design equations were unconservative for 

lipped channels with web openings. Hence they proposed a reduction factor 

equation for lipped channels using two ratios such as (i) opening height to a 

depth of a straight portion of the web (a/h) and (ii) opening width to effective 

bearing length (b/n1). Langan et al. [8] explored web crippling behaviour of 

lipped channels with a rectangular opening under one flange load cases (both 

EOF and IOF) using 78 and 90 tests, respectively and they proposed reduction 



Elilarasi. K et al.  312 

 

factors separately for load cases.  

LaBoube et al. [9] explored the behaviour of lipped channels with circular 

web openings subjected to web crippling for EOF and IOF load case based on 

their 56 and 52 tests, respectively. They developed an equation for capacity 

reduction for lipped channels based on two ratios such as the ratio of web 

opening distance from the edge of the bearing plate (x/h) and bearing length to 

the height of the straight portion of the web (N/h). However, the critical 

limitation in the outcome of the study is that the thicknesses of the profiles used 

ranged between 0.83 mm to 1.42 mm. These developed equations by LaBoube 

et al. [9] are included in AISI S100 [18] and AS/NZS 4600 [19] standards and 

still used to calculate the web crippling capacities of lipped channels with web 

openings. As mentioned above, the limitation raises the question of the 

applicability of these equations to thick-lipped channels, which are mostly used 

in current building construction. There are no other design guidelines available 

in any cold-formed steel specifications to determine web crippling failure loads 

of cold-formed steel profiles with web openings.  

   

2b: Recently Uzzaman et al. [10-13] investigated the performance of lipped 

channels with circular web openings (i) located directly underneath and (ii) lo-

cated away from the bearing plates, subjected to web crippling for two-flange 

load cases using experimentally and numerically. They have only modelled half 

of the profiles considering symmetric boundary conditions shown in Fig. 3 in 

ANSYS software to make their FE models time effective. Boundary conditions 

were only applied to the modelled loading plates and then transferred to flanges 

of the beam via contacts. Two support conditions, such as unfastened and fas-

tened, were considered during their investigation. After proper validation and 

then parametric studies, they identified two critical ratios affects the web crip-

pling capacity of lipped channels with web openings placed directly beneath the 

bearing plate such as the ratio of the diameter of the web opening to the straight 

portion of the web (a/h) and the ratio of bearing length to the height of the 

straight part of the web (N/h). Similarly, another two critical ratios were identi-

fied for web openings placed away from the bearing plate such as the ratio of 

the web opening distance from the bearing plate to the height of the straight 

portion of the web (x/h) and bearing length to the height of the straight portion 

of the web (N/h). The two separate reduction factor equations were proposed 

for unlipped channels with web openings located directly underneath and away 

from bearing plates using above-identified critical ratios. Based on their obser-

vation, the capacity reduction percentages improved from 40 to 35 and 50 to 40 

for lipped channels with the circular centred beneath web opening with its size 

equal to 0.8 times the height of straight part of the web, under ITF and ETF load 

cases, respectively when supports were converted to fastened from the unfasted 

condition. Similarly, the capacity increased from 20 to 25 and 30 to 35 percent-

age for unlipped channels with web openings located away from the bearing 

plate for ITF and ETF load cases, respectively for the web openings placed with 

the distance of 0.8 times the height of the straight part of the web when supports 

were changed to a fastened case from unfastened supports. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lian et al. [14-17] investigated the effect of both types of circular web 

openings, openings located underneath and away from the bearing plates on the 

capacity of unlipped channels subject to web crippling under one flange load 

cases. They first performed a limited number of experimental studies then 

performed numerical analysis using ABAQUS/CAE software. Above 

researchers [14-17] reported that the capacity reduction of unfastened support 

lipped channels with circular web opening placed directly underneath the 

bearing plate is about 10 and 12 percentages for EOF and IOF load cases when 

the ratio of the diameter of the web opening to the height of straight part of the 

web (a/h) is varied from 0 to 0.6. However, capacity reduction percentages are 

less than 5% for unlipped channels with web openings with fastened supports 

for both EOF and IOF load cases for the above-mention ratio with the same 

value range. The comparison of Uzzaman et al. [10-13] and Lian et al. [14-17] 

showed that the capacity reduction is more significant for lipped channels 

subjected to web crippling under two flange load case compared to one flange 

load case. Therefore, the behaviour of unlipped channel profiles under two-

flange load cases also should be investigated for conservative design. Recently, 

Elilarasi and Janarthanan [34] investigated the behaviour of unfastened supports 

rectangular hollow flange beams (LSBs) with a circular web centred beneath 

and offset openings subject to web crippling using numerical analysis in 

ANSYS after accurate validation. They proposed two separate capacity 

reduction factor equations for LSBs with web openings located directly 

underneath and away from the bearing plates, respectively, after identifying the 

critical ratios.    

