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_______________________________________________________________________________________________________________ 

 

Abstract: A computational parametric finite element analysis was carried out, investigating 

closely spaced cellular beams with double concentric transverse stiffeners. An unstiffened 

perforated beam section was initially designed and validated against existing finite element 

analysis results found in the literature. Then, twenty seven models were studied, while altering 

the spacing between the web openings, the web thicknesses and the stiffener thicknesses. The 

results showed that Vierendeel shearing failure occurred more frequently for very closely 

spaced sections. However, as the spacing increased, the contribution of the stiffener to strength 

of the section was decreased, and buckling failure occurred more often. A maximum distance for 

the spacing between the openings was suggested. At last, a design model was proposed, where 

for very closely spaced openings the compressive stresses were given by the Vierendeel moment 

capacity, and for the maximum distance of the spacing between the openings studied, the 

compressive stresses were given by a strut analogy, as found in BS5950Ȃ1. 

_______________________________________________________________________________________________________________ 

 

1. Introduction  

  

1.1 Perforated Beams  

 

Recently, there has been an increase in the use of perforated beams in steel and composite 

buildings as well as girders with web openings when used in bridges or as deep transfer beams 

in the lower floors of high-rise buildings. Beams and girders with web openings trade shear 

capacity for cost effectiveness and ease of construction of a structure [1]. 

 

Primary issues that have arisen with the use of perforated beams relate to the location of 

openings along the length of the beam, the shape the openings should have, how large the 

openings should be, and the proximity of the openings to each other [1]. Significant experimental 

and theoretical research has been made in the last decade [2,3,4,5,6] with the aim to maximize 

the web opening area and minimize the self-weight of the beam. 

 

1.2 Stiffeners 

 

It is common practice to use stiffeners to strengthen the moment resistance of steel plates and 

connections along the longitudinal and/or transverse direction when designing lightweight 

structures. Considerable research, both experimental and theoretical, on transverse stiffeners 

has been undertaken over the last four decades resulting in several design models 

[7,8,9,10,11,12,13,14,15]. Eurocode 3 and BS5950Ȃ1 base the design of stiffeners on these 

models.  These codes produce slightly different designs however, and so for clarity some of these 

differences are summarised in Table 1. 

 

Examining the aforementioned codes, it is observed that there is no knowledge of how a beam 

with web openings would behave if a transverse stiffener was placed between two adjacent web 

openings. A computational Finite Element (FE) analysis and a parametric study of a transversely 

stiffened perforated beam with web openings, aims to achieve a full understanding of its 

behaviour, allowing for an update to the current approximation.  
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2. Model Validation 

 

The validation of the FE modelǡ presented by Tsavdaridis and DǯMello ȏͷȐǡ was conducted in 

ANSYS Multiphysics v11.0.  A  UKB section of  Ͷͷ ݔ ͳͷʹ ݔ ͷʹ  was selected.   

 

Standard EC3 BS5950Ȃ1 

Tension Field Action Exact angle of inclination of 

tension field, shear capacity is 

maximised    

Tension field depends on the 

flange section, more 

conservative value for shear 

capacity 

Design for Shear 

Buckling 

with Stiffeners 

Restriction of aspect to panel 

ratio between 1.0 and 3.0 

No restrictions of aspect to 

panel ratio 

Flange Buckling Does not include effect of web 

stiffeners, includes guidance 

for curved members 

Includes effect of web 

stiffeners, but no guidance for 

curved members 

Design for Serviceability Not covered Minimum web thickness value 

Design for Transverse 

Forces 

Considers web buckling, web 

crushing, and web crippling 

Considers web buckling and 

web crushing, but not web 

crippling 

Web Buckling  Guidance on the length of 

buckling is not given for fully 

restrained beams. 

Slenderness is suggested to be ʹǤͷ݀ Τݐ  for fully restrained 

beams 

Web Crushing More conservative due to 

theoretically derived design 

formulae 

Less conservative due to 

empirically derived design 

formulae 

Table 1: Comparison of design methods for EC3 and BS5950 Ȃ 1 [16,17]. 

 

The depth of the section and the opening diameter, ݀, were fixed, having values of ͶͶͻǤͺmm and ͵ͳͷmm ,,respectively. The beam depth to opening ratio, ܦȀ݀ ൌ  ͳǤͶ͵, was also fixed. The web 

thickness was taken to be Ǥmm and ܵȀ݀ was set at ͳǤ,  for widely spaced web openings. The 

element type used in the existing analysis was SHELL181 with 4-noded plastic shell elements, 

and 6 degrees of freedom at each node. The material used was S355 grade steel with a Youngǯs 
Modulus of ʹͲͲGPa and Poisson Ratio, ݒ, of 0.3. The material was assumed to behave elastically with a Youngǯs Modulus of ܧଵ ൌ ʹͲͲGPa until the material reached a stress value of ͵ͷͷMPa. At 

the post-yielding zone, the tangent modulus was ܧଶ ൌ ʹǤͲͲGPa. Additionally the material was 

modelled using the Von Mises stress criterion, with a kinematic hardening plasticity model. The 

mesh type chosen was a free quadrilateral meshing for the web, and a mapped quadrilateral 

meshing for the flanges. An example of the type of mesh developed is shown in Figure 1. The 

mesh was examined for its appropriateness. It can be seen that the finer elements are developed 

near the edges, while course ones are shown towards the inside of the model where the stress is 

expected to be low. With this configuration the resulting stresses will be accurate and uniformly 

distributed across the beam model.  
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Figure 1: Free type mesh for the web (left) and mapped type mesh for the flanges (right). 

