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Abstract

The present study focuses on conducting experimental and numerical
anayses to examine the performance of composite castellated beams
subjected to repeated loading. This study investigates multiple parameters,
such as shaped openings (hexagonal, circular, and square) and shear stud
spacings of 150 mm and 300 mm, in both the presence and absence of
stiffeners. The experimental work involved conducting experiments on
materials mechanical and chemical properties. The beams underwent
repeated (25%Pu-50%Pu-75%Pu-100%Pu, etc.) and monotonic loading. In
addition, the extension ratio resulted in a 50% increase in the height of the
web. In the experimenta phase, fifteen composite sections were fabricated,
with three of them serving as control samples. The connection between the
concrete deck dlab and the steel |-beam was established using headed steel
studs welded onto the top flanges. The deck slab has dimensions of 1500 mm
in length, 350 mm in breadth, and 70 mm in thickness. The structural element
utilized was an I-beam, namely an |PE 140, with alength of 1500 mm. The
composite beams were categorized into five groups based on variable factors.
Each group is comprised of three beams. The study found that certain factors
significantly impact the structura integrity of composite castellated beams.
Decreased spacing increased load-carrying capabilities and decreased
deflections. The design of the opening significantly affects the performance,
with hexagonal configurations regularly surpassing circular and square forms
in all groups, which varies from 28.26% to 100.43%, emphasizing the
structural superiority of hexagona apertures. Furthermore, the distance
between shear connections significantly impacts the maximum load

capacities, resulting in variations ranging from 7.91% to 58.09%. It is crucia



to thoroughly evaluate the spacing of shear connectors in the design of
castellated steel beams. Finally, reinforcement methods demonstrate efficacy,
resulting in percentage increments in maximum load ranging from 17.89% to
66.53%. The study also compares numerical simulations and experimenta
findings using ABAQUS/Explicit software. The analysisincludes parameters
like opening configuration, shear connector distribution, and strengthening.
Finite element analysis confirms these findings, demonstrating a high level of
accuracy of around 94% in predicting ultimate load and load-deflection
correlations. The study providesvaluableinsightsinto the design of composite
castellated beams, emphasizing the need to optimize design parameters to
enhance structural efficiency.
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Chapter One: I ntroduction

1.1 General View

In current structural engineering, pursuing innovation and efficiency is
acontinuous endeavor. Engineers consistently striveto enhancethe utilization
of materials while retaining structura integrity and performance. One
Innovation that has attracted much notice is the application of castellated steel
beams (CSB). Thisintroductory chapter provides an overview of the broader
context of CSB and establishes the foundation for the remaining discussions
presented in thisthesis.

The present study investigates the structural efficacy of composite
castellated beams, which are widely utilized in construction due to their
remarkable strength-to-weight ratios. An anaysis of the experimental
performance of shear connectors, shape openings, and stiffeners under
repeated loading is conducted.

1.1.1 Castellated Steel Beam (CSB)

Castellated steel beams (CSBs) are a significant structural design and
construction innovation. The beams exhibit a distinct cellular or "castellated"
cross-sectional profile, setting them apart from conventional steel beams. The
term "castellated” is derived from its resemblance to the battlements or
crenellations found in medieval castles. The unique arrangement, defined by
evenly distributed gaps or apertures along the central section of the beam,
offers considerable Dbenefits in  many structural contexts [1].
(CSBs) are gaining popularity in construction due to their weight reduction,
load-bearing capacity, and visual appeal. They are ideal for construction
projects like commercia towers, bridges, and industrial structures. However,

their integration requires a thorough understanding of their advantages,

1



Chapter One Introduction

potential obstacles, and performance attributes [2]. Engineers must study CSB
behavior under various loading conditions to ensure safety and effectiveness.
Since World War |1, castellated beams have been used in steel construction,
but their widespread use has been limited due to high material costs and
reduced labor costs. [3]. In the present-day environment, the progress made in
automated cutting and welding technology has significantly reduced the
production expenses associated with castellated beams. The castellated beam
operates flexibly, exhibiting performance comparable to that of a Vierended
truss. As depicted in Figure 1-1, castellated beams are produced by enlarging
the diameters of rolled structural beams, augmenting their ability to bear loads

without a concurrent increase in their total weight.

