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Abstract - To increase the capacity of the WF profile, it can be modified by changing its geometry into a castellated beam.
Castellated beams have several variations of opening shapes. In 2020, the author obtained the bending behavior of a hexagonal
opening castellated beam, which resulted in optimum bending capacity at a hexagonal opening angle of 450. In this study, the
difference in bending strength produced by the hexagonal opening castellated beam and modified opening shape will be
investigated. ANSYS numeric testing was conducted to determine the behavior of the castellated beam. The test model used in
this study was a modified opening castellated beam with several variations of shapes (M1 to M5). Based on the results of the
ANSYS numeric testing, the optimum castellated beam from the modified opening shape was found to be a diagonal Warren-
type opening (M2) with Pyield=110.8kN and Pultimate=170.5kN. The bending capacity of the modified opening shape
castellated beam was then compared to the hexagonal opening castellated beam. The modified opening shape produced better
results than the hexagonal opening shape. The hexagonal opening castellated beam had Pyield=61.7kN and Pultimate=95kN.

The deformation experienced by the modified opening shape castellated beam was smaller than the hexagonal opening shape,

indicating that the modified opening shape had a greater moment of inertia than the hexagonal opening shape.

Keywords - Castellated modification, Flexural beam, Steel structure, Materials, ANSYS.

1. Introduction

In steel structures, WF profiles are commonly used as
beam elements. However, WF profiles have limited capacity
for supporting loads over certain long spans. If abeam element
needs to support a heavy load, a larger WF profile is required,
which leads to increased weight and cost of the structure.
Therefore, efforts are needed to enhance the load-carrying
capacity of WF beams [1]-[5]. One approach to improve their
capacity is by modifying the structure's geometry. In
conventional WF steel beams, the geometry can be modified
by creating a castellated beam. A castellated beam is created
by cutting a WF profile into two pieces with various cutting
patterns and then rejoining them into a single unified beam
element to support loads [6]-[11]. The height of the beam will
increase, resulting in an increase in the moment of inertia of
the beam [12], [13]. Castellated beams aim to increase the
bending capacity of the beam element. In addition to
enhancing the bending capacity, castellated beams can also
produce lightweight structures. The resulting structure will be
lighter, with an increased bending capacity than a
conventional WF beam [ 14]-[20].

©

In 2020, the author conducted a study on the flexural
capacity comparison between conventional WF beams and
hexagonal opening Castellated beams. The study involved
empirical and numeric ANSYS analytical testing with
hexagonal opening angles of 00 (conventional WF beam) [31],
200, 300, 450, 500, and 600. The study found an increase in
the flexural capacity with the addition of castellated beam
geometry with hexagonal openings [22]-[24]. The larger the
opening angle, the greater the increase in flexural capacity, but
the optimum opening angle occurred at 450-500 degrees.

Based on the previous research results, the author wants
to compare the flexural capacity between hexagonal
castellated beams and a modification by adding angle profiles.
In this stage, the development is carried out by cutting the
conventional WF beam into two parts and adding L-angle
profiles to connect the two parts to form a complete beam for
carrying the load. Then, the development of the beam is
compared with the castellated beam studied in the previous
stage to obtain the most efficient geometry.
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2. Method
2.1. Material Properties

The method used in this research is numerical testing
using ANSYS software. The material used for ANSYS
modeling in this research is steel sheet material from Malang
City, which has been previously studied by Arya in 2017 in
the research titled "Behavior of Corrugated Web Plate
Girder".

Table 1. Material properties

Properties Value | Units
Yield strength, f, 240 Mpa
Ultimate Strength, f, 370 Mpa
Modulus Elastis, E; 200000 Mpa
Yield strain, e, 00012
Plateau strain, e, = 6 * ey 00072
Ultimite strain. e, 0.05

Siress-strain of steel material
60000

50000 e

40000

30000

Stress, fiy

20000

10000

0
0.00000 0.01000 0.02000 0.03000 0.04000 0.05000 0.06000
Strain, ey

Fig. 1 Stress-strain curve of the steel material used in the study

The material will be inputted into the ANSYS software
using the Structural Steel Nonlinear material data with a
multilinear isotropic system. The selection of the nonlinear
material data is intended to achieve the fracture phase in the
ANSYS numeric running results to reflect the structure's
actual behavior [25]-[28]. Then, with the multilinear system,
the stress-strain relationship points shown in Figure 1 can be
inputted into ANSYS. Hexagonal opening Castellated beam
with an optimum angle of 45 degrees, as shown in Figure 2.