 

In past experimental investigations, the different test set-ups and specimen 

lengths were used and created inconsistent between investigations. Three 

different test specimen arrangements such as (i) two mono-symmetric profiles 

facing each other to form a box arrangement [1, 25-28] (ii) two mono-symmetric 

profiles placed back to back [24] and (iii) single section only [4] for one flange 

load cases were employed. In addition, different specimen lengths were used 

especially under two flange load case such as (i) 1.5 times the height of the 

straight part of the web plus bearing length [24], (ii) 400 and 600 mm specimen 

lengths for ETF and ITF respectively [4] and (iii) three and five times overall 

depth of the sections for ETF and ITF respectively [3, 25-27]. AISI web 

crippling standard test method [21] is updated, which gives the proper 

guidelines about the specimen lengths and test set-up arrangement, should be 

followed in all experimental and numerical investigations about web crippling 

to prevent discrepancies in the selection of specimen lengths and test set-ups.    

  

The discussion in the above section indicates that the structural 

performance of lipped and unlipped channels subject to web crippling is 

different under all four load cases. The recent research studies proposed new 

coefficients to the unified design equation to predict the capacity of unlipped 

channels subject to web crippling with fastened and unfastened supports. 

However, the main research gap is, although these steel profiles are increasingly 

used with web openings in the floor system, still, there have been no research 

studies performed to investigate the capacity reduction due to web openings on 

the web crippling capacity of unfastened unlipped channels under all four load 

cases. The effective approach to investigate this problem is utilizing the 

advancement in the computer technology, accurate finite element model 

development with the help of existing experimental data and then use the 

develop numerical models to investigate the capacity reduction of unlipped 

channels with web openings under web crippling. This journal paper addresses 

the reduction in the web crippling capacity of unlipped channel sections with 

unfastened supports due to the centred beneath and offset web openings under 

End-Two-Flange load case. 

 

3.  Research approach 

 

The capacity reduction of unfastened support unlipped channels with web 

openings subject to web crippling under ETF load case is investigated using 

numerical analysis based on the given research approach as shown in Fig. 4 in 

this study. Five different existing web crippling data such as Sundararajah et al. 

[5, 27], Young and Hancock [24] and Uzzaman et al. [11-13] were used for this 

validation purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

In the above studies, Sundararajah et al. [5, 27] explored the behaviour of 

thin-lipped and unlipped channels under web crippling where the overall depth 

of considered steel profiles varied from 100 to 200 mm while their thicknesses 

varied from 1.0 mm to 2.4 mm. Their specimen length is 3d, where d is the 

Fig. 3 Half FE models in ANSYS [10- 13] 
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height of straight part of the web of the sections, and three bearing lengths were 

used in their studies. Since Sundararajah et al. [5, 27] experimental study was 

limited to thin-sections, Young and Hancock [24] test results also used to 

validate the developed FE models to ensure the accuracy of models for both thin 

and thick steel profiles. Young and Hancock’s [24] tests used thick unlipped 

channels with an overall depth of 75 to 300 mm while the thicknesses varied 

from 3.8 to 6.0. Their specimen lengths are equal to 1.5 times overall height of 

unlipped channel sections plus bearing length, and their bearing lengths were 

chosen equal to half and the full width of flanges. Uzzaman et al. [11-13] 

investigated the effect of web openings, both placed underneath and away from 

the bearing plates on the web crippling capacity of lipped channels using 

experimentally and numerically for two flange load cases. The overall depth 

varied from 142 to 302 mm while thicknesses ranged from 1.3 to 2.0 mm. They 

used three bearing lengths such as 90, 120 and 150 mm while the ratio of the 

diameter of circular web opening to the height of the straight part of the web is 

varied from 0 to 0.8 for centred beneath web openings. Their specimen length 

is similar to Young and Hancock [24]. The specimen lengths used by Young 

and Hancock [24] and Uzzaman et al. [11-13] are different compared to 

guidelines given in the recently updated AISI web crippling standard test 

method [21] while Sundararajah et al. [5, 27]’s specimen lengths are agreeing 

with the guidelines, which suggested to use three times the straight portion of 

web height of the channel sections. Although specimen length varied in above 

mentioned all three studies, the boundary and loadig conditions of loading and 

supporting plates are similar in all three tests and hence used for the validation 

purpose.  

 

After accurate validation, the developed numerical model is used to 

enhance the data strength of unlipped channels subject to web crippling and to 

identify the critical parameters affecting the reduction of unlipped channels 

subject to web crippling. The comparison of FE capacities of unlipped channels 

without and with web openings are used to determine the effects of the critical 

parameters on the capacity reduction and to propose reduction factor equation.    

 

4.  Numerical analysis 

 

Cold-formed steel profiles are thin with a thickness of less than 8.0 mm. 

Hence thickness can be neglected compared to the other two dimensions. 

Therefore, cold-formed steel profiles, both lipped and unlipped, are simulated 

in ANSYS [35] as shell element models. The FE models are generated 

according to the measured centre line dimensions, and measured thickness is 

assigned to them. The prediction accuracy of finite element models depends on 

several factors such as (i) element type (ii) mesh size (iii) material models (iv) 

boundary conditions (v) contact formulation and (vi) analysis type, and 

importance of each factor are discussed below. 

 

a) Element type: ANSYS [35] has different elements types such as plane, 

shell and solid. The behaviour of cold-formed steel profiles under web crippling 

can be accurately simulated using three-dimensional shell elements such as 

SHELL43, SHELL63, SHELL93, SHELL181 and SHELL281. In above-

mentioned shell elements, the first four elements are four-node elements while 

SHELL 281 is an eight-node element, where each node of the elements above-

mentioned has six degrees of freedom. However, SHELL43 is used for plastic 

strain, while SHELL63 and SHELL93 are used for elastic strain only. 

