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ABSTRACT 
 

     A comprehensive parametric study of cold-formed ferritic stainless steel channels 
with circular web openings under shear is undertaken, using quasi-static finite element 
analysis, to investigate the effects of web openings and cross-sections sizes. The circular 
web openings are located either centred at mid-span or offset to the applied load. While 
no stainless steel standard provides shear strength reduction factors, and only the North 
American specification AISI S100:2016 and Australian/New Zealand Standard AS/NZS 
4600:2018 for carbon steel members provide two equations for channels with centred 
openings, it is found that such equations are unreliable and un-conservative for ferritic 
stainless steel channels by as much as 20%. The results also demonstrated that the 
current equations in the literature for carbon steel channels are unreliable, and are either 
unconservative or too conservative to apply for ferritic stainless steel channels by up to 
44%. Based on both experimental and numerical results, new reliable design equations 
in the form of shear strength reduction factors are proposed. 
 
 
1. INTRODUCTION 
 
     There are many advantages in stainless steels being highly corrosion resistant, 
durable and ductile steels. They are categorised into the five different material grades of 
austenitic, duplex, ferritic, martensitic and precipitation-hardening. Ferritic stainless steel 
is known as the most competitive stainless steel material grade due to low nickel content, 
and due to its unique characteristics such as durability and corrosive resistance is 
suitable for use in a wide variety of architectural and structural applications (Gardner 
(2019); Cashell et al., (2014)). The ferritic stainless steel channels have potential 
application to be used as load-bearing member in corrosive environment. Such load-
bearing beam members having web openings are used for ease of service integration. 
However, these openings result in a considerable reduction of their shear strength (see 
Fig. 1). In the current literature, no design equation has been reported for offset (or 
centred) perforated stainless steel ferritic unlipped channels subjected to predominant 

mailto:a.yousefi2@westernsydney.edu.au


The 2021 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM21)
GECE, Seoul, Korea, August 23-26, 2021

  

shear loads. There are only laboratory and numerical research studies available on 
perforated ferritic stainless steel channels under web crippling (Yousefi et al., (2016; 
2017a,b,c,d,e,f; 2019a). However, very limited research has been conducted on such 
sections under predominant shear loads. In one study, Lawson et al. (2015) performed 
a total of nine experimental tests on cold-formed austenitic and lean duplex stainless 
steel lipped channels with large openings in the web subject to shear and bending loads. 
From the results of this study, a method was recommended to estimate the local stress 
around the circular web openings. However, the tests were conducted on beams with 
large span of approximately 1.6 m long with uniformly spaced circular web openings with 
a diameter of 150 mm under shear and bending.  
 

  
     Fig. 1 Photograph of stainless steel structures after Lawson et al. (2015) 
 
In one early study on stainless steel channels, a research study by Krovink et al. (1995) 
examined the web crippling capacity of lipped cold-formed steel channels experimentally. 
A good agreement between their experimental results and theoretical predictions was 
achivied from their study. However, for specimens with longer bearing load, the 
theoretical values showed to be too conservative. Yousefi et al. (2016; 2017a,b,c) carried 
out a comprehensive numerical study on the strength of perforated lipped channels for 
both scenarios of centred or offset openings. The results obtained from these studies led 
to newly developed design equations for perforated channels. Again, it should be noted 
that none of the above studies have tested ferritic stainless steel channels without straps 
having centred or offset web openings under predominantly shear loads. This issue will 
be addressed herein. 
 
In terms of cold-formed carbon steel channels with openings in web, Keerthan and 
Mahendran (2013) tested lipped channels without straps having circular web openings 
under shear loads (see Fig. 2). From this study, shear capacity reduction factor equations 
were proposed. In their follow up study, Keerthan and Mahendran (2014) conducted a 
numerical study on shear behaviour of lipped channels having circular openings in web 
and improved shear strength reduction factor equations were proposed. In a more recent 
study, Wanniarachchi et al. (2017) have also carried out a numerical study on lipped 
channels with square and elliptical openings in web, and shear strength reduction factors 
were recommended. Pham et al. (2017) proposed an analytical model to predict shear 
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yield load of lipped channels with circular and square holes under predominantly shear 
action. They have extended the research study considering such channels under 
combined shear and bending Pham et al. (2019). However, no reduction factor equation 
was proposed for ferritic stainless steel channels for both having centred or offset circular 
openings in web. 
 