In this study, a modified Castellated beam will be created
from a WF 150x75x5x7 steel profile with a span of 2000mm,
with the following geometric variations:

|
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Fig.2 Castellated beam model with 450 opening angle [29]
Table 2. List of specimens in the study
No | Model The Total Profile The L-shaped The position of the angle Model
Height(mm) profile profile volume(mm3)
1 M1 300 225255 Vertikal 4542700

2 M2 300 225255 Diagonal Warren 4622294155
3 M3 300 225255 Diagonal Howe 4622294155
4 M4 300 2125255 Diagonal Pratt 4622294155
5 M5 300 2125255 Diagonal Bowstring 4622294.155
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Model M1 p Model M2

Model M4

Model M3 g

Model M5

two paints load

¥ 2000 mm
Fig. 3 NNustration of test setup

22.The Test Setup

This research was conducted through computer numerical
testing using ANSYS. The test object is a beam with a span
length of 2000mm, supported on two simple supports, namely
a hinge and a roller. The load given is in the form of two-point
loads at the center of the span with a distance of 200mm
between the load points. The load is gradually applied to the
beam until it reaches failure. To measure deflection, a nodal
deformation direction is given on the bottom side of the beam,
precisely in the middle of the span. Moreover, nodal strain is
given on the top flens side, middle web side, and bottom flens
side in the middle of the span for measuring the value of
bending strain.

3. Result
3.1. The Flexural Capacity of Castellated Beam with 45°
Hexagonal Opening

In 2020, the author conducted research on the bending
behavior of castellated beams with hexagonal openings. In the
study, both manual mathematical analytical and numerical
analytical tests were performed on several models with
varying hexagonal opening angles.

0.00 300.00

150.00

b3
600.00 () i
— mim, .
250,00

Fig. 4 Testing setup for hexagonal castellated beam
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Fig. 5 Deformation shape of castellated beam with 450 hexagonal opening angle
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Load - Deformation, Castellated beam
hexagonal opening angel 45 degree
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Fig. 6 Load-deformation curve of castellated beam with 450 hexagonal
opening angle

The opening angle variations included 0 degrees
(conventional beam), 20, 30, 45, 50, and 60 degrees. Among
the various angles tested, the optimal opening angle was found
to be 45 degrees, with a yield load (Py) of 61.7 kN and an
ultimate load (Pu) capacity of 95 kN.

The Castellated beam with a 450 hexagonal opening
angle obtained the highest bending capacity compared to

several other opening angle variations. It can be said that
converting the conventional WF beam into a Castellated beam
with a 450 hexagonal opening angle can provide an increase
in bending capacity. The increase in moment of inertia of the
hexagonal opening Castellated beam makes the bending
capacity higher than that of the conventional WF beam.
According to Hayder Walfi, the Castellated beam can increase
ultimate strength by about 50% compared to the original
conventional profile. Based on these results, the Castellated
beam with a 450 hexagonal opening angle will be compared
to the modified Castellated beam in terms of bending capacity.

3.2. Bending Capacity of Modified Castellated Beam

To obtain a comparison of the flexural capacity between
the hexagonal castellated beam and the modified castellated
beam, a similar testing setup was conducted with the same
beam span and load position for the hexagonal castellated
beam. There were 5 variations of modified models tested, and
the deformation contour for each model is shown in Table 3.

This study determined the ultimate load capacity
achieved by each model. The variation in these models was
only in the placement direction of the angle bars, with uniform
steel volume. The most optimal variation was Model M2 with
diagonal Warren angle bars, as the angle bars can serve as both
tension and compression members.

