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ANALYSIS OF
RESISTANCE AND
STABILITY OF
CASTELLATED
COMPOSITE BEAM FOR
DIFFERENT NUMBER OF
SHEAR CONNECTORS

One castellated and seven composite
castellated beams are modeled using the
software package SAP2000. The composite
beams are modeled using link elements as
shear connectors with stiffness of 100 kN/mm.
For the composite models, one beam with 52
links, four beams with 26 link and two beams
with 15 links are adopted with different
positioning: above the openings, above the
web-posts and uniformly along the beam. It was
determent that the increase of shear
connectors leads to increase of normal stresses
in the corners of the first opening, where in
comparison with castellated beam there is 30 %
and 15 % rise for 52 links and 15 links above
openings correspondingly for uniform load of 39
kN/m’. There is also a difference of 5 %
between the stresses for links above openings
and above web-posts, where the favorable
position is that across the openings. According
to the previous, the most commending beam
will be with fewer shear connectors positioned
above the openings. Therefor it can be
assumed that it is best to design the castellated
composite beam with partial shear connection,
otherwise it would have to ensure full web near
supports or increase the stiffness of the bottom
part of the beam — concluding an optimized
asymmetric section.

Keywords: castellated beam, composite beam,
partial shear connection, local stability

1. INTRODUCTION

The stiffness of an | or H steel beam section can
be increased by two means: with composite
action; and cutting the web along the
longitudinal axis in a zig zag or other pattern,
and welding the two parts together in a way to
produce a higher section where the stiffness
can be increased by 40 % (Figure 1.)
Depending on the cutting pattern, numerous
types of beams can be fabricated: castellated
beam, cellular beam, beam with sinusoidal and
elongated openings. As the most optimal
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geometry, according minimal waste material
and one cutting procedure in production, for this
research castellated beam is used.
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Figure 1. Castellated beam and cutting line.

In some instances, the choice for this type of
beam may not be obvious, like in structures
where there is substantial concentrated loading
(bridges) or for heavy loaded continuous beams
where reinforcement is needed around the
critical openings, thus increasing the production
price. The structural advantage of this type of
beam is seen at long span structures where the
design is governed by serviceability limit state
(SLS). As for functional advantage, the passing
of installation through openings and easier
installation of secondary structural systems
(like ceiling system) provide optimal
exploitation of space which can be significant
for multistory buildings.

Beside the mentioned advantages, the
openings disrupt the stress flow along the web
where stress localization occurs at the edges of
the openings resulting in additional modes of
failure. Experimental and finite element studies
on castellated beams have reported six main
different modes of failure (Kerdal and Nethercot
(1984)): (1) flexural ~mechanism, (2)
‘Vierendeel’ or shear mechanism, (3) rupture of
welded joints, (4) lateral torsional buckling and
web-post buckling due to (5) shear or (6)
compression.

Vierendeel mechanism is associated with high
shear forces where plastic hinges are formed at
the edges of the web openings due to
secondary bending moments which are result
from the action of shear force in the tee-
sections over the horizontal length of the
opening (ler = €). In oppose of non-composite
castellated beam, the composite action
increases the Vierendeel resistance for Mvc/les
where it depends on the number of shear
connectors above the opening, the uplift
resistance and length of the opening (Lawson
et al. (2013)), figure 2. The composite action
also changes the position of the neutral elastic
and plastic axis - moving it toward the concrete
slab, which results in decrease of the horizontal
shear force (Vhed) and bending moment (Mned)
in the narrowest part of the web-post. Because
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the web-post buckles under high horizontal
shear force, the redistribution of internal forces
is in favor.

In general, the composite action has positive
impact on the resistance and stability of the
castellated beam and is closely associated with
the number, resistance and position of the
shear connectors. Despite the numerous
studies, there is very little research on the
stress distribution around the openings for
different number of shear connectors and their
configuration above the openings and web-
posts. Most of the provided research gives a
correlation of the resistance and stability to the
opening geometry and concrete strength.

Sheehan et al. (2016) [7] conducted an
experiment on two unpropped asymmetric
composite cellular beam for determining the
minimal shear connection degree. They
concluded that the provided minimal shear
connection degree requirement according
EN1994-1-1 for composite steel beams cannot
be used for this type of beams.
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Figure 2. Vierendeel bending and Vierendeel
resistance moment due to composite action.

The obtained minimal degree was 36 %, almost
half of the calculated minimal degree according
the analytical relations in accordance to EN.
Aggelopoulos et al. (2018) [1] also conducted
research for this specific topic. They provided
relations for calculating the minimal shear
degree for propped and unpropped composite
beams with the conclusion that if the opening
diameters for symmetrical and asymmetrical
beams exceeds 60 % of the height, the minimal
shear degree can be relaxed.