SHELL181 and SHELL281 are finite strain elements and suitable to be used in 

web crippling problems. The predictions of web crippling finite element models 

using SHELL181 and SHELL281 are the same based on the preliminary 

investigations. However, the FE models with SHELL281 required more 

computational time and resources due to its eight nodes compared to FE models 

with SHELL181. Therefore, SHELL181 elements were employed to model the 

deformable beam in the developed FE models, similar to Ren et al.’s [32] and 

MacDonald et al.’s [4] studies. Bearing and loading plates are also modelled 

using SHELL181 elements and then converted to rigid elements using rigid 

elements. 

 

b) Mesh size: Mesh sizes also equally impact the prediction accuracy of 

web crippling capacity of generated FE models. In FE models, 3 mm × 3 mm 

square meshes were employed for all channel sections except at the corners 

while fine meshes 3 mm × 1 mm were employed at the corners of unlipped 

channel profile to ensure proper load transfer from flanges to webs of the 

sections.  

 

c) Mechanical properties: Since web crippling failure occurs at a yield 

strength of the steel, Young’s modulus and material yield strengths are two 

material properties influence the web crippling capacity of cold-formed steel 

profiles. In these models, Young’s modulus value of 203 GPa with measured 

material yield strengths were inserted into ANSYS software. Material yield 

strength can be defined using two methods such as (i) engineering stress vs 

engineering strain and (ii) true stress vs true strain values, where the later 

method considers the strain hardening effects of tensile coupon specimen. The 

measured engineering stress-strain values can be converted to true stress-strain 

using the below equations (Equations. 5a and 5b). Web crippling happens at the 

material yield strength, not at tensile strength. Hence the impact of strain 

hardening effects on the web crippling failure load is minimal (maximum of 2%) 

and can be neglected. Janarthanan et al. [29, 31] also reported that strain 

hardening effects on the web crippling are small. Hence, the bi-linear material 

model can be used in web crippling FE models.  

 

( ) += 1
true

                                         (5a)  

 

( ) += 1lntrue                               (5b) 

 

d) Loading and boundary conditions: In the developed FE models, 

loading and boundary conditions are only applied to the pilot node of bearing 

plates and then passed to the flanges of the cold-formed steel channels using 

interaction/ contacts only. Hence, contact/ interaction behaviour also equally 

contribute to the accuracy of FE models similar to boundary conditions. Contact 

formulation in FE models automatically considers the thickness of deformable 

shell elements. In the web crippling model, specimens were created using centre 

line dimensions. Therefore, the gap between the loading and support plates and 

deformable shell beams should be equal to half of the specimen thickness. Three 

types of contact generations are available such as pair-based contact, general 

contact and node to node contact. Both pair-based and general contact use 

surfaces to define contact and suitable for solving small or large sliding 

problems while node to node contact used in well-known contact locations and 

suitable for small sliding problems. In the developed FE models, the pair-based 

surface to surface contact option was used to form a contact between bearing 

plates and cold-formed steel sections. The penetration behaviour between rigid 

plates and cold-formed steel profile is decided by pressure-over closure 

relationship. There are two types available such as hard contact and soft contact. 

In these FE models, hard contact was employed in which infinity pressure is 

applied when both surfaces come in to contact. 

 

The pilot node is created at mid-point of the bearing length and connected 

to mid-line of support and loading plates using TARGET170 element, which 

constraints all six degrees of freedom (three translational and three rotational 

degrees about x, y and z axes). The boundary and loading conditions are applied 

to the pilot node, as displayed in Fig. 5, which is located in the centre line of the 

bearing plate. Two translation degrees of freedom (UX and UZ) and two 

rotational degrees of freedom (ROTY and ROTZ) were fixed for support and 

loading plates. The vertical translation was fixed (UY) for support plates, while 

the displacement value of -40 mm was assigned to the loading plate. The loading 

rate was carefully controlled using a displacement controlled method. ROTX 

was allowed for both loading and support plates to simulate hinge supports 

similar to web crippling test set-up.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UT-Translation, UR-Rotation and 1, 2 and 3 denote the global axes x, y and z respectively. 

 

e) Analysis method: In web crippling tests, displacement control method 

with the displacement rate of 1mm/minute was used to apply load. Hence this 

is a static problem. Among various analysis methods available in ANSYS [35], 

the static analysis was chosen in the FE study, which is related to time. The 

static analysis classifies large strain and small strain options. Cold-formed steel 

profiles experienced large strains when they were subjected to web crippling. 

Loading plate  

(UT1 = UT3 = UR2 = UR3 = 0 

and UT2 = 40 mm) 

Support plate  

(UT1 = UT2 = UT3 = UR2 = 

UR3 = 0) 

Fig. 5 Stimulation of the boundary condition 
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Addition to that, the web crippling strength of the channels were underestimated 

slightly by using small strain analysis and the large strain analysis provided a 

better prediction. So, large displacement static was used in this study. 

 

5.  Finite element validation & Parametric study 

 

Five experimental datasets of web crippling performed by different 

researchers were used for the accurate FE validation purpose, as shown in Fig. 