Table 3. Deformation Pattern of Modified Castellated Beam

Model M1 (Vertikal)

Model M2 (Diagonal Warren)

Model M3 (Diagonal Howe)
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Table 4. Comparison of Capacity/Vol Ratio
Yield Ultimate Ratio ( Capacity
Load(py),kN | Load(Pu),kN | Yolume(mm3) / Volume)
Castellated Hexagonal Note: Ratio to
Opening 45deg 617 93 3390200 1.0 Hexagonal Opening
Castellated
Modification M2 110.8 170.5 4622294 1.39
Load - Deformation 33. Comparison of Flexural Capacity between Hexagonal
1000 Castellated Beam and Modified Versions
160000 ,»"’ To obtain the most optimum opening geometry for the
P castellated beam in terms of increased flexural capacity, a
p—, /d'/ comparison was made between the results of the castellated
4 beam with 450 hexagonal opening angle and the modified
120000 .x" castellated beam M2. The comparison results can be seen in
¢ the following figure.

2 100000 I ——Ml1 . . . .
= e M2 The bending capacity value of the modified Castellated
2 w0000 M3 beam can provide Py=110kN and Pu=170kN, while the
) —————— M4 bending capacity that can be provided by the hexagonal
H0000 )’,_-——f"‘ —— NS Castellated beam is only Py=61.7kN and Pu=95kN. Although
{(' the modified Castellated beam requires more steel volume, it
40000 can provide a much higher capacity than the hexagonal
Castellated beam. Therefore, if the ratio of capacity/volume is
20000 considered, the modified Castellated beam is far superior.
b Thus, if the modified Castellated beam is designed to have the
e . - ; same capacity as the hexagonal Castellated beam, it only

500100 150 200 250 300 350 400 ; . .
Deformation on mid span (mm) requires a lighter weight.

Fig. 7 Load-deflection curve of modified Castellated Beam model
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Fig. 8 The load-deflection curve comparison between the hexagonal
Castellated beam and the modified Castellated beam model M2

Meanwhile, the least optimal was Model M4, where the
angle bars were placed in a state of tension only, causing no
bracing member to support the load at the load-bearing point.
This weakness caused Model M4 to have the lowest load
capacity and the largest deflection at the load-bearing point,
where there was no plate or angle bar support.
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4. Conclusion
Based on the results of the testing and discussion, several
conclusions can be drawn:

» Based on the test results and discussions, it can be concluded
that the Castellated Beam with modification has the most
optimum bending capacity compared to the hexagonal
opening. The bending capacity of the modified Castellated
Beam can reach Py=110kN and Pu=170kN, while the
bending capacity of the Castellated Beam with a hexagonal
opening only reaches Py=061.7kN and Pu=95kN. Although
the modified Castellated Beam requires more volume of
steel, it can provide much higher capacity than the hexagonal
opening. Therefore, based on the ratio of capacity to volume,
the modified Castellated Beam is superior. Thus, if the
modified Castellated Beam is designed to have the same
capacity as the hexagonal opening, it will only require a
lighter weight.

® The M2 model with a diagonal Warren angle section is the
most optimal variation. This is because the angle section can
serve as both tension and compression members.
Meanwhile, the least optimal variation is the M4 model,
where the angle section is placed in a state of tension only,
so there is no supporting member at the point where the load
is applied. This causes the M4 model to be the weakest in
carrying loads, with the weakest condition being at the point
where the load is not supported by the plate or the section
(the largest deflection occurs at the load point).




Yuslena Sari etal. ! IJETT, 71(7), 426-432, 2023

References

[1] P.Doung, and E. Sasaki, “Load-Deformation Characteristics and Performance of Internal Diaphragm Connections to Box Columns,”
Thin-Walled Structures, vol. 143, 2019, [CrossRel] [Google Scholar] [Publisher Link]

[2] Norihito Miki et al, “Evaluation of Seismic Performance of Steel Frame Consisted of WF Beam and RHS Colum with Low Joint
Efficiency in Beam Web,” Journal of Structural and Construction Engineering (Transactions of ALT), vol. 82, no. 737, pp. 1113-1123,
2017. [CrossRef] [Google Scholar] [Publisher Link]

[3] Ricardo A. Herrera et al., “Modeling of Composite MRFs with CFT Columns and WF Beams,” Steel and Composite Structures, vol. 43,
no. 3, pp. 327-340, 2022. [CrossRel] [Google Scholar] [Publisher Link]

[4] Yujie Yu, Zhihua Chen, and Xiaodun Wang, “Effect of Column Flange Flexibility on WF-Beam to Rectangular CFT Column
Connections,” Journal of Constructional Steel Research, vol. 106, pp. 184-197,2015. [CrossRel] [Google Scholar] [Publisher Link]