The aim of this research is to define the
difference in stress distribution for different
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number of shear connectors and configuration
along the beam, as for the optimal position and
correlation to the different modes of failure.
Also, analytical computation is made based on
the existing manuals (SCI publication P355,
Lawson and Hicks (2011) [6]) and working
documents (Lawson et al. (2006), [5]) according
to EN 1994-1-1 for comparison with the
numerical results

2. NUMERICAL ANALYSIS

In the software package SAP2000 seven
composite symmetrical castellated beams are
modelled using finite elements for the steel and
concrete section and link elements for the shear
connectors. All the models are geometrically
identical, except for the number of shear
connectors. The geometric recommendations
(empirical relations) for balanced failure
between modes that are given in literature are
taken in consideration while defining the
geometry.

2.1 MATHEMATICAL MODEL

IPE550 is adopted for the base steel beam and
it's cut in a pattern that a castellated beam with
full height of 750 mm are made.
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Figure 3. Seven composite castellated beams with
different number of shear connections — links (52,
26 and 15 links)

The height (ho) and width of the openings
(2xb+e) are taken as 250 mm and

2x200+200 = 600 mm, while the width (bs)) and
thickness (hs) of the slab are 260 mm and
62 mm. The height of the shear connectors is
86 mm in length and the same are modelled as
link elements with stiffness 100 kN/mm,
meaning all the models have full composite
action. The beams are modeled as simple
supported spanning 10 m (Figure 3). For the
steel S235 grade is used, while for the concrete
slab class C30/37 with o-€ curve according EN
for nonlinear analysis.

The concrete slab and steel beam are modeled
with 2D shell elements with discretization of
50x6500 mm and 50x50 mm (Figure 4). The
discretization for the steel beam is made denser
because the main goal of this research is the
effect of composite action on the structural
behavior of the steel beam. Because of the high
concentration of stress in the corners and the
openings in the web, despite the ratio h/L, thick
shell elements are used for the web, as for the
flanges and concrete slab thin shell elements.
For the shear connectors linear type link is used
with stiffness 100 kN/mm in U1 and U2 direction
and fixed in U3 direction.

Figure 4. 3D model of composite castellated beam.

To simulate simple support, restrains with free
rotation in all directions are assigned to the end
joints in line with the beam axis for the non-
composite beam, while for the composite beam
additional restrains are assigned on the end
joints at the support of the slab.

According the analytical calculation, based on
the strut model method for web-post buckling
analysis, it is expected the castellated beam to
first lose its stability under loading of 15 kN/m?,
while the other given methods in literature,
Aglan and Redwood (1974) [7] and Wang
(2016) [9], compute 24 kN/m? and 23 kN/m?
critical loading. That is why it is decided to load
the slab with uniform load from 1.0 kN/m? to
15 kN/m?2,

Analysis of resistance and stability of castellated composite beam for different number of shear connectors 95| P age



Scientific Journal of Civil Engineering ¢ Volume 9 ¢ Issue 1 « July 2020

2.2 PROCESSING

Two types of analysis are made: (1) nonlinear
static analysis with geometric imperfection (P-
8) — Newton Raphson method; (2) buckling
analysis with 6 modes. The fist type of analysis
is used because of the high stress
concentration in the corners of the openings
and the additional generated moment in the link
elements from the force transfer while the beam
is deformed. With this we simulate the
Vierendeel bending (figure 2).

2.3 POSTPROCESSING

In table 1. the maximum loading and internal
forces are given for web-post buckling failure.
The critical web-post is the one closest to the

support where the shear forces are largest.

For representing the stress flow along the
beam, normal stresses S11 are shown in the
following graphical figures along lines 1-1 and
2-2 as given in figure 5. Beside the graphical
figures, additional tables are presented, where
table 2 correlate the increase and decrease of
stresses along the first opening between the
non-composite and composite models, given in
percentage; and table 3 presents the ratio
between the stresses in the beginning and end
of the opening for normal and shear stress. In
addition to this, a graphical presentation is
given in figure 9 and figure 10 for the effect of
composite action on the distribution of the
maximal Smax and minimal Smin normal stresses
along the beam (half span), as of shear stress.