 

It is important to define the boundary conditions of the short local model correctly, similarly to 

the literature [5]. Accordingly, the model is also assumed to have a pinned connection between 

the web and the flange. The boundary conditions are shown in Table 2: 

 

Location UX UY UZ ROTX ROTY ROTZ 

Flange(LHS) Fixed Free Fixed Fixed Free Fixed 

Web(LHS) Fixed Fixed Fixed Fixed Fixed Free 

Flange(RHS) Free Free Fixed Fixed Fixed Fixed 

Web(RHS) Free Load Fixed Free Fixed Fixed 

Table 2: Boundary conditions for models. LHS and RHS are left and right hand sides 

respectively. Source: [5]. 

  

 
Figure 2: Model replication in ANSYS with ratio of ࡿ Τࢊ ൌ Ǥ , loads and constraints 

applied. 
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The procedure to obtain a nonlinear solution for the section above consisted of three stages. 

Firstly, a static solution with small displacements was obtained. Secondly, an Eigen buckling 

analysis was made, using that static solution. The third and final stage of obtaining the nonlinear 

solution initially consisted of updating the geometry of the model to the new deformed shape 

based on the first Eigen mode shape to take into account initial imperfections that would trigger 

the model to fail in a realistic manner. Then, what followed was the carrying out of a nonlinear 

(material and geometry) static analysis with large displacements for the updated section. The 

maximum load was recorded and compared to the model from the previous finite element 

analysis found in the literature and validated against an experimental physical test. 

 

The initial imperfections were chosen to have a maximum amplitude of ݐ௪ ʹͲͲΤ ൌǤmm ʹͲͲΤ ൌ ͲǤͲ͵ͺmm. The NewtonȂRaphson method was enabled to avoid bifurcation 

points. In order to find a value for the failure load, different values of shearing force were 

applied. The maximum load resulted to be ʹͶͺǤʹͷkN. 

 

In Figure 3, a comparison of the Von Mises stresses between the model from the literature and 

the current working model was established and good agreement is shown.  

 

 
Figure 3: Original FEA experiment (left), and validation in ANSYS 11(right) [5]. 

 

The formation of plastic hinges due to Vierendeel moments at a ͲǤʹͷ݀ distance from the centre-

line of the opening is also verified in the validated model. The value of the maximum load with 

fully converged models for both specimens is very close; ʹͶͺǤͷͻ͵kN for the original model and ʹͶͺǤʹͷkN for the validated one. 

 

In addition to the above, a mesh convergence study was made to show that the solution obtained 

was accurate. Different meshes with average element sizes of ͷͲmm, ͶͲmm, ͵Ͳmm and ʹͲmm 

were created and the Von Mises stresses were recorded at maximum loads at a point near the 

centre of the web-post. For the ͷͲmm element size, the Von Mises stress was obtained as ͵ͳǤʹMPa , for ͶͲmm  as ͵ͷǤMPa , for ͵Ͳmm  as ͵ͷͺǤͳMPa  and for ʹͲmm  as ͵ͷͷǤͶMPa . 

Therefore, the size choice can be treated as reliable. 

 

3. Finite Element Method Analysis 

 

A comprehensive parametric FE study was carried out to determine the buckling strength of 

cellular beams with double concentric transverse stiffeners on both sides of the web. The 

parameters altered were the ܵȀ݀ ratio, the web thickness, ݐ௪, and the stiffener thickness, ݐ௦. The 

results obtained were compared with existing results from previous studies of cellular beams 

without stiffeners [5]. 
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3.1 Model Characteristics 

 

The material properties used for the beam model and the stiffeners was chosen to be bilinear 

isotropic. Steel grade S355 was used ( ௬݂ ൌ ͵ͷͷMPaǡ ௨݂ ൌ ͷͳͲMpa). The tangent modulus was 

assumed to be ͷͺͲMPa, similar to the parametric study presented in the literature [5]. This 

realistic approximation was employed as a tangent modulus of ʹͲͲͲMPa similar to the 

validation study produced non-convergence issues in the computational models.  

 

The UB Ͷͷʹ ݔ ͳͷ ݔ ͷʹ cross-section was used again. The stiffeners were designed with a typical 

chamfer size of ʹͲmm at the top and bottom, between the flange and web connection. The 

boundary conditions were kept the same as for the validation model, modelling the connections 

between the flange and the web as pinned. Fully mapped mesh was developed to capture and 

control all the details of the models. Moreover, the maximum element size was chosen to be not 

greater than 15mm. This was done to increase the quality of the results and to enable accurate 

selection of specific points when comparing the results afterwards. The meshed sections are 

shown in Figure 4. 

 

The ratio ܵȀ݀ was examined for values of ͳǤͳǡ ͳǤʹ and ͳǤ͵. The distances between the centres of 

the circular perforations were ͵ͶǤͷmmǡ ͵ͺͶmm and ͶͲͻǤͷmm, respectively. Various web 

thicknesses were examined such as ͷmmǡ Ǥmm and ͳͲǤͷmm. Typical stiffener thicknesses of ͷmmǡ ͳͲmm and ͳͷmm were examined. A total of ͵ͳ analyses were performed. Except from the 

planned 27 tests, an additional analysis for a model with ܵ ݀Τ ൌ ͳǤͶǡ ௪ݐ ൌ ͷmmǡ ௦ݐ ൌ ͳͷmm 

was carried out, to demonstrate the lack of effectiveness of a transverse stiffener for higher ܵ ݀Τ  

ratios. The remaining three analyses, regarded models without stiffeners with a web thickness of Ǥmm, and  ܵȀ݀ ratios of 1.1, 1.2, 1.3, in order to demonstrate the delay of plastic deformation 

due to the addition of stiffeners. 

