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Abstract: to save material circle and hexagon are often used shapes for web opening in praxis; horizontal 
plates are often welded on web for stiffening large web opening. These common used shape of opening and 
stiffening way for large opening are proved as inefficient by finite element analyze. There are new shape of 
opening and new type of stiffener for large opening, which proved to have the best load bearing behavior 
respectively. More details will be introduced in following. 

1 Introduction 
Bending moment and shearing force in a beam will be 
carried by different part of the beam.  For an I-beam, for 
example, the web takes mainly the shearing force up, the 
flanges carry the tensile and compressive force due to the 
bending moment.  The bigger the flanges are, the bigger 
the web is needed. When more cross sectional area of 
web is required, the depth of web will be generally 
increased in stead of raising its width.  Because the 
increasing depth of web makes the distance between 
flanges greater, as the result the internal level arm and 
moment bearing capacity become also greater.  Now 
someone would ask whether the web of a beam has 
always an appropriate dimension in accordance with the 
flanges.  The answer is no. Generally a web is 
dimensioned with its ratio of depth to width under 
consideration of buckling aspect.  In respect to cross 
section of flange the web is usually over dimensioned, 
that is, in some cases the material strength of web can not 
be fully utilized and thus some material of web can be 
saved, for instance, with web openings.  Which shapes 
of web openings (circles, rectangles or others) should be 
used that the beam has a better load carrying capacity?  
The design of steel beams with large rectangular 
openings is an important structural and practical problem 
which is caused by the need to pass service ducts through 
the structural zone of floor systems.  Careful stiffening 
of these openings in the beam webs can minimize their 

adverse effects on the shear and the bending resistances 
of steel beams.  How to stiffen opening and what kind 
of stiffener would have the best load bearing behavior?  
The answer to theses questions all mentioned above is 
the main content of this paper.  

2 Study of beams with different web 
opening shapes using nonlinear FEM  
We can be inspired from struts of a trussed framework. 
Beside struts or post there are only triangular hollow 
areas. If we choose triangular shape as web opening on 
an I-beam,  what would happen,  will this have a better 
load bearing behavior than those very commonly used, 
such as circle or hexagon?  To answer this question a 
wide-flange beam IPB450 with following three different 
web openings is computed with ANSYS program: 

1) Triangular openings 
2) Circular openings 
3) Hexagonal openings 

In odder to comparison from each other all openings 
have the same hollow area, it means, all beams have also 
the same web area in elevation.  In the analyzing the 
nonlinear material behavior and the geometric symmetry 
in direction of breadth are taken into account. That is, 
only one half beam is modeled in direction of width. The 
beam and its cross section as well as the stress-strain 
relationship used in analyses are shown in Figure 1.  

       
         



  
Figure 1 schematic representation of beam, load, cross section, stress-strain curve 

From the computed results shown in Figure 2 we can 
see that beam in case 1 has the greatest load bearing 

capacity (266 kN), which is same as that per hand 
computed (see Eqs. 2) .  Beam in case 2 and 3 have a 
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lower ultimate failure loads. 
Plastic moment of flange is obtained by Eqs. (1): 

kNcmM pl 4.39686)6.245(246.215 =−=                     
(1) 

Then the bearing load due to
plM  would be 
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Figure 2 load-deflection curves 

The reason for the different responses shown in 
Figure 2 can be clarified as the following: 

1. The approximate resultant of all principle stresses 
in a web for case 1 as shown in Figure 3 run into a 
intersection point at flange and no flange is thereby 
subjected to vertical shearing force,  while other two 
cases show a opposite behavior,  that is,  there is no 
intersection point of the approximate resultant of all 
principle stresses,  the part of flange will subjected to 
local bending.  

2. In each web strut of case 1 there is only one single 
stress state,  namely one principle stress state,  while in 
tow other cases there is a combined stress state in each 
web strut, that are the tensile and compressive principle 
stresses.  As we know,  a combined stress with 
different sign leads to lower stress failure criteria than a 
single stress state. 