  

Fig. 2 Shear test and failure mode of perforated cold-formed steel channels (aspect ratio=1.0) 
without straps after Keerthan and Mahendran (2013) 

 
 
In this paper, the shear performance of centred and offset perforated cold-formed 
channels fabricated with ferritic stainless steels subjected to shear loads is 
experimentally and analytically investigated. The centred and offset perforated pair 
channels are without straps and loaded at mid-length with span aspect ratio of 1.0. In 
total, 21 ferritic stainless steel pair channels are tested under shear loads. Subsequently, 
detailed finite element (FE) models, considering material nonlinearity and initial 
geometric imperfection, are developed and verified against experimental results using 
non-linear quasi-static Finite Element (FE) models in ABAQUS (2018). Good agreement 
between the tests and finite element analyses is obtained in terms of failure load, failure 
modes and post-buckling behaviour. 
 
 
2. EXPERIMENTAL INVESTIGATION 
 
     Yousefi et al. (2021b), tested 21 channels with and without openings in web subject 
to shear, as part of the experimental programme. The channels had different web height 
ranging from 175 mm to 250 mm, and the clear web height to thickness ratio (h/t) for all 
channels ranged from 115.3 to 167.6. The diameter of the web openings ranged between 
32.78 to 96.45 mm in the laboratory investigations. The channels tested as a pair and 
the length (L) of each channel was designed according to channel specimens being 
predominantly in shear with the ratio of shear span to depth of 1:1. Fig. 3 shows the 
nomenclature of the tested channels. Material properties were adopted from previous 
research by the authors (Yousefi and Samali (2020,2021a)). The hot-rolled material 
properties can be found in Rezvani et al. (2015) and Yu et al. (2020, 2021). 
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Fig. 3 Symbols definition 

 
As shown in Fig. 4, the test specimens were loaded under concentrated transverse shear 
forces. In order to provide symmetrical loading, a pair of C-channels were used to provide 
symmetrical loading arrangement. The channels bolted through the webs to the load 
block using washer plates at the middle and to the support blocks at two ends. The 
vertical forces applied to the middle load block. Steel half rounds were located at the both 
ends of the channels aligning with vertical lines of reaction forces. For the loading, a 
regular constant load rate of 0.5 mm/min using an Instron test machine was considered. 
The test data reported in the companion paper (Yousefi et al. (2021b)) are used in this 
paper for the development of shear strength reduction factor equations.   
 

 
      (a) Centred web openings                        (b) Offset web openings 

           Fig. 4 Schematic front view of shear testing arrangement 

 
 
3. NUMERICAL INVESTIGATION 
 
The general-application finite element (FE) programme package ABAQUS (2018) was 
used for the numerical investigation to model the test arrangement comprising of 
channel-sections and load and support blocks. The material nonlinearity and initial 
geometric imperfection were considered in the numerical modelling and cross sectional 
dimensions of the channels were based on the values measured in the lab. In this study, 
consistent with previous research by Mohammadjani et al. (2017) and Natário et al. (2014) 
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for explicit applications, quasi-static analysis was adopted based on implicit integration 
procedure. The advantages of such analysis method for cold-formed stainless steel 
beams is the consideration of complex material behaviour as presented by Yousefi et al. 
(2018a,b,c,d; 2019b).  
 
The channel-sections were modelled using the S4R thin shell element available in 
ABAQUS (2018) library as it is suitable for most applications particularly for complex 
buckling analysis of thin-walled elements. The load and support blocks were modelled 
applying general application C3D8R element, which has strain and plasticity capabilities 
and can also take into account large deflection effects. The engineering material curve 
from coupon tests were converted to true material curve as per equations in ABAQUS 
manual (2018) and applied to the models. Initial geometric imperfection could affect 
ultimate capacity and stability response of cold-formed steel channels under shear load 
(Pham and Hancock (2010)).  
 