[5] P.Doung, S. Leelataviwat, and E. Sasaki, “Tensile Strength and Failure Mechanism of Internal Diaphragms in Wide Flange Beam-to-Box
Column Connections with Concrete Filling,” Jowrnal of Building Engineering, vol. 34, 2021, [CrossRel] [Google Scholar] [Publisher
Link]

[6] Sika Shrestha, Seong Ro Lee, and Dong-You Choi, “A New Fractal-Based Miniaturized Dual Band Patch Antenna for RF Energy
Harvesting,” International Journal of Antennas and Propagation, vol. 2014, 2014, [CrossRel] [Google Scholar] [Publisher Link]

[7] Sergey M. Kozlov, Francesc Vines, and Andreas Gorling, “Bandgap Engineering of Graphene by Physisorbed Adsorbates,” Advanced
Materials, vol. 23, no. 22-23,2011. [CrossRel] [Google Scholar] [Publisher Link]

[8] Cheng-Wen Cheng et al., “Angle-Independent Plasmonic Infrared Band-Stop Reflective Filter Based on the Ag/SiO_2/Ag T-shaped
array,” Optics Letters, vol. 36, no. 8, pp. 1440-1442, 201 1. [CrossRel] [Google Scholar] [Publisher Link]

[9] Darmadi B. Djarot et al., “Stress Corrosion Cracking Threshold for Dissimilar Capacitive Discharge Welding Joint with Varied Surface
Geometry,” Applied Sciences, vol. 10, no. 6, p. 2180, 2020. [CrossRel] [Google Scholar] [Publisher Link]

[10] Rubén Mufioz Pavén et al., “New Use of BIM-Origami-Based Techniques for Energy Optimisation of Buildings,” Applied Sciences, vol.
12, no. 3, p. 1496, 2022, [CrossRef] [Google Scholar] [Publisher Link]

[11] S. Kamal Krishnam Raju, and Prasad S. Onkar, “Lattice_Karak: Lattice Structure Generator for Tissue Engineering, Lightweighting and
Heat Exchanger Applications[Formula presented],” Software Impacts, vol. 14,2022, [CrossRel] [Google Scholar] [Publisher Link]

[12] Hayder Wafi Al-Thabhawee and Muslim Abdul-Ameer Al-Kannoon, “Experimental Study of the Behaviour and Failure Modes of Tapered
Castellated Steel Beams,” Open Engineering, vol. 12, no. 1, 2022, [CrossRel] [Google Scholar] [Publisher Link]

[13] Er. Nishant Rana, and SiddhantRana, “Structural Forms Systems for Tall Building Structures,” SSRG International Journal of Civil
Engineering, vol. 1, no. 4, 2014, [CrossRel] [Google Scholar] [Publisher Link]

[14] Hao Du et al., “Flexural Performance of Composite Beams Using High-Stren gth Steel and High-Strength Concrete,” International Journal
aof Steel Structures, vol. 22, no. 1, 2022, [CrossRel] [Google Scholar] [Publisher Link]

[15] Krishna Priyanka Garikapati, and Pedram Sadeghian, “Mechanical Behavior of Flax-Lime Concrete Blocks Made of Waste Flax Shives
and Lime Binder Reinforced with Jute Fabric,” Jowrnal of Building Engineering , vol. 29,2020, [CrossRel] [Google Scholar] [Publisher
Link]

[16] Ying Yu et al., “Fire-Resistance Mechanism and Residual Bearing Capacity of Prestressed Concrete Beams after Fire Exposure,” Journal
of Structural Engineering , vol. 147, no. 8, 2021, [CrossRel] [Google Scholar] [Publisher Link]

[17] Niloufar Moshiri et al., “Flexural Strengthening of RC Slabs with Nonprestressed and Prestressed CFRP Strips Using EBROG method,”
Composites Part B: Engineering, vol. 201, 2020. [CrossRel] [Google Scholar] [Publisher Link]

[18] Ahmed W. Al Zand et al, “Stiffening Performance of Cold-Formed C-Section Beam Filled with Lightweight-Recycled Concrete
Mixture,” Materials, vol. 15, no. 9, 2022, [CrossRel] [Google Scholar] [Publisher Link]