3. The principle stresses in web of case 1 are fairly 
uniformly distributed and this is not so in case 2 and 3. 

 
 

compression tension 

 

 

15 

 
 

 

20 

 

Flange bending 

 
Figure 3 principle stress 

3 Study of beams with different 
stiffeners for large web opening using 
nonlinear FEM 

How most efficiently stiffening large Opening is another 
key point of this paper.  To make this clear, beams with 
different stiffener for web opening are investigated and 
one beam with the same web opening but without any 
stiffener is also computed for comparison.  Four cases 
being investigated are shown in Figure 4: 
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3 Study of beams with different 
stiffeners for large web opening using 
nonlinear FEM 

How most efficiently stiffening large Opening is another 
key point of this paper.  To make this clear, beams with 
different stiffener for web opening are investigated and 
one beam with the same web opening but without any 
stiffener is also computed for comparison.  Four cases 
being investigated are shown in Figure 4: 

 

1) Opening with two slanting plates as struts 
2) Opening with a semicircle as arc 
3) Opening with two horizontal plates 
4) Opening without any stiffener 

 

 

 

 

  
Figure 4 schematic representation of beam (link) and stiffener oblique view (right) 

 
In the analyses the same steel wide-flange shape and 

the same stress-strain relationship used in preceding 
point 2 are adopted. The computed load-deflection curves 
shown in Figure 5 indicate that the stiffener in case 1 and 
2 are most efficient, with which beams have the largest 

failure load and behave ductile.  Although the beam 
with traditional stiffener in case 3 has a considerable 
higher failure load than beam of case 4 without any 
stiffening, but lower than beam of case 1 and 2, besides 
the beam of case 3 behaves very brittle.  
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 Figure 5 load-deflection curves 

From additional results as shown in Figure 6 and 7 
we can see more deeply what has happened in the beams. 
In Figure 6 and 7 the stress ratio and von Mises plastic 
strain are represented respectively at their own failure 
load levels. The stress ratio means the ratio of equivalent 
stress to yield stress. Through these computed results the 
following special features can be summarized: 

1) Beams of case 1 and 2 fail to exploitation of 

material strength at midpoint of span,  while in case 3 
and 4 the material fail at opening instead of at center of 
span.  

2) The efficient grade of stiffening of opening is 
decreased in order of case 1 to case 3.  With this 
decreased grade the failure places transfer from center of 
span to the region of opening. 
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Figure 6 stress ratio (the ratio of equivalent stress to yield stress) 

 
From von Mises plastic strain shown in Figure 7 it 

can be confirmed the feature described above, namely 
exploitation of material in the center of span in case 1 
and 2 and in the region of opening in case 3 and 4.  

 

 

 

  
Figure 7 von Mises plastic strain 

It is interesting to look at region of opening of case 3 
and 4 closely; they both fail at rest web material over and 
under opening, but the causes led to failure are quite 
different. The strength of rest webs over and under 
opening in case 3 is exploited by shear stress, and 

therefore the normal stress due to bending moment is 
there very small. In case 4 it shows an opposite behavior, 
the rest webs failed to normal stress due to bending 
moment instead of shearing force.  
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Figure 7 shear stress (Sxy) and normal stress (Sx) in case 3 (link) and 4 (right) 

4 Conclusions  
We can very well inspired form load bearing mechanism 
of the strut of trussed framework by choosing opening 
shapes or stiffener for large opening. Through the 

4

E3S Web of Conferences 38, 03029 (2018)	 https://doi.org/10.1051/e3sconf/20183803029
ICEMEE 2018



 

 

 

 

  
Figure 6 stress ratio (the ratio of equivalent stress to yield stress) 

 
From von Mises plastic strain shown in Figure 7 it 

can be confirmed the feature described above, namely 
exploitation of material in the center of span in case 1 
and 2 and in the region of opening in case 3 and 4.  

 

 

 

  
Figure 7 von Mises plastic strain 

It is interesting to look at region of opening of case 3 
and 4 closely; they both fail at rest web material over and 
under opening, but the causes led to failure are quite 
different. The strength of rest webs over and under 
opening in case 3 is exploited by shear stress, and 

therefore the normal stress due to bending moment is 
there very small. In case 4 it shows an opposite behavior, 
the rest webs failed to normal stress due to bending 
moment instead of shearing force.  

 

 

 

=0.54  
very lower 

=13.85 
yielded  

 

 

 

 

=0.27  
very lower 

=27.57 
over yielding 

 
Figure 7 shear stress (Sxy) and normal stress (Sx) in case 3 (link) and 4 (right) 

4 Conclusions  
We can very well inspired form load bearing mechanism 
of the strut of trussed framework by choosing opening 
shapes or stiffener for large opening. Through the 

 

analyses carried out in this paper the following important 
features can be summarized: 

1. Opening with triangular shape provides a better 
bearing behavior than those with traditional opening 
shapes like circle and hexagon.  

2. Triangular stiffener over the opening is the best 
way to stiffen the large web opening.  

3. Beams with the triangular opening shape or beams 
with triangular stiffeners behave just like slanting struts 
of trussed framework and present a very good load 
bearing behavior, high ultimate failure load and ductile 
deformation.  

4. Traditional opening shape like circle and hexagon 
as well as traditional stiffening way like using horizontal 
plates has their disadvantage and they should therefore 
replaced by those mentioned above. 
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