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 
Abstract—The floor beams of steel buildings, cold-formed steel 

floor joists in particular, often require large web openings, which may 
affect their shear capacities. A cost effective way to mitigate the 
detrimental effects of such openings is to weld/fasten reinforcements. 
A difficulty associated with an experimental investigation to establish 
suitable reinforcement schemes for openings in shear zone is that 
moment always coexists with the shear, and thus, it is impossible to 
create pure shear state in experiments, resulting in moment 
influenced results. However, Finite Element Method (FEM) based 
analysis can be conveniently used to investigate the pure shear 
behaviour of webs including webs with reinforced openings. This 
paper presents the details associated with the finite element analysis 
of thick/thin-plates (representing the web of hot-rolled steel beam, 
and the web of a cold-formed steel member) having a large 
reinforced opening. The study considered simply-supported 
rectangular plates subjected to in-plane shear loadings until failure 
(including post-buckling behaviour). The plate was modelled using 
geometrically non-linear quadrilateral shell elements, and non-linear 
stress-strain relationship based on experiments. Total Langrangian 
with large displacement/small strain formulation was used for such 
analyses. The model also considered the initial geometric 
imperfections. This study considered three reinforcement schemes, 
namely, flat, lip, and angle reinforcements. This paper discusses the 
modelling considerations and presents the results associated with the 
various reinforcement schemes under consideration. 
 

Keywords—Cold-formed steel, finite element analysis, opening, 
reinforcement, shear resistance.  

I. INTRODUCTION 

ARGE web openings are often cut-out in cold-formed 
steel floor joists of such buildings, usually at the 

construction site itself, in order to pass through pipes, wires, 
etc. A cost effective way to mitigate the detrimental effects of 
these impromptu web openings in the floor joists is to fasten 
reinforcements. An experimental investigation for shear 
problems always presents difficulties since moment always 
coexists with the shear. However, the finite element analysis 
method can be easily used to isolate the pure shear behaviour 
and investigate the shear strength of webs, including the webs 
with reinforced openings. This paper presents the details 
associated with the finite element analysis of thick/thin-web 
having a large reinforced opening, based on post-buckling 
behaviour of simply-supported rectangular plates with 
reinforced opening subjected to in-plane shear loadings until 
failure. Only a limited research exists on shear reinforcements 
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on cold-formed steel webs. Pennock [1] carried out 
experimental studies on cold-formed steel joists with 
reinforced and unreinforced web openings subjected to 
bending, which considered both circular and square openings. 
The reinforcement scheme [1] considered was found to be 
inadequate for openings located, both, in high bending zones 
and in high shear zones. Acharya [2], [3] performed an 
experimental investigation on reinforcement schemes for cold-
formed steel joists having large web openings. His studies 
considered both flexural and shear zones. Three reinforcement 
schemes were considered in his study for the shear 
reinforcement. Two of the reinforcement schemes were 
recommended by the AISI [4], which are (a) a steel plate 
having the same thickness, same size, and shape of the 
opening as the main joist and (b) a cold-formed steel joist 
section having the same thickness, same size and shape of the 
opening as the main joist. The third reinforcement scheme 
considered by [2], [3] consisted of four channel sections screw 
fastened around the opening. Acharya [2], [3] concluded that 
only the reinforcement scheme using the channel sections was 
adequate to restore the shear strength of cold-formed steel 
joists having web openings. Section II of this paper presents 
the finite element analysis models for web plates having a 
reinforced opening subjected to in-plane shear loadings. The 
plates were subjected to increasing shear loads until failure so 
as to capture the strength of such systems. 

II.  THE FINITE ELEMENT MODEL 

In this section, a general finite element analysis model is 
proposed to investigate the behavior of plates with a 
reinforced square opening subjected to pure shear loads. The 
model consists of two components, namely, the main plate and 
the reinforcements. The main plate, representing the web of a 
cold-formed steel joist, is taken to have a length of ‘a’, a width 
of ‘h’ and a thickness of ‘t’, resulting in an aspect ratio of (a/h) 
and a slenderness of (h/t). The plates considered in this 
investigation had a fixed aspect ratio (a/h=3) and varying 
slenderness ratios (h/t). Though the aspect ratio can influence 
the shear strength of plates, analytical studies [5] indicated 
that only a marginal change exists in plates having a/h >3, thus 
an aspect ratio of a/h = 3 was used to represent the cold-
formed steel joists whose aspect ratio may be substantially 
higher than 3. The parametric study considered h/t = 50, 100, 
150 and 200, representing thick to thin webs. The main plate is 
assumed to have a centrally located square opening of side 
dimensions ‘dc’. This investigation considered dc/h = 0.6 
representing 60% web opening, which is rather large. The 
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TABLE I  
ULTIMATE SHEAR STRENGTH OF REINFORCED WEB OPENINGS 

tr/t 
h/t=50 (Ultimate Shear Strength of Solid Plate =191.6 MPa) h/t=100 (Ultimate Shear Strength of Solid Plate =113.1 MPa) 

Flat Reinforcement Lip Reinforcement Angle Reinforcement Flat Reinforcement Lip Reinforcement Angle Reinforcement 