 

Similarly to the validation study, initial imperfections were added to the models in order to 

obtain the out-of-plane buckling displacements. The initial imperfections had a maximum 

amplitude of ݐ௪ȀʹͲ; thus ͷ݉݉ ʹͲͲΤ ൌ ͲǤͲʹͷmmǡ Ǥ݉݉ ʹͲͲΤ ൌ ͲǤͲ͵ͺmm and ͳͲǤͷ݉݉ ʹͲͲΤ ൌͲǤͲͷʹͷmm  for each web thickness, respectively. 
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Figure 4: Mapped meshed models with ࡿ Τࢊ ൌ Ǥ ǡ Ǥ , and Ǥ  ratios respectively.  

 

3.2 Test results - Discussion 

 

3.2.1 Strength against Parameters 

 

The vertical and outȂofȂplane deflections were monitored throughout the FE analyses and two 

modes of failure were clearly observed. The first and most common type was the material 

failure, where the ultimate strength was reached. The second mode observed was the buckling 

failure, in which the beam very rapidly achieved large deformations in the outȂofȂplane 

direction of the web-post, the analyses also stopped before the ultimate strength was reached. 

Figure 5 to Figure 7 display the maximum non-convergent load carrying capacities for all, 

including the tests with no stiffeners, as published in the literature [5]. 

 

From these figures it was observed that the beams with stiffened openings demonstrate an 

increase in strength as was anticipated. It is also clearly demonstrated that the maximum 

strength is also dependent on other geometric properties as the effect of the stiffeners was not 

uniform across the tests with other variables. Considering the web thickness, it was observed 

that the stockier webs benefitted more from the stiffeners than the slender webs did. For 

instance, the maximum strength increase for a web thickness of ͷmm was ͷ͵kN, whereas for a 

web thickness of Ǥmm, it was ͲkN. 

 

Considering the thickness of the stiffener, it appeared that in most cases there was a gain in 

strength when the thickness of the stiffener was increased. However, in some cases, the increase 

in thickness of the stiffener did not imply an increase in strength (eg. for the web thickness of ͷmm and for ܵȀ݀ ൌ  ͳǤͳ). Potentially, the specimen had already reached the maximum strength 

with the use of stiffeners. For the case of ܵ ݀Τ ൌ ͳǤ͵, the slenderness of the web played an 
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important role, as well as the spacing of the web openings, as it can be seen from Figure 5 to 

Figure 7. 

 

 
Figure 5: Vierendeel Shear Force against S/d ratio, for web thickness of 5mm and for 

stiffener thicknesses of 5mm, 10mm, 15mm.  
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Figure 6: Vierendeel Shear Force against S/d ratio, for web thickness of 7.6mm and 

stiffener thicknesses of 5mm, 10mm and 15mm. 

 

 
Figure 7: Vierendeel Shear Force against S/d ratio, for web thickness of 10.5mm and 

stiffener thicknesses of 5mm, 10mm and 15mm. 

 

Regarding the web opening spacing, ܵ ݀Τ , it was evidenced that there was a reduction in the 

increase of the maximum load carrying capacities as ܵ ݀Τ  was increased, and this was applied for 

all models studied. It is worth noting that in the case where ܵ ݀Τ ൌ ͳǤ͵, the contribution to 

strength from the stiffener was not significant and hence, in terms of design, it would be 

appropriate to find another way of stiffening the web opening against shear. 

 

Contour plots display the Von Mises stresses for all possible ܵ ݀Τ  ratios with the same web and 

stiffener thicknesses, as it is shown in Figure 8. It is demonstrated, that when ܵ ݀Τ  was equal to 

either ͳǤͳ or ͳǤʹ, high compression and tension stresses developed in the web-post and were 

then transferred to the stiffener. On the other hand, when ܵ ݀Τ  was taken equal to ͳǤ͵, the 

section would reach maximum load before the strength of the stiffener was fully utilised. 

 

In order to determine a limit below which a transverse stiffener would be effective, further 

research was conducted. A model with ܵ ݀Τ ൌ ͳǤͶ was designed and tested for ݐ௪ ൌ ͷmmǡ  and ݐ௦ ൌ ͳͷmm. The model was initially compared at maximum capacity load with the results found 

in the literature [5]. The unstiffened version of this model, with ݐ௪ ൌ ͷmm, resisted about ͳ͵ͲkN. When the same model was tested with a stiffener of ͳͷmm thickness, the maximum 

capacity was only increased to ͳͶͳkN. This is clearly a lower contribution compared to those 

achieved for the same web thicknesses and smaller ܵ ݀Τ  ratios.  

 

At  ܵ ݀Τ ൌ ͳǤͶ it was further noticed, that the web buckled prior to the development of high 

stresses in the stiffener. It is anticipated that for even higher values of ܵ ݀Τ , the contribution of 

the transverse stiffener will be further reduced. The recommended upper limit of ܵ ݀Τ  when 

strengthening cellular beams with double concentric transverse intermediate stiffeners, is equal 

to 1.3.  
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Figure 8: Web and Stiffener elevations, ࡿ Τࢊ ൌ Ǥ ǡ Ǥ ǡ Ǥ ǡ Ǥ ǡ ࢚࢝ ൌ ࢙࢚ , ൌ . 

  

The type of failure mode was also examined. The failure mode was either through buckling or 

Vierendeel shearing, dependent on the geometric parameters selected. The failure modes of the 
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FE analyses are presented in Table 3. It is observed that almost all buckling modes occurred at ܵ ݀Τ ൌ ͳǤ͵, with only one buckling failure mode taking place in the case of ܵ ݀Τ ൌ ͳǤʹ.  

 

The stiffeners were provided to prevent buckling in the out-of-plane direction of the web. Since 

models with ܵ ݀Τ ൌ ͳǤ͵ failed primarily due to buckling, it can be inferred that transverse 

stiffeners are ineffective for such a beam. The stiffener contribution to the strength of the beams 

with ܵ ݀Τ ൌ ͳǤ͵ was significantly less than the contribution to beams with ܵ ݀Τ ൌ ͳǤͳ and ͳǤʹ, as 

it was highlighted earlier.  