In order to accurately capture and model the physical response of tested channels in the 
experimental investigation, initial geometric imperfection was considered in the FE 
models. Different methods of incorporating initial imperfection are available in ABAQUS 
manual (2018). One of these methods is to use the buckling analysis to create the 
possible modes and nodal displacement of these nodes. The lowest mode shape under 
the shear loading was then assumed as the initial imperfection pattern Gardner and 
Nethercot (2004). The considered local imperfection value was based on the predictive 
equation investigated by the Gardner and Nethercot (2004) for the use in cold-formed 
stainless steels. The details of the FEM are described in the companion paper (Yousefi 
et al. (2021b)) 
  
4. PARAMETRIC INVESTIGATION 
 
It was previously noted that the FE models are closely predicted the load displacement 
response and shear behaviour of the channels. Using such experimentally validated FE 
models, a parametric study is carried out to extend the data base and to study the 
influence of the diameter of web openings and the location of openings in web on the 
shear strength of cold-formed ferritic stainless steel channels having centred or offset 
web openings. As well as the channel’s cross sectional dimensions, the web thickness 
was also varied to investigate the influence of web opening diameter to clear height ratio 
(a/h), and clear height to thickness ratio (h/t) on the shear strength of the channels. The 
web thicknesses (t) in the FE models are between 1.5 to 2.0 mm and the channel clear 
height to thickness ratios (h/t) are from 86.05 to 167.63. The channels were of three 
different cross-section heights of C175, C200, and C250.  
 
To investigate the effect of web opening location on the shear strength of stainless steel 
channels with openings, two web opening scenarios of centred web openings and offset 
web openings were considered. Table 1 shows the results for centred (MA) web openings 
while Table 2 presents the results for offset (OA) web openings. Tables 1 and 2 present 
the ultimate shear strength values for single web obtained from the FE models and the 
cross sectional dimensions for each models. In Tables 1 and 2, Vv indicates ultimate 
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shear strength for channels with no openings and Vnl denotes channels with circular 
openings in web. The shear strength reduction factor is obtained by dividing ultimate 
shear strength of channels with circular web openings by channels with no openings in 
web. 
 

Table 1 Measured channel dimensional details and experimental and FE ultimate shear 
strengths with centred web openings 

Channel 
Web 

height 
Flange 
width 

Web 
thickness 

Web 
opening 
diameter 

 

 

 

 Shear 
strength 
reduction 

factor  

 d bf t  a h/t a/h VV Vnl qS 

  (mm) (mm) (mm) (mm)      