4. First, (i) Sundararajah et al. [5, 27], (ii) Young and Hancock [24] and (iii) 

Uzzaman et al. [11-13] test datasets were used to validate the developed FE 

models of channel sections, both lipped and unlipped profiles in the absence of 

web openings. For the validation purpose, the ultimate failure loads and failure 

modes obtained from numerical analysis were compared with test results. Figs. 

6 and 7 show the comparison of ultimate failure loads obtained from FE models 

with Sundararajah et al.’s [5, 27] experimental results of lipped and unlipped 

channels, respectively. The comparison showed that the developed FE models 

of lipped and unlipped channels predicted web crippling capacities of the tested 

specimens accurately with the mean values of ratios of Sundararajah et al.’s [5, 

27] tests to FEA predictions are 1.00 and 0.98, respectively while corresponding 

COV values of 0.09 and 0.03. In addition to web crippling capacity, web 

crippling failure mode of FE model is also compared with their experimental 

failure mode, as shown in Fig. 8. It can be seen that the FE model predicted the 

experimental failure mode accurately. However, Sundararajah et al.’s [5, 27] 

test data are only for thin channel sections. Hence, the developed FE models 

were again validated using Young and Hancock’s [24] test data to ensure 

accurate predictions for thick channel sections. The comparison showed that the 

mean value of ratios of Young and Hancock’s [24] tests to FEA predictions is 

0.97, with COV value of 0.06, as shown in Table 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the developed FE models of lipped channels without and with web 

openings were validated using Uzzaman et al.’s [11-13]’s test data. Table 3 

shows the comparison of Uzzaman et al.’s [11-13] test data to FEA predictions 

without web openings. The comparison showed that the mean value of ratios of 

the test to FEA predictions of lipped channels without web opening are 1.01 

with COV value of 0.04.  

 

Table 2  

Validation of Young and Hancock's [24] test data 

Unlipped channel 

section  

N (mm) L (mm) FEA value 

(kN) 

Test/FEA 

75-40-4 20.0 113.6 19.8 0.92 

75-40-4 40.0 152.0 23.8 0.93 

100-50-4 25.0 175.0 21.5 1.05 

100-50-4 50.0 200.2 25.6 0.97 

125-65-4 32.5 219.8 22.6 1.04 

125-65-4 65.0 252.5 27.5 1.03 

200-75-5 37.5 336.9 33.5 0.93 

200-75-5 75.0 375.3 38.9 1.03 

250-90-6 45.0 421.0 51.0 0.92 

250-90-6 90.0 465.1 55.0 0.92 

300-90-6 45.0 495.2 44.7 1.02 

300-90-6 90.0 539.6 54.5 0.91 

Mean 0.97 

COV 0.06 

 

Table 3  

Validation of Uzzaman et al.'s [11-13] test data 

Lipped channel 

section 
N (mm) L (mm) 

FEA value 

(kN) 
Test/FEA 

142-60-13 90 337.5 2.20 1.00 

142-60-13 120 350.0 2.50 0.94 

172-65-13 120 400.0 2.31 1.03 

202-65-13 100 410.0 2.78 1.04 

202-65-13 120 425.0 2.60 1.04 

202-65-13 150 450.0 2.74 1.04 

202-65-14 150 460.0 3.10 1.03 

202-65-15 200 510.0 3.78 1.03 

262-65-13 120 525.0 2.71 0.94 

262-65-13 150 550.0 2.89 0.98 

Mean 1.01 

COV 0.04 

Note: N- bearing length, L- specimen length  

 

Figs. 9 and 10 show the comparison of FE results of lipped channels with 

centred beneath and offset web openings, respectively, with Uzzaman et al.[11-

13]’s experimental studies. The comparison showed that mean values of ratios 

of the tests to FEA predictions of lipped channel sections with centred beneath 

and offset web openings are 0.97 and 1.10, respectively with corresponding 

COV values of 0.03 and 0.06. Failure modes obtained from FE models are 

agreed with Uzzaman et al.’s [11-13] experimental failure modes with 

increasing a/h ratio from 0 to 0.6, as shown in Fig. 11. Table 4 shows a summary 

of finite element validation. This validation procedure showed that the 

developed web crippling FE models without and with web opening under ETF 

load case predicted test web crippling capacities accurately. Therefore, these FE 

models can be used for parametric study confidently. 

 

A detailed parametric study is undertaken using validated FE models to im-

prove understanding of the web crippling behaviour of unlipped channels with-

out and with web openings under ETF load case. The parametric study considers 

the effects of different parameters such as section thickness, material strength, 

web slenderness ratio and bearing length on the web crippling of unlipped chan-

(b) FEA (a) Test [5] 

Fig. 8 Failure mode comparison for without hole section 
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Fig. 6 Validation of lipped channel sections [5, 26] 

Fig. 7 Validation of unlipped channel sections [5, 27] 
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nels without web openings. Additionally, the effect of centred beneath and off-

set web opening was investigated by varying the ratios of the diameter of web 

opening to a height of straight part of the web of the section (a/h) and distance 

from bearing plate to clear height of the web (x/h). Totally 186 FE models with 

centred beneath web openings, 540 offset web openings, and 72 FE models 

without web opening were developed and analysed in this parametric study. The 

predictions of existing web crippling design equations for unlipped channel sec-

tions without web opening were checked, and new reduction factor equation is 

proposed based on the obtained web crippling data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4  