ࡿ ሻܕܕሺ࢙࢚  ሻǡܕܕሺ࢚࢝  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  

 

5 

 

5 Vierendeel Vierendeel Vierendeel 

10 Vierendeel Vierendeel Vierendeel 

15 Vierendeel Buckling Buckling 

 

7.6 

 

5 Vierendeel Vierendeel Buckling 

10 Vierendeel Vierendeel Buckling 

15 Vierendeel Vierendeel Buckling 

 

10.5 

 

5 Vierendeel Vierendeel Buckling 

10 Vierendeel Vierendeel Buckling 

15 Vierendeel Vierendeel Vierendeel 

Table 3: Section failure modes, depending on the parameter examined. 20 out of 27 

models had a Vierendeel shearing failure mode, and only 7 had a buckling failure mode. 

 

3.2.2 Incremental Shearing 

  

Initially, it was observed that the stresses produced were primarily formed entirely in the web. 

Then, post-yielding stresses were located at the position of the plastic hinges in the vicinity of 

the web openings. Following that, stresses started to be distributed in the stiffeners, starting 

from the same level of the plastic hinges and then spreading in the vertical plane both upwards 

and downwards. It is worth mentioning that the use of the stiffeners caused an observable delay 

in the buckling or yielding for most of the specimens. During this delay, the high stresses in the 

web were increased gradually, while the stresses in the stiffeners increased rapidly. Upon 

reaching the maximum stress capacity of the stiffeners, plastic hinges formed, and the specimens 

failed either by reaching the maximum load carrying capacity or by excessive web buckling. 
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Figure 9: Stress against Shear graph for ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ૠǤ  for different stiffener 

thicknesses. 

 

 
Figure 10: Stress against Shear graph for ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ૠǤ  for different stiffener 

thicknesses. 

 

 
Figure 11: Stress against Shear graph for ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ૠǤ  for different stiffener 

thicknesses. 

 

From Figures 9, 10 and 11 it was observed that the aforementioned delay in yielding was more 

noticeable for higher stiffener thicknesses and for lower ܵ ݀Τ  ratios. In Table 4, the load levels in 

which these stages were observed are summarised. In Figures 12 and 13, snapshots for two of 

the specimens for all mentioned stages are shown. Figure 12 shows a case where the mode of 

failure is Vierendeel shearing, while Figure 13 demonstrates a failure mode of buckling.  
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ሻǡሺ࢚࢝   ሻሺ࢙࢚

ࡿ  Τࢊ ൌ Ǥ  

 

ࡿ  Τࢊ ൌ Ǥ  

 

ࡿ  Τࢊ ൌ Ǥ  

 

YL SFUS Max YL SFUS Max YL SFUS Max 

5, 5 30 58 81 57 91 116 97 107 123 

5, 10 34 72 103 45 107.5 121.5 78 98 131 

5, 15 31 74 105 59 129 134 76 100 137 

7.6, 5 41 82 113 85 112 170 112 168 212 

7.6, 10 47 95 137 63.3 135 190 114 174 218 

7.6, 15 55 113 169 63.3 151.7 213.3 82 186 232 

10.5, 5 56 104 150 102 148 252 194 224 284 

10.5, 10 60 116 176 82 172 256 160 226 294 

10.5, 15 70 138 212 84 188 264 116 238 306 

Table 4: Loading behaviour for sections. YL = Yielding Load (kN),  

SFUS = Stiffener Full Utilization Strength (kN), Max = Maximum Load Measured (kN).   
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Figure 12: Snapshots of model with parameters ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ૠǤ ܕܕǡ ࢙࢚ ൌ ܕܕ. The 

failure mode is Vierendeel shearing. Top: at yielding load. Middle: at full utilization of 

stiffener. Bottom: at maximum measured load.  
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Figure 13: Snapshots of model with parameters ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ૠǤ ܕܕǡ ࢙࢚ ൌ ܕܕ. The 

failure mode is buckling. Top: at yielding load. Middle: at full utilization of stiffener. 

Bottom: at maximum measured load.  

 

3.2.3 OutȂofȂplane and Vertical Deflections against Loading 

 

The vertical and outȂofȂplane deflections were measured at the points where plastic hinges in 

the openings were formed. These points are depicted in Figure 14. 

 

During the Eigen buckling analysis, three different buckling deformation patterns resulted and 

they are affected the magnitude of the outȂofȂplane deformations observed by the specimens. 
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Figure 14: Points of measuring vertical and out Ȃ of Ȃ plane deflections. UL = Up Left, UR = 

Up Right, DL = Down Left, DR = Down Right. 

 

The first buckling pattern can be seen in Figure 15. Such a pattern only takes place when the 

thickness of the stiffener is higher than the thickness of the web. When a very rigid stiffener was 

used, the deformation was concentrated on the upper right side of the specimen as it is shown in 

the figure and labelled herein as pattern A. 

 

 
Figure 15: Buckling pattern A. UR and DR measure points can be seen from the image on 

the right, UL and DL measure points can be seen from the image on the left. The model 

shown is ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ Ǥ ܕܕǡ ࢙࢚ ൌ ܕܕ. 

 

The second buckling pattern observed occurs when the thickness of the stiffeners is equal or less 

than the thickness of the web. This type of buckling usually involves concentration of the 

deformation towards the measure point DR when ܵ ݀Τ ൌ ͳǤ͵. This pattern is labelled as B, and it 

is shown in Figure 16. 

 

Figure 16: Buckling pattern B. UR and DR measure points can be seen from the image on 
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the right, UL and DL measure points can be seen from the image on the left.  ࡿ Τࢊ ൌ Ǥ ǡ࢚࢝ ൌ Ǥ ܕܕǡ ࢙࢚ ൌ ܕܕ. 