175x60-t1.5-A0 175.60 60.12 1.50 0.00 115.39 0.00 37.43 37.43 1.00 

175x60-t1.5-MA0.2 175.55 59.93 1.49 34.62 115.39 23.08 37.43 34.51 0.92 

175x60-t1.5-MA0.4 175.39 59.93 1.48 69.24 115.39 46.16 37.43 24.07 0.64 

175x60-t1.5-MA0.6 175.60 60.12 1.50 103.85 115.39 69.24 37.43 15.35 0.41 

175x60-t1.5-MA0.8 175.60 60.12 1.50 138.47 115.39 92.31 37.43 7.12 0.19 

175x60-t2.0-A0 175.60 60.12 2.00 0.00 86.05 0.00 55.99 55.99 1.00 

175x60-t2.0-MA0.2 175.55 59.93 2.00 34.42 86.05 17.21 55.99 51.56 0.92 

175x60-t2.0-MA0.4 175.39 59.93 2.00 68.84 86.05 34.42 55.99 35.91 0.64 

175x60-t2.0-MA0.6 175.60 60.12 2.00 103.25 86.05 51.63 55.99 22.34 0.40 

175x60-t2.0-MA0.8 175.60 60.12 2.00 137.67 86.05 68.84 55.99 10.58 0.19 

200x75-t1.5-A0 200.39 75.07 1.49 0.00 132.74 0.00 38.67 38.67 1.00 

200x75-t1.5-MA0.2 200.29 75.06 1.50 39.56 132.74 26.55 38.67 35.15 0.91 

200x75-t1.5-MA0.4 200.44 74.99 1.48 79.11 132.74 53.10 38.67 24.91 0.64 

200x75-t1.5-MA0.6 200.39 75.07 1.49 118.67 132.74 79.64 38.67 15.44 0.40 

200x75-t1.5-MA0.8 200.39 75.07 1.49 158.22 132.74 106.19 38.67 7.51 0.19 

200x75-t2.0-A0 200.39 75.07 2.00 0.00 98.38 0.00 58.51 58.51 1.00 

200x75-t2.0-MA0.2 200.29 75.06 2.00 39.35 98.38 19.68 58.51 52.27 0.89 

200x75-t2.0-MA0.4 200.44 74.99 2.00 78.70 98.38 39.35 58.51 38.17 0.65 

200x75-t2.0-MA0.6 200.39 75.07 2.00 118.06 98.38 59.03 58.51 22.97 0.39 

200x75-t2.0-MA0.8 200.39 75.07 2.00 157.41 98.38 78.70 58.51 11.31 0.19 

250x75-t1.5-A0 250.25 74.95 1.48 0.00 167.63 0.00 39.46 39.46 1.00 

250x75-t1.5-MA0.2 250.14 75.02 1.48 49.62 167.63 33.53 39.46 32.46 0.82 

250x75-t1.5-MA0.4 250.32 75.06 1.50 99.24 167.63 67.05 39.46 22.76 0.58 

250x75-t1.5-MA0.6 250.25 74.95 1.48 148.85 167.63 100.58 39.46 15.65 0.40 

250x75-t1.5-MA0.8 250.25 74.95 1.48 198.47 167.63 134.10 39.46 7.66 0.19 

250x75-t2.0-A0 250.25 74.95 2.00 0.00 123.53 0.00 57.56 57.56 1.00 

250x75-t2.0-MA0.2 250.14 75.02 2.00 49.41 123.53 24.71 57.56 52.85 0.92 

250x75-t2.0-MA0.4 250.32 75.06 2.00 98.82 123.53 49.41 57.56 38.80 0.67 

250x75-t2.0-MA0.6 250.25 74.95 2.00 148.23 123.53 74.12 57.56 24.42 0.42 

250x75-t2.0-MA0.8 250.25 74.95 2.00 197.64 123.53 98.82 57.56 11.82 0.21 
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Table 2 Measured channel dimensional details and experimental and FE ultimate shear 
strengths with offset web openings 

 

As presented in Tables 1 and 2, the ultimate shear strengths are mainly influenced by 
the web opening diameters and the web thickness. As expected, the shear strength 
values decrease by increasing the diameter of web openings, while they increased as 
the web thicknesses increased. Comparing the two aforementioned tables, it is 

interesting to note that for channels with large web openings (a/h ≥ 0.6), the shear 

Channel 
Web 

height 
Flange 
width 

Web 
thickness 

Web 
opening 
diameter 

 

 

 

 Shear 
strength 
reduction 

factor 

 d bf t  a h/t a/h VV Vnl qS 

  (mm) (mm) (mm) (mm)      