Figure 1-1: Castellated Steel Beam (Hexagonal, Circular, and Square).
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Plate 1-1: Some Uses of Castellated Steel Beams (Alkafeel Garage).

1.1.2 Shear Connectors

Shear connectors are important for transmitting shear forces between
steel and concrete parts, ensuring that composite structures are strong and can
hold loads. These connectors are crucial in avoiding vertical separation or
slippage between the steel and concrete elements. In general practice, shear
connections are commonly wel ded onto the upper flange of steel beamsbefore
the pouring of concrete dlabs. The careful and thorough installation procedure
ensures that the composite component, which consists of two different
materias, operates as a single and integrated unit [4].

As illustrated in Figure (1-2), several varieties of shear connectors

are available, with the stud connector being the most commonly used, as
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shown in the same figure. The stud connector comprises a head and a plain
shank that are precisely joined to steel components via a welded collar.
Headed stud connectors are commonly preferred in composite buildings due
to their notable characteristics, including their convenient design, rapid
installation, and ability to endure shear forces from various directions
effectively.

Some of the most common ways that shear connectorsfail are when the
concrete around the connector breaks because of compression, which happens
more often when larger studs are used. Additionaly, the detachment of
connectors at their base is a common failure mode, particularly when slender

studs are involved. The influence of concrete strength on the failure load and

mechanism of failure displayed by shear connections is a notable aspect to

w1 of

consider [5].

Headed studs Oscillating perfobondstnp

a afr

Continuou perfobondstrip Waveform sirip

- _

T-shape counector Hilti HVB shear connector

Figure 1-2: Typesof Shear Connectors (Garcia 2002)[5]
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1.1.3 Reinforced Concrete Slab (RCYS)

High-strength concrete, often known as H.S.C., is typicaly used for
concrete structures with a compressive strength above 55 MPa [6]. High-
strength concreteiswell-suited for applicationsinvolving significant expected
loads, such as those encountered in constructing bridges, buildings, and
columns. Steel reinforcement, commonly in the shape of rebar, enhances the
tensile strength of concrete components. This study examines the structural
characteristics of reinforced high-strength concrete dlabs, specifically
engineered to achieve a desired strength of 60 MPa within a 28-day
timeframe. 8-mm rebars are used in high-strength concrete slabs on dlabs that
have a thickness of 70 mm.

1.2 Terminology

This section introduces various terms shown in Figure (1-3), which
will be used to define the castellated beam’s components and analyze the test
results.

Weh posl Ton Tt

Width of throat

I_I:._,"'I'_"' |

H |
2

Web post weld Batoom Tees

Figure 1-3: Components of the Castellated Beams.
+» Web Post: The portion that islocated between two openings.
s Throat Width: The horizontal cutting length on the original beam or
the portion length of the web, which is associated with the flanges.
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¢ Throat Depth: Thetotal depth of the tee section that connects the web
to the flanges.

+ Expansion Ratio (y): it isaratio between fabricated or castellated
beam depth to the original (root) beam depth.

1.3 Geometry Properties

The cutting pattern of theweb in the CSB leadsto multiple failure modes
because of variationsin its geometrical qualities caused by different opening
size. The characteristics above will have a significant impact on the beam's
behavior. For instance, enlarging the opening size to accommodate ductwork
will reduce the moment of inertia and increase the bending stress within the
tee section dueto the secondary moment of the applied shear. Therefore, there

exist relevant equations concluded by referring to Figur e (1-3) asfollows[3]:

¥ =Did (1-1)
D = 2xDT + ho (1-2)
d = 2xDT + h%2 (1-3)

1.4 Failure Modesof Castellated Beam

The failure mechanism of castellated beams is influenced by several
factors, including beam denderness, castellation parameters (such as
expansion ratio, height, angle of cut, width, spacing of the openings, and weld
length), and the kind of stress. Including hexagonal, square, and circular
apertures in the web of castellated beams will result in additiona failure
modes. Thisis due to the different geometries of the web and the passage of
shear forces via the perforated sections. There are six potential failure
scenarios associated with castellated steel beams: [7]
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1.4.1 Compression Buckling of the Web-Post
The mode of failure in castellated steel beams shares similarities with
web crippling in solid webbed beams. It is typically observed in areas near

reaction forces or under concentrated loads, asillustrated in Figure (1-4).