 

The third buckling pattern, labelled pattern C, occurred only for ܵ ݀Τ ൌ ͳǤͳ and ͳǤʹ and did not 

involve any noticeable outȂofȂplane movement of the stiffeners. Pattern C can be seen in     

Figure 17. 

 

 
Figure 17: Buckling pattern C. UR and DR measure points can be seen from the image on 

the right, image of the distorted web is shown on the left. ࡿ Τࢊ ൌ Ǥ ǡ ࢚࢝ ൌ ܕܕǡ ࢙࢚ ൌ ܕܕ. 

 

The authors have tried to realise any correlation between the buckling patterns and the failure 

mode. Assessing Tables 3 and 5, it can be seen that 8 out of 20 specimens that had Vierendeel 

shearing as a failure mode lie within pattern A, 1 specimen within pattern B, and 11 specimens 

within pattern C. On the other hand, 4 out of 7 specimens that had buckling as a failure mode lie 

within pattern A, while the other 3 lie within pattern B. It was concluded that there is a relation 

between the Vierendeel shearing failure mode and pattern C buckling, as well as buckling failure 

mode and pattern B buckling. Pattern A buckling occurred both in Vierendeel shearing and 

buckling failure modes. 

ࡿ ሻܕܕሺ࢙࢚  ሻǡܕܕሺ࢚࢝  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  

 

5 

 

5 C C B 

10 C A A 

15 A A A 

 

7.6 

 

5 C C B 

10 A C A 

15 A C A 

 

10.5 

 

5 C C B 

10 C C B 

15 A A A 

Table 5: A, B and C patterns of outȂofȂplane deformation. It can be seen that when ࢚࢝   ,࢙࢚

most of the cases followed pattern B, and when ࢚࢝ ൏  .the most dominant pattern was A ࢙࢚

Pattern C appears to depend on the ࡿ Τࢊ  ratio. 

 

For each test made, the maximum deflection of all four dials was measured. The results of this 

procedure are shown on Table 6. 

 

It could be observed from Table 6 that the maximum out-of-plane deflections for ܵ ݀Τ ൌ ͳǤͳ are 

generally of a lower magnitude than the maximum deflections for ܵ ݀Τ ൌ ͳǤʹ, and those of ܵ ݀Τ ൌͳǤʹ of a lower magnitude than those for ܵ ݀Τ ൌ ͳǤ͵ . This was anticipated, as buckling 

deformations are more likely to take place for larger ܵ ݀Τ  ratios. The reduced effectiveness of the 
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stiffeners when the ܵ ݀Τ  ratio is increased could also be a contributing factor for the increasing   

outȂofȂplane deformations. 

 

ࡿ ሻܕܕሺ࢙࢚  ሻǡܕܕሺ࢚࢝  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  

 

5 

 

5 0.0000958 0.105 0.263 

10 0.0000381 2.25 0.119 

15 0.00710 0.255 0.093 

 

7.6 

 

5 0.000158 0.00142 1.75 

10 0.00746 0.000489 3.73 

15 0.0166 0.000342 2.87 

 

10.5 

 

5 0.0000840 0.00104 0.0607 

10 0.0000508 0.000410 0.0212 

15 0.00917 0.0396 0.111 

Maximum 0.0166 2.25 3.73 

Table 6: Maximum outȂofȂplane deflections (mm).  

 

Comparing the out-plane-deflections results of the models with parameters  ܵ ݀Τ ൌ ͳǤ͵ǡ ௪ݐ ൌǤmmǡ ௦ݐ ൌ ͷǡ ͳͲǡ ͳͷmm to the outȂofȂplane deflections of the specimen B1 found in the 

literature review [5], it can be concluded that the deflections of the tests presented in the 

current study are higher (3.73mm compared to about 0.5 Ȃ 1mm). However, it is worth noting 

that the displacements of the previous study were measured at the centre of the web-post, and 

not at the position of the plastic hinges. Nevertheless, the deformations were of the same 

magnitude. 

 

When comparing Tables 5 and 6 it is highlighted that pattern C demonstrates the smallest outȂ
ofȂplane deformations; somewhat larger deformations were observed for pattern B, and finally 

considerably higher deformations were observed for pattern A. Additionally, the mode of failure 

for ܵ ݀Τ ൌ ͳǤ͵ was primarily due to buckling. It becomes apparent that the effectiveness of the 

transverse stiffeners reduces when ܵ ݀Τ  increases.  

 

Representative graphs of outȂofȂplane deformations against incremental loading for each 

pattern type A, B, and C are presented on Figure 18 to 20. 
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Figure 18: Representative outȂofȂplane deflections for pattern C. Deformations are 

negligible (S/d=1.1, tw=5mm, ts=10mm ). 

 

 
Figure 19: Representative outȂofȂplane deflections for pattern B. Deformations seem to 

be concentrated more on the lower left hinge, but they are still small (S/d=1.3, 

tw=10.5mm, ts=5mm). 

 

 
Figure 20: Representative outȂofȂplane deflections for pattern A. Deformations are 

concentrated on the upper right hinge, and are considerably higher than the previous 

cases (S/d=1.3, tw=7.6mm, ts=10mm). 

 

When considering the above it is observed that an efficient way to increase the effectiveness of a 

transverse stiffener for larger ܵ ݀Τ  ratios may be to place the stiffeners with some eccentricity. If 

the stiffener thickness is higher than the thickness of the web, then the stiffener should be 

placed closer to the high moment side of the web. Conversely, if the stiffener thickness is lower 

than the thickness of the web, then the stiffener should be placed closer to the low moment side 

of the web.  An illustration of this idea is depicted in Figure 21. 
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Following this design concept for larger ܵ ݀Τ  ratios, if a stiffener is thicker  than  the  web  it  is  

more  effective  when  it  is  placed  like  Type  A.  If the opposite is true, a Type B configuration 

would be a more effective design. It is worth stressing that this suggestion has not been proven 

further, but highlights prospective areas for future research and testing this statementǯs validity.  