175x60-t1.5-A0 175.60 60.12 1.50 0.00 115.39 0.00 37.43 37.43 1.00 

175x60-t1.5-OA0.2 175.47 59.96 1.48 34.62 115.39 23.08 37.43 31.41 0.84 

175x60-t1.5-OA0.4 175.56 59.91 1.50 69.24 115.39 46.16 37.43 23.84 0.64 

175x60-t1.5-OA0.6 175.60 60.12 1.50 103.85 115.39 69.24 37.43 15.53 0.41 

175x60-t1.5-OA0.8 175.60 60.12 1.50 138.47 115.39 92.31 37.43 7.56 0.20 

175x60-t2.0-A0 175.60 60.12 2.00 0.00 86.05 0.00 55.99 55.99 1.00 

175x60-t2.0-OA0.2 175.47 59.96 2.00 34.42 86.05 17.21 55.99 48.19 0.86 

175x60-t2.0-OA0.4 175.56 59.91 2.00 68.84 86.05 34.42 55.99 35.65 0.64 

175x60-t2.0-OA0.6 175.60 60.12 2.00 103.25 86.05 51.63 55.99 22.93 0.41 

175x60-t2.0-OA0.8 175.60 60.12 2.00 137.67 86.05 68.84 55.99 10.74 0.19 

200x75-t1.5-A0 200.39 75.07 1.47 0.00 132.74 0.00 38.67 38.67 1.00 

200x75-t1.5-OA0.2 200.2 75.02 1.50 39.56 132.74 26.55 38.67 32.43 0.84 

200x75-t1.5-OA0.4 200.36 75.07 1.48 79.11 132.74 53.10 38.67 24.93 0.64 

200x75-t1.5-OA0.6 200.39 75.07 1.47 118.67 132.74 79.64 38.67 15.41 0.40 

200x75-t1.5-OA0.8 200.39 75.07 1.47 158.22 132.74 106.19 38.67 7.72 0.20 

200x75-t2.0-A0 200.39 75.07 2.00 0.00 98.38 0.00 58.51 58.51 1.00 

200x75-t2.0-OA0.2 200.2 75.02 2.00 39.35 98.38 19.68 58.51 48.65 0.83 

200x75-t2.0-OA0.4 200.36 75.07 2.00 78.70 98.38 39.35 58.51 36.91 0.63 

200x75-t2.0-OA0.6 200.39 75.07 2.00 118.06 98.38 59.03 58.51 23.74 0.41 

200x75-t2.0-OA0.8 200.39 75.07 2.00 157.41 98.38 78.70 58.51 11.56 0.20 

250x75-t1.5-A0 250.25 74.95 1.48 0.00 167.63 0.00 39.46 39.46 1.00 

250x75-t1.5-OA0.2 250.1 75.04 1.49 49.62 167.63 33.53 39.46 32.25 0.82 

250x75-t1.5-OA0.4 250.08 75.03 1.48 99.24 167.63 67.05 39.46 24.66 0.62 

250x75-t1.5-OA0.6 250.25 74.95 1.48 148.85 167.63 100.58 39.46  15.24 0.38 

250x75-t1.5-OA0.8 250.25 74.95 1.48 198.47 167.63 134.10 39.46 7.83 0.20 

250x75-t2.0-A0 250.25 74.95 2.00 0.00 123.53 0.00 57.56 57.56 1.00 

250x75-t2.0-OA0.2 250.1 75.04 2.00 49.41 123.53 24.71 57.56 47.88 0.83 

250x75-t2.0-OA0.4 250.08 75.03 2.00 98.82 123.53 49.41 57.56 38.19 0.66 

250x75-t2.0-OA0.6 250.25 74.95 2.00 148.23 123.53 74.12 57.56 24.12  0.42 

250x75-t2.0-OA0.8 250.25 74.95 2.00 197.64 123.53 98.82 57.56 11.96 0.21 
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strengths for channels with centred and offset web openings are nearly the same. 

However, the values for channels with smaller web openings (a/h ≤ 0.4) are different, 

and generally channels with offset web openings have less shear strength compared to 
channels with centred web openings. 

 

5. DESIGN COMPARISONS OF SHEAR STRENGTH WITH CURRENT 
SPECIFICATIONS 
No cold-formed stainless steel specification offers shear design equation for cold-formed 
stainless steel ferritic channels having web openings, and only AISI S100 (2016) and 
AS/NZS 4600 (2018) (adopted from AISI S100 (2016)]) provide shear strength reduction 
factors through considering openings in the web. The strength reduction factor values 
determined from the both experimental and numerical results are compared against the 
value results predicted from the current standards to check the accuracy and suitability 
of the current design equations.  
 

Table 3 Measured channel dimensional details and experimental and FE ultimate shear strengths  

 

 
Table 3 presents the strength reduction factor values and also comparisons from 
laboratory reduction factors over reduction factors predicted in AS/NZS 4600 (2018). It 
can be clearly seen from Table 5 that the ratio of the experimental strength reduction 
factor values to the predicted values obtained based on AS/NZS 4600 was on average 
0.80 with the coefficient of variations of 0.15. This indicates that the design standard is 

Channel 
Web 

openin
g ratio 

Web 
opening 

thickness 
ratio 

Web 
thickne
ss ratio 

Lab 
reduction 

factor 

FEA 
reduction 

factor  
Shear strength reduction factor (qs) Comparison 

 a/h a/t h/t qs qs 
AS/NZS  

4600 

Keerthan 
and 

Mahendran 

Shan 
et al.  