Summary of past research studies validations 

Section Researcher  
No of mod-

els 
Mean COV 

Without web opening 

Unlipped channel 

Young and Hancock [24] 12 0.97 0.06 

Sundararajah et al. [5, 27] 18 0.98 0.03 

Lipped  channel 

Uzzaman et al. [11-13]  10 1.01 0.04 

Sundararajah et al. [5, 27] 18 1.00 0.09 

With web opening 

Lipped channel- 

centred beneath 

Uzzaman et al. [11-13]  15 0.97 0.03 

Lipped channel- 

offset  

Uzzaman et al. [11-13]  26 1.1 0.06 

Overall 99 1.01 0.05 

 

6.  Results and discussion 

 

6.1. Predictions compared with existing design equations 

 

The capacities of unlipped channels with web openings under ETF load 

case obtained from parametric numerical studies were compared with the avail-

able design equation for web crippling such as (i) unified design equation with 

coefficients of AISI S100 [18] and AS/NZS 4600 [19], the same above men-

tioned equation but with modified coefficients suggested by Gunalan and Ma-

hendran [25, 26] and semi-empirical equation proposed by Young and Hancock 

[24]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(i) Fig. 12 compared the capacity predictions of unlipped channels using 

numerical models under web crippling without web-openings with estimated 

web crippling capacities based on unified design equation (Equation 1) with 

available coefficients in AISI S100 [18] and AS/NZS 4600 [19]. The compari-

son indicated that the mean value of the ratio of predictions from FE models to 

unified design equation with coefficients available in AISI S100 [18] and 

AS/NZS 4600 [19] is 0.91 while the COV of the comparison is 0.22 for unlipped 

channels with unfastened supports under ETF load case. The comparison 

showed that the predictions of the unified design equation with current existing 

coefficients are slightly conservative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ii) Gunalan and Mahendran [25] also reported that capacity predictions of 

Fig. 10 Validation results of Uzzaman et al.’s [12,13] with offset hole sections 
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Fig. 9 Validation results of Uzzaman et al.’s [11-13] test with openings 
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(b) FEA failure modes 

a/h ratio 0 

a/h ratio 0.4 a/h ratio 0.6 

a/h ratio 0.2 

a/h ratio 0 a/h ratio 0.2 

a/h ratio 0.4 a/h ratio 0.6 

(a) Uzzaman et al.’s [11-13] test failure  

Fig. 11 Failure mode comparisons of with and without web opening sections 
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Fig. 12 Comparison of FEA results with predictions using unified web crippling equation 

based on AISI S100 [18] coefficients 
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current design equations with available coefficients in AISI S100 [18] and 

AS/NZS 4600 [19] for unfastened support unlipped channels under all four load 

cases are unconservative. The observation mentioned above is similar to Fig. 

13. Therefore, they proposed new coefficients only to the current unified design 

equation (Equation 1) as listed in Table 5. In this study, the FEA capacity pre-

dictions of unlipped channels observed from numerical models were compared 

with the capacity estimation of unified design equation using the proposed co-

efficients by Gunalan and Mahendran [25]. The comparison indicated that the 

mean value of the ratio of predictions from FE models to unified design equation 

with coefficients proposed by Gunalan and Mahendran [25] is 1.17 while the 

COV of the comparison is 0.12 for unlipped channels with unfastened supports 

under ETF load case. This comparison showed that the capacity predictions of 

the unified design equation with proposed coefficient by Gunalan and Mahen-

dran [25] is conservative for unlipped channels without web openings under 

ETF load case. Hence these coefficients can be used with the unified design 

equation to estimate web crippling capacity of unlipped channels under ETF 

loading. However, the new coefficients can be proposed to improve the predic-

tion accuracy further. 

 
 

 

Table 5  

Proposed web crippling coefficient for unlipped channels 

Equation C Cr Cl Cw Mean COV 

AS/NZS 4600 [19] 2.00 0.11 0.37 0.01 0.91 0.22 

Gunalan and Mahendren [25] 3.05 0.19 0.26 0.05 1.17 0.12 

Proposed  3.50 0.19 0.27 0.05 1.00 0.10 

 

(iii) Young and Hancock [24] developed a semi-empirical equation as 

shown in Equations 6a to 6e, to predict the web crippling capacities of unlipped 

channels without web-openings under ETF load case. This equation was devel-

oped using a combination of theoretical and empirical analysis and had a critical 

limitation which is only applicable to stocky unlipped channels, where slender-

ness of the web is less than 45. 
 

