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ABSTRACT 
 

     Web openings are commonly used in beams of buildings to facilitate services. In 
this paper, a combination of tests and non-linear finite element analyses is used to 
investigate the effect of such web openings on the shear strength of cold-formed ferritic 
stainless steel channels; the cases of the web openings are placed either centred at mid-
span or offset to the applied load are considered. The results of 21 shear tests on pair 
channels loaded at mid-length with span aspect ratio of 1.0 are presented. In terms of 
channels with web openings, the openings are placed either centred at mid-span or offset 
to the applied load. Quasi-static Finite Element (FE) model, considering material 
nonlinearity and initial geometric imperfection, is then developed and validated against 
experimental test results. Good agreement between the tests and finite element analyses 
is obtained in terms of failure load, failure modes and post-buckling behaviour. 
 
 
1. INTRODUCTION 
 
     The unique advantages of stainless steels have led to widespread structural 
application of such highly corrosion resistant, durable and ductile steels (see Fig. 1). 
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. In the current literature, no experimental 
test result has been reported for offset (or centred) perforated stainless steel ferritic 
channels subjected to predominant shear loads. 
 In the literature, laboratory and numerical research studies are 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 
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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.  
 
 

     
     (a) Sanomatalo building in Helsinki               (b) Millennium bridge in York  

Fig. 1 Photograph of stainless steel structures after Gardner (2019) 
 
 
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. 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 
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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 
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. 
 
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 
 
     In total, 21 channels with and without openings in web were tested 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. The dimensions of the channels were 
measured in the lab as presented in Table 1. Fig. 2 shows the nomenclature of the tested 
channels.  
The labelling of the test channels was simplified to identify the dimensions, thickness, 
web opening location, and web opening ratio. For instance, the label ''200×75-t2.0-
MA0.6'' is explained below. The annotations ''200'' and ''75'' are the nominal channel’s 
height and flange width in millimetres unit, respectively. The ''t2.0'' denotes web thickness 
is equal 2.0mm. The annotation ''M'' indicates the web openings are in mid-depth of 
channels at centred locations, while ''O'' means the openings are at offset to applied load, 
and ''A0.6'' denotes that the ratio of web opening diameter over clear portion of the web 
is 0.6 (A=a/h=0.6). The same modelling denotations was considered in the numerical 
investigation. Material properties are adopted from previous research by the authors 
(Yousefi and Samali (2020)). The hot-rolled material properties can be found in Rezvani 
et al. (2015) and Yu et al. (2020, 2021). 
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Fig. 2 Symbols definition 

 
As shown in Fig. 3a, 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. 
Fig. 3a, shows the testing set-up for channels subjected to concentrated transverse shear 
forces tested in the experimental programme. 
  

            
       (a) Experimental                                         (b) FEA                                                                                                 

Fig. 3 Experimental testing set-up and FE model for channels with centred web openings under 
shear 

As stated before, a total of 21 channel specimens with and without web openings, and 
with various opening diameters and channel sizes have been tested subjected to shear 
loads. The experimental ultimate shear strengths for single web, specified as VLAB, have 
been presented in Table 1. 



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

  

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

Fig. 4 Experimental shear modes of failure for channels with a/h=0.2 web opening ratio 
 
 

 
Fig. 5 Load-displacement curves for channel 200×75-t1.5-MA0.2 with centred web openings 

 
 

 
Fig. 6 Load-displacement curves for channel 175×60-t1.5-OA0.2 with offset web openings 
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The typical shear mode of failure for the tested channels for channel specimens with 
openings in web is depicted in Fig. 4. It was observed from Fig. 4 that for the channels 
particularly with offset web openings, the top flanges were pulled down and slightly 
distorted. This is due to distortional buckling and unbalanced shear flow in channels with 
unrestrained flanges, which is consistent with previous work by Keerthan and Mahendran 
(2013) on cold-formed carbon steel lipped channels. As a result of this combined shear 
and flange distortion phenomena, the shear strength of channels with offset openings 
are generally less than channels with centred openings. The experimental results are 
presented in Table 1. To provide more information, Fig. 5 and Fig. 6 show load-vertical 
displacement curves from tested channels 175×60-t1.5 and 200×75-t1.5 with web 
openings subjected to shear loads. 
  
 
Table 1 Measured channel specimen details and experimental and FE ultimate shear strengths  

 
 