McMa
hon et 

al.  

qs/q qs/q qs/q qs/q 

   (mm) (mm)           

175x60-t1.5-MA0.2 0.19 22.01 115.82 0.92 0.93 0.93 0.89 1.01 0.91 0.99 1.04 0.91 1.02 

175x60-t1.5-MA0.4 0.39 45.44 116.51 0.64 0.65 0.78 0.70 0.31 0.81 0.82 0.92 2.06 0.80 

175x60-t1.5-OA0.2 0.19 22.15 116.56 0.84 0.84 0.93 0.89 1.01 0.91 0.90 0.95 0.83 0.93 

175x60-t1.5-OA0.4 0.40 46.02 115.04 0.64 0.64 0.76 0.69 0.31 0.80 0.83 0.92 2.07 0.80 

200x75-t1.5-MA0.2 0.19 24.98 131.47 0.91 0.92 1.00 0.89 1.01 0.91 0.91 1.03 0.90 1.00 

200x75-t1.5-MA0.4 0.39 52.02 133.38 0.64 0.65 0.89 0.70 0.31 0.81 0.72 0.92 2.07 0.80 

200x75-t1.5-OA0.2 0.21 27.69 131.84 0.84 0.84 1.00 0.87 0.94 0.90 0.84 0.96 0.89 0.94 

200x75-t1.5-OA0.4 0.39 52.12 133.65 0.64 0.65 0.90 0.70 0.31 0.81 0.72 0.92 2.07 0.80 

250x75-t1.5-MA0.2 0.20 33.40 167.01 0.82 0.82 1.00 0.88 0.98 0.90 0.82 0.93 0.84 0.91 

250x75-t1.5-MA0.4 0.39 64.30 164.88 0.58 0.57 1.00 0.70 0.31 0.81 0.58 0.82 1.85 0.72 

250x75-t1.5-OA0.2 0.20 33.17 165.86 0.82 0.83 1.00 0.88 0.98 0.90 0.82 0.93 0.84 0.91 

250x75-t1.5-OA0.4 0.38 63.45 166.97 0.62 0.62 1.00 0.71 0.32 0.81 0.62 0.87 1.98 0.77 

Mean          0.80 0.92 1.44 0.87 

CoV          0.15 0.06 0.42 0.11 

Reliability index          1.37 2.25 1.85 1.79 
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generally un-conservative (by up to 20%) in predicting shear strength reduction factor 
values. It is also clear from Table 3 that the determined reliability index is less than the 
threshold of 2.5, and this means the reduction factor equations in AS/NZS 4600 are 
unreliable to use.  
The results of this section clearly demonstrate that the AS/NZS 4600 (2018)] and AISI 
S100 (2016)) standards for carbon steel structural members can be unreliable and 
unconservative to apply to perforated ferritic stainless steel channels subject to 
predominantly shear loads, and therefore, may cause very unsafe design practice. This 
highlights the design need for developing more accurate and reliable equations to 
determine the shera strength reduction factors of ferritic stainless steel unlipped channels.    

 

 

6. SHEAR STRENGTH COMPARISON WITH PREVIOUS STUDIES IN THE literature 
  
As mentioned before, no cold-formed stainless The accuracy of shear strength reduction 
factor equations proposed by Keerthan and Mahendran (2014), Shan et al. (1997), and 
McMahon et al. (2008) for steel lipped channels is studied against the experimental and 
numerical analysis results of this research on perforated ferritic stainless steel structural 
members. Such reduction factors, were endorsed for perforated carbon cold-formed steel 
channels under shear. The shear strength reduction factor values from the current 
equations as well as laboratory and numerical analysis results from this study versus 
ratio a/h have been depicted in Fig. 5 to Fig 7. This comparison covers three different 
channel sizes of 175×60-t1.5, 200×75-t1.5, and 250×75-t1.5 with centred web openings 
versus a/h ratio ranging from 0 to unity.   
 