( ) 
t

h

r

m
N

p
M

pm
P 0133.044.1 −=                                         (6a) 

 

4

2t
y

f

p
M =                                                                (6b) 

 

2

t
i

rr +=                                                                    (6c) 

 

dN
m

N 5.0+= , dN 3.0+  for EOF and ETF load case                       (6d) 

 

dN
m

N 3.1+= , dN 40.1+  for IOF and ITF load case                       (6e) 

Where Ppm is the capacity prediction of web crippling based on plastic 

mechanism model, Mp - plastic moment per unit length, r and ri are bent radii 

about centreline and internal dimensions, respectively, h - the height of the 

straight portion of the web of unlipped channels, d- web overall depth, N - the 

bearing length 

 

Fig. 14 compared the capacity predictions of unlipped channels using nu-

merical models under web crippling without web-openings with estimated ca-

pacity values using the equation proposed by Young and Hancock [24]. The 

comparison indicated that the mean value of the ratio of predictions from FE 

models to the capacity estimation by Young and Hancock’s [24] semi-empirical 

equation is 1.00 while the COV of the comparison is 0.14 for unlipped channels 

with unfastened supports under ETF load case. The comparison mentioned 

above showed that the proposed equation by Young and Hancock [24] can be 

still used to estimate the web crippling capacities of unlipped channels without 

web openings under ETF load case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

6.2. Improved design equation 

 

As discussed in the above section (Section 6.1), currently available coeffi-

cients with unified design equation (Equation 1) predicted the capacities of un-

lipped channels without web-openings under web crippling for ETF load case 

unconservatively. Therefore, these currently available coefficients cannot be 

used to estimate failure loads of unlipped channels when they used as bearers 

and joists in construction. Although predicted capacities using the semi-empir-

ical equation by Young and Hancock [24] agreed with predictions by FEA pre-

dicted capacities, their equation has a significant limitation, which restricts the 

applicability of their equation only to stocky unlipped channels, where the slen-

derness of the web is less than 45. The unified design equation (equation 1) with 

proposed improved coefficients by Gunalan and Mahendarn [25] predicted the 

capacities of unlipped channels without web-openings under ETF load case, 

conservatively. However, their coefficients were proposed based on 28 test re-

sults, and hence the proposed coefficients by them have fine-tuned form this 

study and given in Table 5. Fig. 15 compared the capacity predictions of un-

lipped channels using numerical models under web crippling without web-open-

ings with estimated capacity values using the unified design equation with pro-

posed coefficients as listed in Table 5. The comparison indicated that the mean 

value of the ratio of predictions from FE models to unified design equation with 

coefficients proposed from this study is 1.00 while the COV of the comparison 

is 0.10 for unlipped channels with unfastened supports under ETF load case. It 

is shown that the proposed coefficients agree well with the numerical results. 

The coefficient only applies for h/t ≤ 115, N/t ≤ 75, N/h ≤ 1.9, a/h ≤ 0.8 and Ɵ 

=90.  
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Fig. 14 Comparison of FEA results with predictions using Young and Hancock’s [24] de-

sign equation 
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6.3. Capacity reduction due to web opening 

 

As discussed earlier, the introduction of the openings at the web of unlipped 

channels reduces the resisting area of the concentrated loads and hence vulner-

ability chances of web crippling increase further for unlipped channels under 

concentrated loads. Typically, web crippling failure initiates at the free edges of 

channel sections under ETF load cases. However, the failure mechanism is 

changed with the introduction of the web opening, as shown in Fig. 16. As 

shown in Fig.16, in stage - 01 and stage - 02, web crippling failure is initiated 

near to the web opening, and it proliferates towards the free edge of the web 

compared to another side. After that in stage - 03, it extends to another side of 

the web section due to the load increment. Beyond that point in the ultimate 

stage - 04, the web of the section is crippled. Due to above-mention reason, web 

crippling failure of unlipped channels with web openings under ETF load case 

should be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Altogether, 186 and 540 numerical models of unlipped channels under ETF 

load case with two types of circular web openings such as (i) centred beneath 

and (ii) offset, respectively to investigate the effect of these openings on the web 

crippling capacity. The purpose of the study is also to identify the influencing 

parameters and to determine the reduction of web crippling capacity. The study 

indicated that two critical ratios such as (i) ratio of the diameter of the circular 

web opening to the height of the straight portion of the web (a/h) of unlipped 

channels and (ii) bearing length to the height of the straight portion of the web 

(N/h) of unlipped channels, dominated the reduction of web crippling of un-

lipped channels with centred beneath web openings. Similarly, another two crit-

ical ratios such as (i) the ratio of the nearest distance of the circular web opening 

to the edge of the bearing plate (x/h) and (ii) bearing length to the height of the 

straight portion of the web of unlipped channels (N/h) dominated the reduction 

of web crippling of unlipped channels with offset web openings. These obser-

vations are similar to past research outcomes. The effect of above-mentioned 

ratios on the web crippling capacity reduction of unlipped channels was inves-

tigated as discussed below. 

 

The capacity reduction and its percentages of two unlipped channels such 

as 100×50×4 and 150×75×2, subjected to concentrated load via 100 and 150 

mm bearing plates, respectively with varying ratio of the diameter of web open-

ing to the height of straight web portion of the web of the channel (a/h) from 0 

to 0.8 were investigated and reported in Table 6.  