[19] Hari Suprapto, Sri Tudjono, and Rr. MI. Retno Susilorini, Study of the Role of CFRP Shear on Increased Bending Capacity of Reinforced
Concrete Beams, Engineering , Information and Agricultural Technology in the Global Digital Revolution, CRC press, 2020. [CrossRel]
[Google Scholar] [Publisher Link]

[20] Yo-Jin Songet al., “Evaluation of the Bending Performance of Glued CLT-Concrete Composite Floors Based on the CFRP Reinforcement
Ratio,” Bio Resources, vol. 17, no. 2, pp. 2243-2258, 2022, [CrossRel] [Google Scholar] [Publisher Link]

[21] Er. Nishant Rana, and SiddhantRana, “Structural Forms Systems for Tall Building Structures,” SSRG International Journal of Civil
Engineering, vol. 1, no. 4, 2014, [CrossRel] [Google Scholar] [Publisher Link]

[22] Altaf H. Khan, and Reaz A. Chaudhuri, “Fan-Beam Geometry Based Inversion Algorithm in Computed Tomography (CT) for Imaging
of Composite Materials,” Composite Structures, vol. 110, no. 1, pp. 297-304, 2014. [CrossRel] [Google Scholar] [Publisher Link]

[23] Shakeel Safdar et al., “The Effect of Nonconventional Laser Beam Geometries on Stress Distribution and Distortions in Laser Bending of
Tubes,” Journal of Manufacturing Science and Engineering, vol. 129, no. 3, pp. 592-600, 2007. [CrossRel] [Google Scholar] [Publisher
Link]

[24] Salman Nisar et al., “The Effect of Laser Beam Geometry on Cut Path Deviation in Diode Laser Chip-Free Cutting of Glass,” Jowrnal of
Manufacturing Science and Engineering ,vol. 132, no. 1, 2010. [CrossRel] [Google Scholar] [Publisher Link]




Yuslena Sari etal. ! IJETT, 71(7), 426-432, 2023

[25] Narasimhulu Andriya, Vamali Dutta, and Vemula Vijaya Vani, “Study on 3D Printed Auxetic Structure-Based Non-Pneumatic Tyres
(NPT’S),” Materials and Manufacturing Processes, vol. 37, no. 11,2022, [CrossRel] [Google Scholar] [Publisher Link]

[26] Amol J. Mehetre, and Rajashekhar S. Talikoti, “Prediction of Ultimate Load Carrying Capacity of Castellated Beams by Experimental
and Analytical Investigation,” International Journal of Structural Engineering, vol. 11, no. 2, pp. 107-126, 2021. [CrossRel] [Google
Scholar] [Publisher Link]

[27] Danny Santoso Mintorogo et al., “Harvesting Renewable Energies through Innovative Kinetic Honeycomb Architectural Facades: The
Mathematical & CFD modeling for Wind Turbine Design Optimization,” Jowrnal of Asian Architecture and Building Engineering, vol.
21, no. 6, pp. 2593-2604, 2022. [CrossRel] [Google Scholar] [Publisher Link]

[28] Abdulnaser M. Alshoaibi, and Yahya Ali Fageehi, “3D Modelling of Fatigue Crack Growth and Life Predictions using ANSYS,” Ain
Shams Engineering Journal, vol. 13, no. 4, 2022, [CrossRel] [Google Scholar] [Publisher Link]

[29] Ida Barkiah, and Arya Rizki Darmawan, “Comparison Behavior of Flexural Capacity Castellated Beam of Hexagonal Opening With Circle
Opening,” International Journal of Civil Engineering and Technology, vol. 12, no. 8, pp. 32-43, 2021. [CrossRel] [Google Scholar]
[Publisher Link]

[30] Kala Suresh Bhangennavar, and Basavaraj Saunshi, “Alternate Design forms for an Industrial Structure,” SSRG International Jowrnal of
Civil Engineering ,vol. 9, no. 8, pp. 1-9, 2022, [CrossRef] [Publisher Link]

[31] Mahmud M.S. Dwaikat, “On the Plastic Moment-Shear Interaction Curves of Steel Sections under Fire,” Jowrnal of Structural Fire
Engineering, vol. 7,no. 2, pp. 97-113, 2016.[CrossRel] [Google Scholar] [Publisher Link]