Channel 
Web 
height 

Flange 
width 

Web 
thickness 

Web 
opening 
diameter 

Aspect 
ratio 

Full pair 
experimental 
ultimate load 

Single web 
experimental 
ultimate load 

Single web 
FE load  

Comparison 

 d bf t  a s/d VLAB VLAB VFEA VLAB/VFEA 

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

175x60-t1.5-A0 175.60 60.12 1.50 0.0 1.0 149.72 37.43 37.64 0.99 

175x60-t1.5-A0 175.24 60.22 1.48 0.0 1.0 147.36 36.84 37.12 0.99 

175x60-t1.5-A0 175.37 60.34 1.49 0.0 1.0 148.48 37.12 37.65 0.99 

175x60-t1.5-MA0.2 175.55 59.93 1.49 32.79 1.0 138.04 34.51 34.95 0.99 

175x60-t1.5-MA0.4 175.39 59.94 1.48 67.25 1.0 96.28 24.07 24.35 0.99 

175x60-t1.5-OA0.2 175.47 59.96 1.48 32.78 1.0 125.64 31.41 31.65 0.99 

175x60-t1.5-OA0.4 175.56 59.91 1.50 69.02 1.0 95.36 23.84 23.97 0.99 

200x75-t1.5-A0 200.39 75.07 1.49 0.0 1.0 154.68 38.67 38.94 0.99 

200x75-t1.5-A0 200.36 75.16 1.49 0.0 1.0 153.72 38.43 38.64 0.99 

200x75-t1.5-A0 200.45 75.28 1.48 0.0 1.0 152.64 38.16 38.49 0.99 

200x75-t1.5-MA0.2 200.21 75.02 1.50 37.47 1.0 140.6 35.15 35.95 0.98 

200x75-t1.5-MA0.4 200.36 75.07 1.48 76.99 1.0 99.64 24.91 25.26 0.99 

200x75-t1.5-OA0.2 200.76 74.85 1.50 41.53 1.0 129.72 32.43 32.78 0.99 

200x75-t1.5-OA0.4 200.76 74.85 1.48 77.14 1.0 99.72 24.93 25.12 0.99 

250x75-t1.5-A0 250.25 74.95 1.48 0.0 1.0 157.84 39.46 38.65 1.02 

250x75-t1.5-A0 250.00 75.32 1.49 0.0 1.0 158.44 39.61 38.95 1.02 

250x75-t1.5-A0 250.00 75.45 1.48 0.0 1.0 157 39.25 38.44 1.02 

250x75-t1.5-MA0.2 250.14 75.02 1.48 49.44 1.0 129.84 32.46 31.75 1.02 

250x75-t1.5-MA0.4 250.32 75.06 1.50 96.45 1.0 91.04 22.76 22.12 1.03 

250x75-t1.5-OA0.2 250.11 75.04 1.49 49.43 1.0 129 32.25 31.95 1.01 

250x75-t1.5-OA0.4 250.08 75.03 1.48 93.91 1.0 98.64 24.66 24.05 1.02 

Mean         1.00 

CoV         0.02 
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3. NUMERICAL INVESTIGATION 
 
The general-application finite element (FE) programme package ABAQUS (2014) 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) 
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 of complex material behaviour as presented by Yousefi et 
al. (2018a,bc,d; 2019b). Details of of the FE models are described below. 
 
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. Fig. 3 (b)) shows the FE models for the 
channels with openings in web under shear. To reduce the computational time, only half 
of the test set-ups were modelled as the pair C sections were in symmetry about their 
principal axes. The typical finite element meshes for the channel-sections and load and 
support blocks are illustrated in Fig. 3 (b). The mesh size for channel models was of 5×5 
mm, while for load and support blocks the mesh size of 8×8 mm was used. Finer mesh 
size was used in the conjunction of flanges and web.  
 

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

Fig. 7 FEA shear modes of failure for channels with a/h=0.2 web opening ratio 

 

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

Fig. 8 FEA shear modes of failure for channels with a/h=0.4 web opening ratio 
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The channel specimens were loaded through the load transverse block by using 
displacement control. A referencing point constraining top surfaces was added on top of 
the load block to apply the vertical displacement. The nodes on symmetry surfaces were 
prevented from translating in the x direction and rotating about the y and z axes. In order 
to simulate the connection of washer plate to the pair channel and the support and load 
blocks, a combination of Cartesian connector, “CONN3D2” and “tie constraint” was used. 
The interface contacts between the supports and load block and channels were 
simulated using surface to surface option contact in ABAQUS (2018). In this case, the 
web of the channels were considered as slave surface while load or support blocks as 
master surface. In all the contact surfaces, no penetration was allowed and hard 
frictionless contact response was considered. 
 
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 (1) investigated by the Gardner and Nethercot (2004) for the use in cold-formed 
stainless steels. Where in the following equation (1), σ_(cr,min) considered as the elastic 
critical buckling stress of the related most slender plate of the channels.  
 

       𝜔0 = 0.023 (
𝜎0.2

𝜎𝑐𝑟,𝑚𝑖𝑛
)                                   (1) 

 
The FE model results and experimental results have been compared to verify the 
accuracy of the developed FE models. The comparison of ultimate shear loads for single 
web from experimental and numerical results (VLAB and VFEA) are presented in Table 1. 
It can be seen that the results are in very good agreement for all the models. The mean 
ratio of the VLAB/VFEA is equal to 1.00, having the variation coefficient of equal to 0.02. 
The maximum differences were observed for 200×75-t1.5-MA0.2 and 250×75-t1.5-
MA0.4 between experimental and numerical results; and in both cases the error was less 
than 3%. Furthermore, the shear failure modes of the tested channel specimens are 
compared against the FE predictions, as depicted in Fig. 7 and Fig. 8. The results confirm 
that the developed FE models could predict the failure mode of the specimens accurately. 
Finally, experimental and FEA load-displacement curves are compared for channels 
C175 and C200 in Fig. 5 and Fig. 6. A very good agreement is observed between the 
experimental measurements and FE results for both loading cases. 
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3. CONCLUSIONS 
 

In this paper, a combination of tests and non-linear finite element analyses was used to 
investigate the effect of such web openings on the shear strength of cold-formed ferritic 
stainless steel channels; the cases of the web openings were placed either centred at 
mid-span or offset to the applied load are considered. The results of 21 shear tests on 
pair channels loaded at mid-length with span aspect ratio of 1.0 were presented. In 
terms of channels with web openings, the openings were placed either centred at mid-
span or offset to the applied load. Quasi-static Finite Element (FE) model, considering 
material nonlinearity and initial geometric imperfection, was then developed and 
validated against experimental test results. Good agreement between the tests and 
finite element analyses was obtained in terms of failure load, failure modes and post-
buckling behaviour. 
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