0,0 31,3 31,3 31,3 23,6 23,6 23,6 

1,0 62,9 45,5 56,8 62,9 39,1 53,9 

1,5 

2,0 94,0 67,6 83,1 100,0 52,6 75,7 

2,5 

3,0 125,5 90,3 108,0 128,8 68,8 96,3 

3,5 

4,0 157,1 114,1 129,8 151,0 85,5 114,3 

5,0 186,5 141,5 155,3 152,4 102,9 130,8 

6,0 202,7 168,3 178,1 121,3 144,2 

7,0 202,8 195,1 199,6 135,1 145,8 

8,0 201,8 201,8 140,1 146,6 

9,0 202,1 202,4 140,6 

tr/t 
h/t=150 (Ultimate Shear Strength of Solid Plate =74.5 MPa) h/t=200 (Ultimate Shear Strength of Solid Plate =56.0 MPa) 

Flat Reinforcement Lip Reinforcement Angle Reinforcement Flat Reinforcement Lip Reinforcement Angle Reinforcement 

0,0 19,3 19,3 19,3 17,0 17,0 17,0 

1,0 58,7 32,0 51,2 50,1 25,6 44,6 

1,5 77,8 66,6 

2,0 94,3 42,5 75,7 79,8 35,3 68,7 

2,5 107,0 83,1 

3,0 108,1 53,9 96,3 84,1 42,8 78,8 

3,5 108,9 84,7 

4,0 66,4 101,2 49,3 79,8 

5,0 78,1 102,6 54,8 80,3 

6,0 87,3 103,3 57,8 

7,0 91,1 61,1 

8,0 94,3 64,0 

9,0 95,0 65,7 

 
A. Effects of Reinforcement Thickness 

Table I shows that for all three reinforcement schemes, as 
the thickness of the reinforcement (tr/t) increases, the ultimate 
shear strength of the reinforced plate increases. From Fig. 5, it 
can be seen that, at the initial portion of the diagrams, the 
ultimate shear strength of plates with reinforced openings 
increases approximately linearly with increasing ‘tr/t’, but the 
increase in the ultimate shear strength reduces for higher 
values of ‘tr/t’. Essentially, there is no strength gain beyond an 
optimal reinforcement thickness. From Fig. 5, it can be noted 
that it is easier to restore the shear capacity of slender plates 
by any one of the three reinforcement schemes. For example, 
for a plate with h/t=50 a flat-reinforcement of tr/t=6 is needed 
to restore the shear capacity of the plate with opening to the 
shear capacity of a solid plate. However, for a plate with 
h/t=200 a flat-reinforcement of tr/t=1.5 is enough to restore the 
shear capacity of that plate with opening to the shear capacity 
of a solid plate. Similar observations can be made with respect 
to the lip-reinforcement and the angle-reinforcement schemes. 

B. Effects of Reinforcement Configuration 

The total width hr of the reinforcement, which was a fixed 
value of 20mm, and the length of the reinforcement, which 
was approximately equal to the perimeter of the opening, were 
the same for all three reinforcement configurations. The only 
variable is the thickness of the reinforcement represented by 

the ratio tr/t, where tr is the thickness of the reinforcement and 
t is the thickness of the plate. Thus, the effectiveness of a 
reinforcement scheme can be established by the comparing the 
required tr/t values those would restore the shear strength of 
plates to their original strength (i.e. shear strength of solid 
plates). Fig. 5 compares the ultimate shear strength of plates 
having different reinforcement configurations for increasing 
thickness of the reinforcements (tr/t). It was observed that for 
plates under consideration with ‘h/t’ values 50, 100, 150 and 
200, the flat-reinforcement scheme required the least ‘tr/t’ 
value in order to restore the ultimate shear strength of a plate 
with an opening to that of a solid plate. For example, Fig. 5 
corresponding to h/t=200 indicates that the flat-reinforcement 
scheme, the angle-reinforcement scheme, and the lip-
reinforcement scheme can be used to restore the shear strength 
of plates with openings to that of the shear strength of solid 
plates using tr/t ≈1.1, tr/t ≈1.3, and tr/t ≈4.3, respectively. 
Similar trends were noticed for plates having h/t=50, 100 and 
150. Thus, it was concluded that the flat-reinforcement 
scheme is the most effective scheme to reinforce a square 
opening in a web of a steel beam as compared to the other two 
reinforcement schemes. The lip-reinforcement is the least 
effective reinforcement configuration to restore the shear 
capacity of plates with square opening, and whereas the angle-
reinforcement configuration falls between the flat and the lip-
reinforcement configurations. 
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IV. CONCLUDING REMARKS 

This paper considered the ultimate shear strength of plates 
with reinforced openings. The plates analyzed in this 
investigation has an aspect ratio of a/h=3, and a centrally 
located 60% square opening (dc/h=0.6). The four slenderness 
ratios (h/t) considered in this study were h/t=50, 100, 150 and 
200, which cover from thick plate to the thinnest plate 
spectrum allowed in the AISI code [4]. Three reinforcement 
schemes, namely the flat-reinforcement, the lip-reinforcement 
and the angle-reinforcement, were applied on the plates in 
order to compare and evaluate the effectiveness of these three 
reinforcement schemes. It was shown from the study that with 
an adequate amount of reinforcement material, all three 
reinforcement schemes are capable of restoring the ultimate 
shear strength of a plate with a square opening to that of a 
solid plate. However, the flat-reinforcement is the most 
effective reinforcement scheme as compared to the other two 
reinforcement schemes.  
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