V.2 v.r2

Tensnn Compressian

mekling
airamErion

Busckding
deToammeati

EI:ITI_.'\E'E:-\.-;H.'. Tens=m
V2 V2

Figure 1-4: Compression Buckling of the Web Post.[7]
1.4.2 Vierendeel Bending Mechanism
The "Vierendeel mechanism" or "parallelogram action" (Figure 1-5) is
observed in regionsof high shear forceswithin structural members. Thismode
of failure results in the formation of plastic hinges at the four corners of an

opening, leading to a deformation pattern resembling a parallelogram.

7 Cracking
Yielding or // ’
buckling S S - Concrete crushing
\\\ / / //;
F F \ Compression
e
4
i/\
Y |
¥ Shear force
Web buckling =D ‘
Support / Tension o N ml?:‘;t
Yielding —
Web-post bending ~Web-post

shear

Figure 1-5:Vierended Action or Parallelogram Mechanism [8]
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1.4.2.1 Vierended Truss Analogy

The Vierendedl truss analogy for castellated beams draws parallels
between castellated beam behavior and Vierendeel truss structures. It
highlights that in regions of high shear forces, the beam behaves as if
composed of rigid rectangular panels, resulting in a deformation pattern
similar to a parallelogram. This concept aids in analyzing and designing
castellated beams, particularly in areas with high shear forces, contributing to

their efficient use in construction and engineering applications[9].

I sandan Campiowien ; e
— g \

y | - - J
Campremion Teasion / ” »
J J ——

Viersmlest Trwss Analogy (etormed Shape

Figure 1-6: Vierendedl Truss Analogy [9].

1.4.3 Shear Buckling of the Web-Post

This occurs when the horizontal shear force within the web post is
associated with double curvature bending aong the height of the post. In
castellated beams, one inclined edge of the opening experiences compressive
stress, while the opposite edge experiences tensile stress. This imbalance in
stress distribution can lead to buckling, causing a twisting effect along the
height of the web post. The result is a deformation of the post as it tries to
accommodate the varying forces acting upon it, creating atwisting or torsional
effect. This phenomenon isvisualized in Plate (1-2).
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Plate 1-2: Shear Buckling in the Web Post of Castellated Beam[3].
1.4.4 Lateral Torsional Buckling
Lateral torsional buckling is a structural instability in beams and other
slender structures resulting from lateral deflection and torsional rotation. This
occurs when a beam experiences axial compression and bending moments. It
iscrucia in structural engineering and design asit can lead to structural failure
if not properly addressed [10].

1.4.5 Significant Web Distortion

Web crippling in structural engineering refers to the significant
distortion or displacement experienced by the vertical or diagonal web
element of abeam, which is cruciad in resisting shear stresses. This distortion
can be caused by high loads, buckling, or structural deficiencies, posing a
significant risk to a building's integrity and safety. Mitigating web distortion
requires athorough structural examination and appropriate measures.
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lateral torsional laferal farsional significant
deformation deformatian lateral torsional
— dgeformation

\ M
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Figure 1-7: Phases of Beam Failure, Subsequent Defor mation Schemes[11]
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Figure 1-8: Failure Modes of Perforated Steel Beams|[12].
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1.5 Repeated Loading
Various definitions exist for cyclic loading, including constant or
varying intensity. However, there are two primary categories of cyclic

loading:

1- Unidirectional Cyclic Loading: All the cycles follow the same
direction (either positive or negative) and are referred to as repeated
loads, such as the load caused by the movement of vehicles or the
impact of water, as seen in Figure (1-9a) [13].

