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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 BS5950-1.

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

[t 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 BS5950-1 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 model, presented by Tsavdaridis and D'Mello [5], was conducted in
ANSYS Multiphysics v11.0. A UKB section of 457 x 152 x 52 was selected.

Standard

EC3

BS5950-1

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

Restriction of aspect to panel

No restrictions of aspect to

Buckling ratio between 1.0 and 3.0 panel ratio
with Stiffeners
Flange Buckling Does not include effect of web Includes effect of web

stiffeners, includes guidance
for curved members

stiffeners, but no guidance for
curved members

Design for Serviceability

Not covered

Minimum web thickness value

Design for Transverse

Considers web buckling, web

Considers web buckling and

Forces crushing, and web crippling web crushing, but not web
crippling
Web Buckling Guidance on the length of Slenderness is suggested to be
buckling is not given for fully 2.5d/t for fully restrained
restrained beams. beams
Web Crushing More conservative due to Less conservative due to

theoretically derived design

empirically derived design

formulae formulae

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

The depth of the section and the opening diameter, d, were fixed, having values of 449.8mm and
315mm ,respectively. The beam depth to opening ratio, D/d = 1.43, was also fixed. The web
thickness was taken to be 7.6mm and S/d was set at 1.6, 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 Young's
Modulus of 200GPa and Poisson Ratio, v, of 0.3. The material was assumed to behave elastically
with a Young’s Modulus of E; = 200GPa until the material reached a stress value of 355MPa. At
the post-yielding zone, the tangent modulus was E, = 2.00GPa. 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.




AN ELEMENTS - AN

HER 4 201% AR 4 2014
01:42:54 01:43:25

ELEMENTS

HHH

Ny

nu%%%;éi}.‘f . L7
RO
““““‘.

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

[t 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 [1)'¢ 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].
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Figure 2: Model replication in ANSYS with ratio of S/d = 1. 6, loads and constraints
applied.



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 t,,/200 =
7.6mm/200 = 0.038mm. The Newton-Raphson 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 248.25kN.

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

The formation of plastic hinges due to Vierendeel moments at a 0.25d 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; 248.593kN for the original model and
248.25kN 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 50mm, 40mm, 30mm and 20mm
were created and the Von Mises stresses were recorded at maximum loads at a point near the
centre of the web-post. For the 50mm element size, the Von Mises stress was obtained as
361.2MPa, for 40mm as 356.7MPa, for 30mm as 358.1MPa and for 20mm as 355.4MPa.
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 S/d ratio, the web thickness, t,,, and the stiffener thickness, t;. The
results obtained were compared with existing results from previous studies of cellular beams
without stiffeners [5].



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 (f, = 355MPa, f;, = 510Mpa). The tangent modulus was
assumed to be 580MPa, similar to the parametric study presented in the literature [5]. This
realistic approximation was employed as a tangent modulus of 2000MPa similar to the
validation study produced non-convergence issues in the computational models.

The UB 452 x 157 x 52 cross-section was used again. The stiffeners were designed with a typical
chamfer size of 20mm 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 S/d was examined for values of 1.1,1.2 and 1.3. The distances between the centres of
the circular perforations were 346.5mm, 384mm and 409.5mm, respectively. Various web
thicknesses were examined such as 5mm, 7.6mm and 10.5mm. Typical stiffener thicknesses of
5mm, 10mm and 15mm were examined. A total of 31 analyses were performed. Except from the
planned 27 tests, an additional analysis for a model withS/d = 1.4, t,, = 5mm, t; = 15mm
was carried out, to demonstrate the lack of effectiveness of a transverse stiffener for higher S/d
ratios. The remaining three analyses, regarded models without stiffeners with a web thickness of
7.6mm, and S/d 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 oft,,/20; thus 5mm/200 = 0.025mm, 7.6mm/200 = 0.038mm and 10.5mm/200 =
0.0525mm for each web thickness, respectively.
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Figure 4: Mapped meshed models with S/d = 1.1, 1.2, and 1. 3 ratios respectively.
3.2 Test results - Discussion
3.2.1 Strength against Parameters

The vertical and out-of-plane 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 out-of-plane
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 5mm was 53kN, whereas for a
web thickness of 7.6mm, it was 70kN.