Table 1. Maximum loading and internal forces during failure from local stability of web-post with double curvature

n q Vq Mq
[KN/m'] [%] [kN] [KNm]
Castellated beam 0 96.26 100 385.06 433.19
Composite a) 52 115.18 120 460.71 518.30
Composite b) 26 106.61 111 426.45 479.75
Composite c) 26 109.04 113 436.18 490.70
Composite d) 15 105.57 110 422.27 475.05
Composite €) 15 105.85 110 423.40 476.33
Composite f) 26 108.56 113 434.24 488.52
Composite g) 26 108.71 113 434.82 489.18
n — number of links
g — uniform linear loading
Table 2. Difference in normal S22 and shear S12
! Wl stress between non-composite and composite
) - castellated beam for top tee

Figure 5. Line 1-1 and 2-2 along the top and bottom
of the openings for presenting the stress flow
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Figure 6. Web-post buckling of first web-post under
loading of 15 kN/m?
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[r:fr’n] 500* 550 600 650 700*
% S11
a) -31.10 -43.01 -1269 69.89 24.56
b) -30.71 -42.80 -1215 57.71 15.88
c) -25.38 -34.68 -98.73 53.36 17.82
d) -21.64 -2758 -65.17 19.62 -1.28
e) -1420 -20.26 -60.50 3350 11.46
f) -26.25 -36.32 -117.1 78.72 28.92
q) -32.26 -4330 -1158 50.87 10.49
% S12
a) -18.18 -12.61 -1579 1.00 -7.76
b) -30.71 -42.80 -1215 57.71 15.88
c) -19.29 957  -13.92 1.81 -11.1
d) -11.83 -14.92 -1351 -12.7 -155
e) -12.49  -3.00 -7.62 376 -124
f) -17.64 -12.44  -8.96 1049  0.17
q) -16.13 -1851 -15.34 -13.0 -14.1
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Figure 7. Normal stresses of top tee section along
line 1-1 for loading of 15 kN/m?
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Figure 8. Normal stresses of bottom tee section
along line 2-2 for loading of 15 kN/m?

Table 3. Percentage ratio for normal S11%/S11? and
shear S121/S12? stress between the beginning (1)
and end (2) corners of the opening and ratio
between the top and bottom corners S11t©r/S17bot

S11Y/S112 S12YS122  S11'P/S11bet
1 2
%

Castell.  -1.64 1.22 099 -0.75
a) -2.85 1.33 -13.24 -0.67
b) -2.55 1.23 -6.15 -0.76
c) -2.50 1.31 6.32 -0.73
d) -1.97 1.18 3.74 -0.91
e) 2.12 1.22 -4.64 -0.81
f) -2.92 1.43 -4.73  -0.64
9) -2.43 1.24 -5.54  -0.79

3. RESULTS AND DISCUSSION

Based on the previous given figures we can see
that the increase of shear connectors increases
the normal stresses at the beginning of the first
opening for around 30 % for model a) (52 links)
and 14 % for model e) with one link over one
opening. At the end of the opening, model f)
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Figure 9. Maximum normal stress Smax of composite
beam model e) for loading of 15 kN/m? , MPa

Figure 10. Minimal normal stress Smin of composite
beam model e) for loading of 15 kN/m? , MPa
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Figure 11. Shear stress Si2 of composite beam
model e) for loading of 15 kN/m?, MPa

with two links over opening has the greatest
reduction of normal stress — 29 %. Based on
table 2 we can clearly give a conclusion that for
composite castellated beams the best option is
to distribute less shear connectors with higher
bearing resistance than more shear connectors
with lower resistance. Also, the models with
shear connectors above the opening give
around 5 % smaller normal stress and 1 %
higher shear stress in the corners than the
models with connectors above web-posts.
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Another thing to point is the significant
difference between the stresses at the
beginning and the end of the opening, Table 3
presents that ratio and we can observe that the
difference is less for composite beam with 15
links than those of 52 and 26 links. The same
goes for the ratio between the stresses of upper
and lower Tee section. We can see that the
composite action initiates redistribution of the
internal forces, resulting in a more stressed
upper Tee section. From this fact we can
assume that using asymmetrical section where
the lower Tee has higher moment of inertia than
the upper Tee section, we can facilitate stress
reduction in the upper part.

Beside the given above, the increase of shear
connectors improves the stability of the web-
post, but according to previous research, this
failure mode is less likely to occur if the
geometry is properly defined in accordance with
suggested empirical relations for balanced
failure between modes. For 52 links the stability
is increased by 20 %, while for 15 links
by 10 %.

4. CONCLUSION

Based on the numerical results we can
conclude the following:

(1) Using less shear connectors with
higher bearing resistance is more
optimal rather than more shear
connectors with lower resistance for
obtaining full composite action, which
results in lesser stress accumulated
around the first opening;

(2) Increasing the number of shear
connectors may improve the stability of
the web-post against buckling;

(3) The most favorable position of the
shear connectors based on the normal
stress is above the opening where
there is 5 % increase of resistance
against the same number of shear
connectors with a position over the
web-post;

(4) Based on the analytical relations and
finite element analysis, the most
probable optimal design of a
castellated beam with composite action
is an asymmetric castellated beam that
can be formed with larger lower Tee
section, or with asymmetrical position
of the openings (toward the concrete
slab) along the axis.
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