 

 

 
Figure 21: Left: Transverse stiffener with no eccentricity. Middle: Eccentricity for pattern 

A buckling. Right: Eccentricity for pattern B buckling. Highlighted areas: Areas where 

excessive buckling occurs. 

 

Regarding the vertical deflections for each loading case, the maximum displacement for all four 

dials was chosen. For each ܵȀ݀ ratio, the maximum vertical deflections are shown in Table 7 

below: 

ࡿ ሻܕܕሺ࢙࢚ ሻܕܕሺ࢚࢝  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  

 

5 

 

5 21.0 23.5 8.86 

10 21.7 16.1 5.91 

15 22.4 8.41 3.80 

 

7.6 

 

5 24.0 28.9 29.1 

10 24.4 30.7 27.2 

15 25.2 32.3 24.3 

 

10.5 

 

5 26.5 29.8 30.0 

10 26.7 30.3 28.9 

15 28.1 28.9 26.9 

Maximum 28.1 28.1 30.7 

Table 7: Maximum vertical deflections for the models tested. The units are in millimetres. 

 

It is observed that there is no significant difference between the maximum vertical deflections 

for any ܵ ݀Τ  ratio studied. However, there was an increase in the maximum vertical deflection as 

the stiffener thickness increased for all the cases with ܵ ݀Τ ൌ ͳǤͳ. For ܵ ݀Τ ൌ ͳǤʹ and ͳǤ͵ the 

opposite behaviour was noticed; when the thickness of the stiffener increased, the maximum 

vertical deflection was decreased. An exception was noticed for ܵ ݀Τ ൌ ͳǤʹǡ ௪ݐ ൌ ͳͲǤͷmmǡ ௦ݐ ൌͳͲmm where there was an increase of the maximum deflection. This meant that although the 

transverse stiffeners are designed to prevent buckling, they could reduce the vertical deflections 

too for certain cases. 

 

It was also noticed that as the web thickness increased, the maximum vertical deflection 

increased as well. That was expected to happen, as a stocky web can withstand larger 

deformations before failure. 
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The results of  ܵ ݀Τ ൌ ͳǤ͵ǡ ௪ݐ ൌ Ǥmmǡ ௦ݐ ൌ ͷǡ ͳͲǡ ͳͷmm were compared with the results 

obtained from the laboratory experiment (specimen B1) of the previous work [5], which used 

the same ܵ ݀Τ  ratio and web thickness. As with the comparison of the out-of-plane deflections, 

the results corroborate; approximately 20Ȃ30mm deflection for both tests. The points measured 

for each test were at different positions, but not significantly enough to skew the data. Figure 22 

to 23 demonstrate the vertical deformations. 

 

3.2.4 Plastic Hinge Formation and Effective Widths 

 

It was interesting to examine how the transverse stiffeners would affect the formation of the 

plastic hinges for the specimens taken by the literature [5]. The plastic hinges, unlike the 

previous work, formed closer to the mid-depth of the web-post due to the use of stiffeners. Thus, 

while the effective width was ͲǤʹͷ݀ for an unstiffened section, for a stiffened section it becomes 

closer to ͲǤͶͷ݀. 

 

 
Figure 22: Representative graphs vertical deflection against Vierendeel shear (S/d=1.1, 

tw=5mm, ts=10mm). 
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Figure 23: Representative graphs vertical deflection against Vierendeel shear (S/d=1.3, 

tw=7.6mm, ts=10mm). 

 

The formation of the plastic hinges were not clearly visible in the Von Mises stress contour plots, 

such as in the case when ܵ ݀Τ ൌ ͳǤ͵ and ݐ௪ ൌ ͷmm. For this case, it was assumed that the plastic 

hinges formed in the same position as with all other specimens with ܵ ݀Τ ൌ ͳǤ͵. The calculated 

angles, ߮, and the effective widths for each ratio ܵ ݀Τ  are synopsized in Table 8. 

 

ࡿ  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࢉ ࣐ Τ (mm) ࢉ ࣐ Τ (mm) ࢉ ࣐ Τ (mm) 

71.37 0.474݀ ൌ149.26 68.67 0.464݀ ൌ146.31 67.5 0.451݀ ൌ141.92 

Table 8: Angle ࣐ and effective widths ࢉ Τ  for all model ࡿ Τࢊ  ratios. The effective widths 

are close to Ǥ ࢊ ൌ ૠ, the length of the radius of the openings. 

 

4. Design Model 

 

The design model for this work was based on previous studies [2,5]. Since the design models of 

those studies considered unstiffened webs, various modifications took place in order to obtain 

reasonable results. 

 

In previous works, a strut analogy with buckling curves of type C based on BS 5950Ȃ1:2000 [18] 

was used. In this analogy, it was considered that half of the Vierendeel shear force was 
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concentrated in the upper tee of the beam, and compressive stresses were produced by shear 

actions acting diagonally on the web-post, from the upper right tee to the lower left tee. The 

strut acting like a ǲcolumnǳ with both ends fixed. Eurocode 3 also has a similar strut analogy, 

that could have led to a very similar design model as the one designed for this work. However, in 

this work, the strut analogy of BS 5950Ȃ1:2000 was selected to provide consistency with 

previous works [2,5]. 

 

In the present study, the stiffeners are considered to reduce the effective length of the strut by 

half for the cases where ܵ ݀Τ ൌ ͳǤͳǡ ͳǤʹ. It is therefore as if the diagonal strut started from the 

upper right tee and ended on the stiffener. This implied that the length of the diagonal strut 

would not be ඥݏଶ  ݀ଶ but ඥݏଶ  ሺͲǤͷ݀ሻଶ. The compressive stresses created by the Vierendeel 

mechanism are considered to be forming from the upper right tee, to the middle of the stiffener. 