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
5mm and for S/d = 1.1). Potentially, the specimen had already reached the maximum strength
with the use of stiffeners. For the case of S/d = 1.3, the slenderness of the web played an



important role, as well as the spacing of the web openings, as it can be seen from Figure 5 to
Figure 7.
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O No stiffener 72 81 112

Ots=5mm 81 116 123
Ots=10mm 103 121.5 131
Ats=15mm 105 134 138

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.
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Ats=15mm 212 264 306

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, S/d, it was evidenced that there was a reduction in the
increase of the maximum load carrying capacities as S/d was increased, and this was applied for
all models studied. It is worth noting that in the case where S/d = 1.3, 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 S/d ratios with the same web and
stiffener thicknesses, as it is shown in Figure 8. It is demonstrated, that when S/d was equal to
either 1.1 or 1.2, high compression and tension stresses developed in the web-post and were
then transferred to the stiffener. On the other hand, when S/d was taken equal to 1.3, 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 S/d = 1.4 was designed and tested for t,, = 5mm, and
t; = 15mm. The model was initially compared at maximum capacity load with the results found
in the literature [5]. The unstiffened version of this model, witht,, = 5mm, resisted about
130kN. When the same model was tested with a stiffener of 15mm thickness, the maximum
capacity was only increased to 141kN. This is clearly a lower contribution compared to those
achieved for the same web thicknesses and smaller S/d ratios.

At S/d = 1.4 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 S/d, the contribution of
the transverse stiffener will be further reduced. The recommended upper limit of S/d 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, S/d =1.1,1.2,1.3,1.4,t,, = 5mm, t; = 15mm.

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
S/d = 1.3, with only one buckling failure mode taking place in the case of S/d = 1.2.

The stiffeners were provided to prevent buckling in the out-of-plane direction of the web. Since
models with S/d = 1.3 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 §/d = 1.3 was significantly less than the contribution to beams with S/d = 1.1 and 1.2, as
it was highlighted earlier.

t,,(mm), t;(mm) S/d=1.1 S/d=1.2 S/d=1.3

5 Vierendeel Vierendeel Vierendeel
5 10 Vierendeel Vierendeel Vierendeel

15 Vierendeel Buckling Buckling

5 Vierendeel Vierendeel Buckling

7.6 10 Vierendeel Vierendeel Buckling

15 Vierendeel Vierendeel Buckling

5 Vierendeel Vierendeel Buckling

10.5 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.

600
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400 t--------1---- A O -

300 f-----pP-p - A

200 BF--r--------

Von Mises Stress (Mpa)

100 r-4-----t-------- --
—/—15mm

0 50 100 150 200
Vierendeel Shear (kN)
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Figure 9: Stress against Shear graph for S/d = 1.1,t,, = 7. 6mm for different stiffener
thicknesses.
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Figure 10: Stress against Shear graph for S/d = 1.2,t,, = 7. 6mm for different stiffener
thicknesses.

600 T T T T
1 1 1 1
1 1 1 1
| | | |
500 f------ deoooo- O e Lo
= | | i
= | | |
E 400 _______ i r=—===- b Bl o e ol By .’ ol
1 1 1
a 1 1 N
g | |
& 300 f------ TREEEE” S EEEE Ao
w 1 1 1
é : : :
200 fb------ _: _____ :_ _____ 1 1 ]
s 00 ) : No_Stiffener
= « | —O—5mm
_____________ -
100 A ' ' —0—10mm
i i ——15mm
0
0 50 100 150 200 250

Vierendeel Shear (kN)

Figure 11: Stress against Shear graph for S/d = 1.3, t,, = 7. 6mm 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 S/d 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.

11



t,,(mm), t,(mm) S/d=1.1 S/d=1.2 S/d=1.3

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 S/d = 1.1,t,, = 7.6mm, t; = 10mm. 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 S/d = 1.3,t,, = 7.6mm, t; = 5mm. The
failure mode is buckling. Top: at yielding load. Middle: at full utilization of stiffener.
Bottom: at maximum measured load.

3.2.3 Out-of-plane and Vertical Deflections against Loading

The vertical and out-of-plane 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 out-of-plane deformations observed by the specimens.
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Figure 14: Points of measuring vertical and out - of - 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.
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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
shownisS/d =1.3,t, = 10.5mm, t;, = 15mm.

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 S/d = 1.3. This pattern is labelled as B, and it

is shown in Figure 16.
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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. S/d = 1.3,
t, =10.5mm, t; = 10mm.

The third buckling pattern, labelled pattern C, occurred only for S/d = 1.1 and 1.2 and did not
involve any noticeable out-of-plane movement of the stiffeners. Pattern C can be seen in
Figure 17.

AN AN
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22:55:41

FACT=. 12
DHX =.05330%

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. S/d = 1.1,t,, = 5mm, t; = 5Smm.