 
Fig. 5 Shear strength reduction factor comparison for channel 175×60-t1.5 

with web openings 
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Fig. 6 Shear strength reduction factor comparison for channel 200×75-t1.5 

with web openings 

 
Fig. 7 Shear strength reduction factor comparison for channel 250×75-t1.5 

with web openings 

 

Tables 3 also compares the shear strength reduction factor values determined from the 
experimental investigation in this paper with those obtained using Keerthan and 
Mahendran], Shan et al., and McMahon et al. proposed equations. In the case when the 
results are compared with Keerthan and Mahendran and McMahon et al., the 
recommended equations in such studies lead the average value of the experimental to 
the predicted strength reduction factor ratios equal to 0.92 and 0.87 with having variation 
coefficients of 0.06 and 0.11, respectively. This implies that these equations are un-
conservative by up to 13%, and while Keerthan and Mahendran provided slightly better 
predictions (up to 8% un-conservatism), these equations are unreliable and hence 
unsafe to use for ferritic stainless steel.   
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As presented in Table 3, predictions using equations recommended by Shan et al. led to 
the average ratio of experimental to the predicted strength equal to 1.44 having the 
variation coefficient of 0.42, and with reliability index of 1.85. This indicates that while the 
equations are unreliable and unsafe, they remarkably overestimate the shear strength 
reduction factors of ferritic stainless steel channels by up to 44%. Generally, this indicates 
that the current recommended equations in the literature are not only unreliable but also 
they are either too conservative or unconservative to apply for design of cold-formed 
ferritic stainless steel channels. This could be explained by the fact that the 
recommended equations in previous research studies were developed only for carbon 
steel channels. 
 
 

7. PROPOSED SHEAR DESIGN EQUATIONS  
 
A comparison between shear strength reduction factor values obtained from 
experimental investigation and the values predicted from current available equations in 
the literature revealed that, as can be seen from Table 3, predictions are unreliable as 
well as either un-conservative or too conservative for shear strength reduction factor of 
ferritic stainless steel channels. Such predictions are unreliable and un-conservative for 
channels loaded under shear when compared to AS/NZS 4600 and AISI S100 standards 
for carbon steel structural members. From both experimental and numerical analysis 
results, a new set of equations is proposed to calculate the shear strength reduction 
factors (qS) of ferritic stainless steel channels loaded under predominantly shear loads. 
The equations cover both cases of centred openings and offset openings where they are 
located at mid-span and offset to applied load. The new equations are developed using 
the general form of the design equations in AS/NZS 4600 and AISI S100 standards for 
carbon steel structural members as follows: 

 
Centred web openings: 
For     0 < 𝑎/ℎ ≤ 0.20,       𝑞𝑠 = 1.253 − 0.0076(𝑎/𝑡) − 0.0012(ℎ/𝑡)         (1) 
 
For  0.20 < 𝑎/ℎ ≤ 0.60,       𝑞𝑠 = 0.564 − 0.0092(𝑎/𝑡) + 0.0042(ℎ/𝑡)          (2) 
 
For  0.60 < 𝑎/ℎ ≤ 0.80,       𝑞𝑠 = 0.189 + 0.0196(𝑎/𝑡) − 0.0157(ℎ/𝑡)          (3) 
  
Offset web openings: 
For    0 < 𝑎/ℎ ≤ 0.20,       𝑞𝑠 = 0.888 + 0.1070(𝑎/𝑡) − 0.0220(ℎ/𝑡)          (4) 
 
For   0.20 < 𝑎/ℎ ≤ 0.60,       𝑞𝑠 = 0.523 − 0.0088(𝑎/𝑡) + 0.0044(ℎ/𝑡)        (5) 
 
For    0.60 < 𝑎/ℎ ≤ 0.80,      𝑞𝑠 = 0.192 + 0.0105(𝑎/𝑡) − 0.0084(ℎ/𝑡)        (6) 

 
where ″a″ is the diameter of the web openings, ″h″ denotes the length of the plain flat 
part of channel web, ″t″ is web thickness. The above equations (13) to (18) are with the 
limitations of 0 < 𝑎/ℎ ≤ 0.80, 𝑎/𝑡 < 140, ℎ/𝑡 < 170, 𝑎𝑛𝑑 𝑐/𝑡 < 40.  It should be noted 
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that the developed equations are applicable for ferritic stainless steels, as the ferritic 
material responses are different from the other stainless steels such as austenitic 
stainless steel (Yousefi et al. (2020)). 
 