The effective width of the strut, ܾ, is taken as half the web-post width. The formula is now 

updated to: 

ߪ  ൌ ௩ܸʹܾݐ௪ ൌ ௩ܸʹ ௦బଶ ௪ݐ ൌ ௩ܸݏݐ௪ 

 

Where ߪ was the compressive stress in MPa, ௩ܸ was the Vierendeel shear force, ݏ the web-post 

width, and ݐ௪ the thickness of the web. To calculate the Vierendeel shear force, it is first 

necessary to calculate the effective length of the strut, using a reduction factor of ͲǤͷ, due to the 

assumed fixedȂfixed conditions: 

 ݈ ൌ ͲǤͷටݏଶ  ሺͲǤͷ݀ሻଶ 

 

The effective length is altered in the way demonstrated above for the cases when  ܵ ݀Τ ൌ ͳǤͳǡ ͳǤʹ. 

For the ܵ ݀Τ ൌ ͳǤ͵ case, the stiffeners are not fully utilised when failure occurred. To simulate 

this behaviour it is assumed that the stiffeners are acting as a pinned end for the strut.  

 

Therefore, for: 

      ܵ ݀Τ ൌ ͳǤ͵  ݈ ൌ ͲǤටݏଶ  ሺͲǤͷ݀ሻଶ 

 

Following that, the slenderness of the web-post can be calculated, using the formula: 

ߣ  ൌ ݈ξͳʹݐ௪  

 

The slenderness values are used to find the buckling curves of type C which are necessary to give 

the compressive strength,  ǡ of the web-post [18]. Then, the Vierendeel shear force is calculated 

by: 

 ௩ܸ ൌ ʹܾݐ௪ ൌ  ௪ݐݏ

 

Hence, the compressive strength is estimated as: 

ߪ  ൌ ௩ܸݏݐ௪ ൌ   
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The compressive stresses evaluated here are presented in Table 9: 

Figure 24: Strut analogy for unstiffened section (left) and for stiffened section (right). The 

stiffeners act as a fixed support for the strut for ࡿ Τࢊ ൌ Ǥ ǡ Ǥ ,  and as a pinned support 

for ࡿ Τࢊ ൌ Ǥ .  

ࡿ  Τࢊ  259 311 331 250 304.5 328 166 250 295 (Mpa)࣌ 5 7.6 10.5 5 7.6 10.5 5 7.6 10.5  (mm)࢚࢝  1.3  1.3 1.3  1.2  1.2  1.2 1.1  1.1 1.1 

Table 9: Compressive stresses for the models studied, considering post buckling strength 

according to BS5950Ȃ1:2000[18]. 

ࡿ ሻܕܕሺ࢙࢚ ሻܕܕሺ࢚࢝  Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  ࡿ Τࢊ ൌ Ǥ  

 

5 

 

5 514.29 368.25 260.32 

10 653.97 385.71 277.25 

15 666.67 425.40 292.06 

 

7.6 

 

5 472.01 355.05 295.18 

10 572.26 396.83 303.54 

15 705.93 445.56 323.03 

 

10.5 

 

5 453.51 380.95 286.22 

10 532.12 387.00 296.30 

15 640.97 399.09 308.39 

Table 10: Compressive stresses (MPa) from the results of the FEA. 

 

The compressive stresses are calculated similarly to the procedure above, with the difference 

that the Vierendeel shear capacity is considered to be the failure load. These stresses are then 

compared with those found from the FE analysis results and Table 10. Comparing Tables 9 and 

10, it is concluded that the compressive stresses from the FE analyses are considerably higher 

than those from BS5950Ȃ1 where ܵȀ݀ ൌ ͳǤͳǡ ͳǤʹ. For ܵȀ݀ ൌ ͳǤ͵ the compressive stresses are 

close. Consequently, the values found from the FE analyses are considered to be very 

conservative and therefore not selected for the design model. 

 

For the ratios ܵȀ݀ ൌ ͳǤͳǡ ͳǤʹ the failure mode for the vast majority of the beams is the Vierendeel 

mechanism. Hence, the failure mode was governed by the Vierendeel bending capacity, and not 
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the web-post buckling capacity. For those ܵȀ݀ ratios, the approach used on previous studies has 

been adopted by practitioners and is recommended [2,5]. 

 

The Vierendeel shear capacity on the upper right tee was given by converting the circular 

openings to equivalent rectangular areas, with height, ݀, and critical opening, ܽ כ ݀, where ܽ ൌͲǤͶͷ. This approximated estimation for a due to the fact that the angle ߮ఖ was very close in 

magnitude for all S/d ratios. The formula was as follows: 

 ௩ʹܸ ൌ M௦௧ܽ כ ݀  

 

For cases where the thickness is ͻmm, the web was considered to be semiȂcompact, according 

to BS5950Ȃ1, and the elastic moment capacity was calculated instead in the equation above. The 

plastic moment capacity was calculated, as in the previous work [5]: 

 

௦௧ܯ     ൌ ͶǤͻܣ௧ሺͶǤͻݔҧͷ   ௬ҧሻݔ

Where: ܣ௧ ൌ ݐܾ  ௪ݐ்݀  

ҧଵݔ  ൌ ௧ܣ
ܾൗ   

ҧଶݔ  ൌ ͶǤͻሺܶ െ ҧଵሻݔ  ௪ሺሺܶݐ்݀ െ ҧଵሻݔ  ͶǤͻ்݀ሻ
ͶǤͻܣ௧  

 ்݀ ൌ ሺͺ; െ ͷͻሻ כ ͶǤͻ ൌ ͻͼǤͻmm 

 ܶ ൌ ݐ െ  ҧଵݔ

 

Where ܾǡ  . are the width and thickness of the flange, and ்݀ is the depth of the upper teeݐ

 

 
Figure 25: Illustration for the lower bound of the Vierendeel shear capacity. The original 

and its equivalent rectangular opening are shown. 