 

Table 6  

Capacity reduction due to web hole 

Bearing length 

N (mm) 

a/h ratio 

FEA value 

(kN) 

Reduction % 

100×50×4, specimen length 300 mm 

100 0.0 30.0 - 

100 0.2 27.1 9.7 

100 0.4 23.6 21.3 

100 0.6 20.4 32.0 

100 0.8 17.5 41.7 

150×75×2, specimen length 450 mm 

150 0.0 6.1 - 

150 0.2 5.6 8.2 

150 0.4 4.9 19.7 

150 0.6 4.2 31.1 

150 0.8 3.6 40.1 

 

As listed in Table 6, the capacity reduction of 100×50×4 unlipped channels 

due to web opening underneath the bearing plate subjected to the concentrated 

load via 100 mm bearing plate is 9.7, 21.3, 32.0 and 41.7 percentages with the 

variation of the ratio of the diameter of circular web opening to the height of the 

straight portion of the web of the section (a/h) from 0 to 0.8 in steps of 0.2. 

However, the observed reductions for 150×75×2 unlipped channels with circu-

lar web openings subjected to concentrated load via 150 mm are 8.2, 19.7, 31.1 

and 40.1 percentages with the above (a/h) variation. The above observation 

showed the capacity reduction of web crippling depends on the bearing lengths 

in addition to different steel profiles. As discussed, although the reduction per-

centages varied for different steel profiles, the capacity reduction of web crip-

pling for unlipped channels with circular centred beneath web opening almost 

linearly increases with the ratio of the diameter of circular web opening to the 

height of the straight portion of the web of unlipped channels as shown in Fig. 

17. Fig. 17 showed that above mentioned a/h ratio is one of the critical param-

eters, dominates the web crippling reduction of unlipped channels with centred 

beneath web openings. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16 Effect of web hole in the failure mechanism of unlipped channel sec-

tion 



Elilarasi. K et al.  318 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of different bearing lengths on the web crippling capacity of un-

lipped channels with circular centred beneath web opening under ETF load case 

was investigated using two test samples such as (i) 100×50×4 mm unlipped 

channels concentrically loaded via bearing lengths of 50, 100 and 150 mm and 

(ii) 200×75×4 mm unlipped channels concentrically loaded via bearing lengths 

of 90, 120 and 150 mm. The effect of bearing plate lengths on web crippling 

capacity with increasing web opening diameter to height of the straight portion 

of the web (a/h) values for the section are shown in Fig. 18(a) and (b), respec-

tively. As shown in Figs. 18(a) and 18(b), the ultimate capacities of unlipped 

channels with web openings under web crippling for ETF load case increases 

linearly with increasing bearing lengths for both considered sections. However, 

the increment percentage is different for both sections. The web crippling ca-

pacity increases by 24, 26, 30 and 34 percentages with the increasing a/h ratio 

values of 0.2, 0.4 and 0.6 for 100×50×4 mm unlipped channel subjected to con-

centrated load via 150 mm bearing plate compared to 100 mm bearing plate. 

Similarly, the web crippling capacity increases by 13% for all a/h values for 

200×75×4 mm unlipped channel subjected to concentrated load via 150 mm 

compared to 120 mm. Fig. 18 displayed that the capacity reduction of unlipped 

channels depends on the bearing length also an addition to the ratio of the di-

ameter of web opening to the height of the straight portion of the web of un-

lipped channels. Therefore, bearing length effect also must be included in the 

reduction factor. Therefore, the web crippling reduction factor for centred be-

neath web openings was developed using above mentioned two parameters such 

as (i) diameter of the circular web opening to the height of the straight portion 

of the web and (ii) bearing length to the height of the straight portion of the web. 

 

This study also investigates the effects of circular web openings located 

away the concentrated loads (circular offset) on the capacity of unlipped chan-

nels under web crippling, and the observed results are displayed in Fig. 19. Fig. 

19 portrayed the variation of web crippling capacity of unlipped channels with 

the increasing ratio of the near web opening distance from the edge of bearing 

plate to the height of the straight part of the web (x/h). The capacities of some 

unlipped channels under web crippling showed increment by 15%. In compari-

son, others showed 10% increment only with the variation of the ratio of the 

near web opening distance from the edge of bearing plate to the height of the 

straight part of the web (x/h) from 0 to 0.6. Based on the observation, another 

reduction factor should be proposed for offset circular web openings based on 

the ratios of the ratio of the near web opening distance from the bearing plate 

edge to the height of the straight web part (x/h) and diameter of circular web 

opening to the height of the straight web part (a/h). 

 

6.4. Proposed strength reduction factor 

 

The reduction due to web openings both located underneath and away from 

the bearing plate was determined by comparing the FE predicted capacity of 

unlipped channels with and without opening. Then the ratio of capacity reduc-

tion to the web crippling capacity of unlipped channels without web openings 

was determined, and this ratio was the capacity reduction factor. Based on con-

ducted parametric study, the capacity reductions of unlipped channels with web 

openings underneath the bearing plates under ETF load case showed the linear 

variation trend for the two ratios such as: (i) the capacity reducing with the in-

creasing ratio of the diameter of circular web opening to the height of straight 

part of the web (a/h) and (ii) the capacity increases with the ratio of the bearing 

length to the height of the straight part of the web (N/h). Based on the above 

observation and using all determined capacity reduction values from the para-

metric study, an equation for the reduction factor is developed using bivariate 

linear regression analysis in terms of above two ratios as shown in Equation 7a.  