Reliability analysis is conducted to evaluate the reliability of the new proposed equations. 
Based on the AISI S100 (2016) for relative evaluation of cold-formed steel structural 
members, an equation is reliable when the reliability index (β) is greater than 2.5. The 
shear coefficients required for reliability analysis have been presented in Table F1 of 
AISI S100. The mean coefficients for fabrication factors and material properties are VF = 
0.05, VM = 0.10, Mm = 1.10, Fm = 1.00. The parameters such as mean value (Pm) and 
variation coefficients (VP) from parametric study have been presented in Table 6. 
According to AISI S100. for reliability index (β) determination, the resisting factor (φ) and 
the correcting factor of 0.85 (Cp=0.85) were used. The AISI S100 has given the 
formulation procedure and can be referred to for more details. The reliability index (β) for 
the proposed design equations is more than the threshold of 2.5. The adequacy and 
reliability of these equations are assessed in the following section. 
 

 

8. RESULTS COMPARISON FROM EXPERIMENTAL AND NUMERICAL ANALYSES 
WITH THE PROPOSED SHEAR STRENGTH REDUCTION FACTOR EQUATIONS 
 
A comparison between shear strength reduction The shear strength reduction factor 
values determined from the experimental and numerical results are compared against 
the value results predicted from the Eq. (1) to Eq. (6). The comparisons of strength 
reduction factors against hole diameter to clear web height ratio (a/h) and clear web 
height to thickness ratio (h/t) for both web opening cases in Fig. 8 and Fig. 9, respectively.  
The results show that the proposed equations are agree well with experimental and 
numerical results for centred and offset perforated cold-formed ferritic channels under 
predominantly shear loads. 
 
 

 
Fig. 8 Comparison of shear strength reduction factor for channels with centred web openings 
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Fig. 9 Comparison of shear strength reduction factor for channels with offset web openings 

 

From the results for centred perforated channels, the average value of ratio of 
experimental and numerical results (qS(Test&FEA)) over the values from the proposed 
equations is equal to 1.00, ranging from 1.00 to 1.02, with the variation coefficient ranging 
from 0.02 to 0.07 and the value of reliability index greater than to 2.50. For the offset 
perforated channels, the average value of ratio of experimental and numerical results 
over the values from proposed equations is equal to 1.01 with having coefficient of 
variation (COV) ranging from 0.01 to 0.05. The reliability index values obtained for the 
proposed design equations were above 2.5, which confirms their reliability to be used for 
design of cold-formed ferritic stainless steel channels with centred and offset web 
openings.  
 
Therefore, the reliability analysis results obtained from the both experimental and 
numerical studies show that the proposed equations well predict the response of the 
channels with centred and offset openings in the web under shear loading, and they are 
reliable and conservative to be applied into design of perforated cold-formed ferritic 
stainless steel channels. 
 
 
3. CONCLUSIONS 
 

In this research, a comprehensive parametric study of cold-formed ferritic stainless steel 
channels with circular web openings under shear was undertaken, using quasi-static 
finite element analysis, to investigate the effects of web openings and cross-sections 
sizes. The circular web openings were located either centred at mid-span or offset to the 
applied load. While no stainless steel standard provides shear strength reduction factors, 
and only the North American specification AISI S100:2016 and Australian/New Zealand 
Standard AS/NZS 4600:2018 for carbon steel members provide two equations for 
channels with centred openings, it is found that such equations were unreliable and un-
conservative for ferritic stainless steel channels by as much as 20%. The results also 
demonstrated that the current equations in the literature for carbon steel channels are 
unreliable, and are either unconservative or too conservative to apply for ferritic stainless 
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steel channels by up to 44%. Based on both experimental and numerical results, new 
reliable design equations in the form of shear strength reduction factors were proposed. 
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