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.

t,(mm), t,(mm) S/d=1.1 | §/d=1.2 S/d=1.3

5 C C B

5 10 C A A

15 A A A

5 C C B

7.6 10 A C A
15 A C A

5 C C B

10.5 10 C C B
15 A A A

Table 5: A, B and C patterns of out-of-plane deformation. It can be seen that when ¢, > ¢,
most of the cases followed pattern B, and when ¢,, < t; the most dominant pattern was A.
Pattern C appears to depend on the S/d 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 S/d = 1.1 are
generally of a lower magnitude than the maximum deflections for S/d = 1.2, and those of S/d =
1.2 of a lower magnitude than those for S/d = 1.3. This was anticipated, as buckling
deformations are more likely to take place for larger S/d ratios. The reduced effectiveness of the
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stiffeners when the S/d ratio is increased could also be a contributing factor for the increasing
out-of-plane deformations.

t,,(mm), t;(mm) Ss/d=1.1 S/d=1.2 S/d=1.3
5 0.0000958 0.105 0.263
5 10 0.0000381 2.25 0.119
15 0.00710 0.255 0.093
5 0.000158 0.00142 1.75
7.6 10 0.00746 0.000489 3.73
15 0.0166 0.000342 2.87
5 0.0000840 0.00104 0.0607
10.5 10 0.0000508 0.000410 0.0212
15 0.00917 0.0396 0.111
Maximum 0.0166 2.25 3.73

Table 6: Maximum out-of-plane deflections (mm).

Comparing the out-plane-deflections results of the models with parameters S/d = 1.3,t,, =
7.6mm,t; = 5,10,15mm to the out-of-plane 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 - 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 out-
of-plane 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 S/d = 1.3 was primarily due to buckling. It becomes apparent that the effectiveness of the
transverse stiffeners reduces when S/d increases.

Representative graphs of out-of-plane 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 out-of-plane deflections for pattern C. Deformations are
negligible (S/d=1.1, tw=5mm, ts=10mm ).
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Figure 19: Representative out-of-plane 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).
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Figure 20: Representative out-of-plane deflections for pattern A. Deformations are
concentrated on the upper right hinge, and are considerably higher than the previous
cases (S/d=1.3, t,=7.6mm, t;=10mm).

When considering the above it is observed that an efficient way to increase the effectiveness of a
transverse stiffener for larger S/d 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 S/d 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 statement’s validity.

Normal Configuration Type A Type B

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 S/d ratio, the maximum vertical deflections are shown in Table 7
below:

t,,(mm) t;(mm) S/d=1.1 S/d=1.2 S/d=1.3
5 21.0 23.5 8.86
5 10 21.7 16.1 591
15 22.4 8.41 3.80
5 24.0 28.9 29.1
7.6 10 244 30.7 27.2
15 25.2 32.3 24.3
5 26.5 29.8 30.0
10.5 10 26.7 30.3 289
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 S/d ratio studied. However, there was an increase in the maximum vertical deflection as
the stiffener thickness increased for all the cases withS/d = 1.1. For S/d = 1.2 and 1.3 the
opposite behaviour was noticed; when the thickness of the stiffener increased, the maximum
vertical deflection was decreased. An exception was noticed for S/d = 1.2,t,, = 10.5mm, t; =
10mm 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 S/d =1.3,t, =7.6mm,t; =5,10,15mm were compared with the results
obtained from the laboratory experiment (specimen B1) of the previous work [5], which used
the same S/d ratio and web thickness. As with the comparison of the out-of-plane deflections,
the results corroborate; approximately 20-30mm 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 0.25d for an unstiffened section, for a stiffened section it becomes
closer to 0.45d.
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Figure 22: Representative graphs vertical deflection against Vierendeel shear (S/d=1.1,
tw=5mm, t;=10mm).
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Figure 23: Representative graphs vertical deflection against Vierendeel shear (S/d=1.3,
tw=7.6mm, t;=10mm).

The formation of the plastic hinges were not clearly visible in the Von Mises stress contour plots,
such as in the case when S/d = 1.3 and t,, = 5mm. For this case, it was assumed that the plastic
hinges formed in the same position as with all other specimens with S/d = 1.3. The calculated

angles, ¢°, and the effective widths for each ratio S/d are synopsized in Table 8.
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S/d=1.1 S/d=1.2 S/d=1.3
¢° ¢/2(mm) @° ¢/2(mm) @° c/2(mm)
71.37 0.474d =149.26 68.67 0.464d =146.31 67.5 0.451d =141.92

Table 8: Angle ¢° and effective widths c/2 for all model S/d ratios. The effective widths
are close to 0. 5d = 175mm, 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 5950-1:2000 [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 “column” 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 5950-1:2000 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 S/d = 1.1,1.2. 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 \/sg + d? but \/sg + (0.5d)?. 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, b,, is taken as half the web-post width. The formula is now
updated to:

Vy Vo V
g = = =
2b,t,, zs?otw Sotw

Where ¢ was the compressive stress in MPa, I}, was the Vierendeel shear force, s, the web-post
width, and ¢, 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 0.5, due to the

assumed fixed-fixed conditions:
l, =05 /sg + (0.5d)?