)(06.0)(6.095.0
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Similarly, the capacity reductions of unlipped channels with web openings 

located away from the bearing plates (offset) showed a linear variation trend 

with two ratios such as (i) the capacity reducing with the increasing ratio of the 

diameter of circular web opening to the height of straight part of the web (a/h) 

and (ii) the capacity increases with the ratio of the near web opening distance 

from the edge of bearing plate to the height of the straight part of the web (x/h). 

Based on the above observation and using all determined capacity reduction 

values, an equation for the reduction factor is developed using bivariate linear 

regression analysis in terms of the above two ratios, as shown in Equation 7b.  

)(17.0)(25.098.0 h
x

h
a

bR +−=             (7b) 

The limits for the reduction factor Equations 7a and 7b are h/tw ≤ 115, N/tw 

≤ 75, N/h ≤ 1.9, a/h ≤ 0.8 and Ɵ =90°. 

 

Figs. 20 and 21 compared the predictions of reduction factors determined 

using the above developed two equations for unlipped channels with circular 

centred beneath and offset web openings, respectively for ETF load case with 

calculated reduction factors using capacity values of unlipped channels with and 

without web openings. The mean value of the ratio of predicted reduction 

Fig. 17 Effect of web opening diameter to clear height of the web on web crip-

pling capacity reduction 
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Fig. 18 Effect of bearing length on web crippling capacity of unlipped channels 
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factors using the proposed equation to reduction factors determined using FE 

capacities are 0.99 and 1.00 for centred beneath and offset web openings, 

respectively with the corresponding COV values of 0.05 and 0.11 for unlipped 

channels with unfastened supports for ETF load case. Therefore, the proposed 

capacity reduction factor equations with the unified design equation (Equation 

1) can be used to predict the capacities of unlipped channels with web openings 

with unfastened supports under ETF load case. 

 

 

 
 

The capacity reduction factor is applied to adjust the prediction for safe 

design. The North American specification for the design of cold-formed steel 

structural members [20] recommends the following equation to calculate the 

capacity reduction factor (
w

φ ). 
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In Eq. 10, C is equal to 1.521 from AISI S100. The statistical parameters 

are obtained from AISI S100 for web crippling strength, where Mm = 1.1, Fm 

= 1.0, VM = 0.1 and VF = 0.05. The parameters Pm and Vp are the mean and 

the coefficient of variation of the tested to predicted load ratio. The statistical 

parameter VQ is the coefficient of variation of load effects and depends on the 

dead load to live load ratio (D/L). It is given as 0.21 in AISI S100 [18].  The 

parameter Cp is a correction factor for the small number of tests and is given 

by ; n is the number of tests; m is the degree of freedom = n - 1. The values of 

Pm and Vp, in this case, are 0.990 and 0.049 for centred beneath and 1.00 and 

0.11 for offset as well, which are based on the FEA/Proposed ratios. Using these 

values, Eq. 10 gives a capacity reduction ( w
φ ) of 0.90 and 0.87 for centred 

beneath and offset respectively for target reliability index of 2.5.  

 

7.  Conclusion 

 

This article presented the details of numerical investigation of the effects 

of circular web openings on the web crippling performance of unfastened un-

lipped channels under ETF load case. The two types of web openings such as 

opening directly beneath the concentrated load (centred beneath) and an open-

ing located away from the concentrated load (offset) were considered. Numeri-

cal models of lipped and unlipped channels without web openings were devel-

oped and validated in ANSYS software using existing five test data set in the 

literature to create more accurate FE model without errors due to practical dif-

ferences. Based on the validated FE models, the behaviour of unlipped channels 

without web openings was first investigated and compared with predictions us-

ing available design equations. The capacity predictions of unlipped channels 

without web opening under ETF load case using unified design equation with 

current web crippling coefficients in AISI S100 and AS/NZS 4600 were uncon-

servative while the suggested design equations by Young and Hancock [24] 

and Gunalan and Mahendran [25] were conservative and can be used. The im-

proved coefficients were proposed to the current unified web crippling design 

equations to improve the capacity prediction accuracy of unfastened un-

lipped channels without web openings under ETF load case. The numerical 

models of unlipped channels with web circular openings underneath the bearing 

plate and away from the bearing plate were developed and validated using two 

existing test data. The validated numerical models were then used to investigate 

the capacity reduction of unfastened unlipped channels subjected to web crip-

pling with circular web openings underneath and away from the concentrated 

loads for ETF load case. Each two ratios were identified as critical ratios for 

capacity reduction of unlipped channels with web openings underneath and 

away from the bearing plates such as (i) the diameter of circular web opening 

to the height of straight part of the web (a/h) and bearing length to the height of 

straight part of the web (N/h) for web openings directly underneath the load 

plates while (ii)  the diameter of circular web opening to the height of straight 

part of the web (a/h) and the web opening near distance to the edge of the bear-

ing plate to the height of the straight web part (x/h). Based on the parametric 

study, two separate reduction factor equations were developed for unlipped 

channels with web openings directly underneath and located away from the 

bearing plates, respectively based on above-identified two critical ratios under 

ETF load case. The proposed reduction factors can be used with the unified 

design equation (Equation 1) with proposed improved four coefficients from 

this study can be used to estimate failure loads of unlipped channels with both 

types of web openings under ETF load case. 
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