 

To calculate the elastic moment capacity: ܯ௦௧ ൌ ܵ௬௬ ൌ തݕܫ  ௬
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Where ܫ is the second moment of area of the tee section and ݕത is the centroid. 

 

The results are presented in Table 11. 

ࡿ  Τࢊ  5 7.6 10.5 5 7.6 10.5 5 7.6 10.5  (mm)࢚࢝  1.3  1.3 1.3  1.2  1.2  1.2 1.1  1.1 1.1 

ɐ(Mpa) 259 311 331 250 304.5 328 165 250 295 

Table 11: Compressive stresses for the models studied, considering Vierendeel bending 

moment capacities. 

 

These values accurately predict the failure mode of the stiffened models with spacing of 

openings at ͳǤͳ and ͳǤʹ. However, for the spacing of the openings of ͳǤ͵, the failure mode is 

mostly governed by buckling actions due to a lack of utilisation of the stiffeners and a small ܵȀ݀ 

ratio. Therefore, the lower bound would be that of BS5950Ȃ1:2000. Figure 26 presents the 

graphs of Tables 9 and 11: 

 

Figure 26: Evaluation of minimum compressive stresses from BS5950Ȃ1:2000(BS), and 

Vierendeel moment capacity (Lower_Bound). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 12: Coefficients ,  and  of empirical design formula. 

 

Consequently, for ܵȀ݀ ൌ ͳǤͳǡ ͳǤʹ the Vierendeel moment capacity is critical for the design of 

perforated cellular beams with concentric transverse stiffeners. For ܵȀ݀ ൌ ͳǤ͵, the BS5950Ȃ1 

strut analogy for buckling is critical. 
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An empirical design equation has been developed, similar to the equation derived in the 

literature [5] from the results of Figure 5 to Figure 7. This equation is as follows: 

 

    ௩ܸ ൌ െܥଵሺܵȀ݀ሻଶ  ଶሺܵȀ݀ሻܥ െ  ଷܥ

 

The coefficients for the design formula were found and are presented in Table 12. 

 

5. Conclusions and Recommendations 

 

A FE theoretical investigation was carried out using ANSYS concerning double concentric 

transversely stiffened cellular beams with closely spaced perforations. There were a total of 31 

computations models. The parameters studied were the ܵȀ݀ ratio, the web thickness and the 

stiffener thickness.  

 

Summarizing the results, it was found that the transverse stiffeners were very effective for ܵȀ݀ ൏ ͳǤ͵, while for ܵȀ݀  ͳǤ͵ they were almost ineffective; hence ͳǤ͵ was set as the upper limit. 

More research into the values between ͳǤʹ and ͳǤ͵ could identify the point for designers at 

which the choice of stiffener remains an economic option. The models, as expected, appeared to 

have increased strength with increasing web thickness and stiffener thickness. Vierendeel 

shearing was the failure mode for the vast majority of models with ܵ ݀Τ ൏ ͳǤ͵ (ͳ out of ͳͺ), 

while at ͳǤ͵ the results were mixed with buckling appearing to be the dominating failure mode 

( out of ͻ).  

 

Transverse stiffeners alter the position of plastic hinges. Whilst the unstiffened section formed 

plastic hinges near the flanges (ͲǤʹͷ݀), the stiffened sections formed plastic hinges closer to the 

mid height of the web-post (ͲǤͶͷ݀). 

 

Stresses in the stiffeners started to develop at the height of the plastic hinges, expanding 

upwards and downwards. At failure, the top and bottom parts of the stiffeners remained 

unstressed, while the stresses that developed in the central area were of a comparatively lower 

magnitude for the majority of the results. Finite element method analyses show that by 

restricting placement of the stiffeners to only span the parts of the section that actually become 

stressed, the manufacture of transverse stiffeners would become easier (without the need for 

chamfering) and more economic. 

 

By studying the failure patterns of the buckling imperfections predicted by ANSYS, three distinct 

patterns emerged: patterns A, B and C. The final failure deformations of the models appeared to 

be affected by these patterns and therefore applying horizontal eccentricity for sections with ܵ ݀Τ  ͳǤ͵ could provide further avenues for experimental research. 

 

Alternatively, a reasonable option could be to use a different type of stiffening for openings with ܵ ݀Τ  ͳǤ͵. Ring stiffeners (hoops) around the edge of the openings could provide a suitable 

alternative as the strength of this type of stiffening does not seem to diminish with an increasing ܵ ݀Τ . Theoretical investigations with rings have not been conducted. Research for this type of 

stiffener could provide information on how to effectively design for shear within the context of 

stiffened perforated beams with widely spaced perforations, despite the associated cost. 

 

The variety of web opening shapes and sizes could also be considered in future research. The 

effects of transverse stiffeners or rings on elliptical and rectangular web openings found on 

previous research should be further studied. 

 

Concerning the design model, for ܵ ݀Τ ൌ ͳǤͳǡ ͳǤʹ the Vierendeel moment check was chosen, and 

for ܵ ݀Τ ൌ ͳǤ͵ the BS5950 Ȃ 1 strut analogy check was selected.  
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At last, it is important to note that research on stiffeners with perforated beams, as well as on 

unstiffened perforated beams, is yet to be fully explored while the knowledge of their behaviour 

is limited. Detailed research should lead to update the existing available recommendations and 

replace them with design guidelines providing more construction options for engineers, leading 

to more economic, visually appealing, and efficient complex structures. 
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