The effective length is altered in the way demonstrated above for the cases when S/d = 1.1,1.2.
For the S/d = 1.3 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:
S/d=1.3

l, =07 /sg + (0.5d)2

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

V12

tw

A

The slenderness values are used to find the buckling curves of type C which are necessary to give
the compressive strength, p., of the web-post [18]. Then, the Vierendeel shear force is calculated

by:
Vy = 2bepcty, = SoPctw

Hence, the compressive strength is estimated as:




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 §/d = 1.1, 1.2, and as a pinned support
forS/d =1.3.

s/d 1.1 1.1 11 [ 12 ] 1.2 1.2 13 1.3 13
t,,(mm) 5 7.6 10.5 5 76 | 105 5 76 | 105
o(Mpa) 259 311 331 [ 250 3045 | 328 | 166 | 250 | 295

Table 9: Compressive stresses for the models studied, considering post buckling strength
according to BS5950-1:2000[18].

t,,(mm) t,(mm) S/d=1.1 S/d=1.2 S/d=1.3

5 514.29 368.25 260.32

5 10 653.97 385.71 277.25

15 666.67 425.40 292.06

5 472.01 355.05 295.18

7.6 10 572.26 396.83 303.54
15 705.93 445.56 323.03

5 453.51 380.95 286.22

10.5 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 BS5950-1 where S/d = 1.1,1.2. For S/d = 1.3 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 S/d = 1.1, 1.2 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 S/d 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, d, and critical opening, a * d, where a =
0.45. This approximated estimation for a due to the fact that the angle ¢° was very close in
magnitude for all S/d ratios. The formula was as follows:

V;) Mplastic

2 axd

For cases where the thickness is 5mm, the web was considered to be semi-compact, according
to BS5950-1, and the elastic moment capacity was calculated instead in the equation above. The
plastic moment capacity was calculated, as in the previous work [5]:

Mpiastic = 0.5A¢¢0(0.5%; + fz)Py
Where:
Atee = btf + thW

X = Atee/Zb

__0.5(T = %,)* + drt,, (T — %) + 0.5d7)
2T 054 cce

dr = (428 — 315) =« 0.5 = 56.5mm
T = tf - fl

Where b, tf are the width and thickness of the flange, and dy is the depth of the upper tee.

b

¥ Wz

—_f—

“/2| |

Original Section Equivalent Rectangular
Section

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:

Meigstic = yPy = §Py
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Where I is the second moment of area of the tee section and ¥ is the centroid.

The results are presented in Table 11.

s/d 1.1 1.1 1.1 12 | 12 1.2 13 13 1.3
t,,(mm) 5 7.6 10.5 5 76 | 105 5 76 | 105
o(Mpa) 259 311 331 | 250 | 3045 | 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 1.1 and 1.2. However, for the spacing of the openings of 1.3, the failure mode is
mostly governed by buckling actions due to a lack of utilisation of the stiffeners and a small S/d
ratio. Therefore, the lower bound would be that of BS5950-1:2000. Figure 26 presents the
graphs of Tables 9 and 11:
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Figure 26: Evaluation of minimum compressive stresses from BS5950-1:2000(BS), and
Vierendeel moment capacity (Lower_Bound).

t,(mm),t,(mm) Cq C, Cs
55 1400 3570 2152
5,10 450 1220 694.5
5,15 1250 3165 1864
7.6,5 750 2295 1504
7.6,10 1250 3405 2096
7.6,15 1250 3315 1965
10.5,5 3500 9070 5592
10.5,10 2100 5630 3476
10.5,15 500 1670 1020

Table 12: Coefficients €, C, and C; of empirical design formula.

Consequently, for S/d = 1.1, 1.2 the Vierendeel moment capacity is critical for the design of
perforated cellular beams with concentric transverse stiffeners. For §/d = 1.3, the BS5950-1
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:

V, = =C1(S/d)? + C5(S/d) — C
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 S/d ratio, the web thickness and the
stiffener thickness.

Summarizing the results, it was found that the transverse stiffeners were very effective for
S/d < 1.3, while for S§/d = 1.3 they were almost ineffective; hence 1.3 was set as the upper limit.
More research into the values between 1.2 and 1.3 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 S/d < 1.3 (17 out of 18),
while at 1.3 the results were mixed with buckling appearing to be the dominating failure mode
(6 out of 9).

Transverse stiffeners alter the position of plastic hinges. Whilst the unstiffened section formed
plastic hinges near the flanges (0.25d), the stiffened sections formed plastic hinges closer to the
mid height of the web-post (0.45d).

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
S/d > 1.3 could provide further avenues for experimental research.

Alternatively, a reasonable option could be to use a different type of stiffening for openings with
S/d > 1.3. 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
S/d. 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 S/d = 1.1, 1.2 the Vierendeel moment check was chosen, and
for S/d = 1.3 the BS5950 - 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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