2- Reversed Cyclic Loading: This phenomenon is characterized by
alternating positive and negative half cycles within each cycle, as
seen in Figure (1-9b). Instances of cyclic loadsinclude those caused
by wind, explosions, and earthquakes. The seismic stresses manifest
abruptly, intensely, and without prior notice and are regarded as one

of the most hazardous cyclic loads [13].

w/ ) EH

a Repeated loads b: Reversed loads

Figure 1-9: Types of Cyclic Loading [10].
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1.6 Applicationsof Castellated Beams

Castellated beams have a wide range of uses:[14]

1. Bridge construction: due to its interlocking design, which enhances
stability and strength.

2. Residentia construction: offering a cost-efficient and streamlined
approach to constructing residential properties.

3. Commercial construction encompasses structures designed for
commercial use, such as office buildings and retail centers.

4. Industria construction encompasses structures specifically designed

for industrial use, such as warehouses and manufacturing facilities.

1.7 Advantages of Castellated Beams
The benefits of castellated beams encompass the following: [15]

1. The assembly processis quick, efficient, and uncomplicated, eliminating
the need for extra fasteners.

2. Enhanced strength and stability: the crenelated structure of castellated
beams provides increased resistance against bending and deformation.

3. Enhanced load-bearing capacity: the interlocking design allows for
optimal performance in demanding tasks.

4. Substantial cost savings. The simplicity of installation and the decreased
need for extra fasteners frequently make castellated beams more cost-
effective compared to other beam types.

12
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1.8 Aim and Objectives of Study

The study aims to advance the understanding of the structural
performance of composite castellated beams, with a particular emphasis on
investigating their experimental behavior when subjected to repeated |oads.
The study aims to contribute valuable insights into the following key aspects:
1- The primary objective is to analyze and comprehend the structura
performance of composite castellated beams. This involves assessing how
these beams behave under monotonic and repeated loading conditions.
2- The study explores various variable parameters that can influence the
structural behavior of composite castellated beams. These parameters include
the shape of the aperture, the type of loading, the spacing of shear connectors,
and the presence of stiffeners.
3- Evaluate the load-deformation characteristics of composite CSBs subjected
to cyclic loading conditions.
4- Identify and analyze probabl e failure modes and processes during repetitive
loading.
5- Investigate the impact of stiffeners on the performance of composite CSBs
under cyclic loading.
6- Evaluating the validity and accuracy of carrying out a finite eement
analysis to ssimulate the nonlinear behavior of the composite castellated stedl
beam failure by using the ABAQUS (version 2021) computer program.

13



Chapter One Introduction

1.9 Outlineof Thesis

Chapter One: The comprehensive overview of CSB (composite castellated
beams), shear connectors, RCS (reinforced concrete slabs), and their
respective applications A short reference was made to castellated steel
beams manufacturing process and failure mechanisms. Next, the study's

goals were introduced.

Chapter Two: This chapter focuses on the prior investigations conducted
on composite and non-composite castellated sted beams, including

experimental and analytical studies.

Chapter Three encompasses the empirica investigation, which
encompasses the characteristics of concrete and steel, the procedure of
welding, and the quantity and categories of samples examined in this

research.
Chapter Four presents the results and discussion of the experimental work.

Chapter Five presents implementing finite element (FE) analysis to
examine composite castellated steel beams. The numerical analysis results

are then shown and compared with the experimental findings.

Chapter Six: This chapter includes acomprehensive analysis, findings, and

suggestions to enhance this study further.

14
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Chapter Two:  Literature Review

2.1 Introduction

This literature analysis provides an excellent basis for comprehending the
experimental behavior of composite castellated beams subjected to repeated
loads. The review synthesizes and analyzes previous research, offering
valuable insights into the fundamental aspects affecting the performance of
structural elements. The study examines load-carrying capability, deflection
behavior, and other relevant parameters while highlighting existing
knowledge deficiencies that drive the ongoing research.

This chapter provides acomprehensive review of the current body of research
on experimental and anaytica studies on non-composite and composite
castellated steel beams and detailed accounts of specimens used in previous

research investigations.

2.2 Castellated Sted Beams (CSB)

Engineers are continually improving the materials and practices of
construction and design. Structural engineers have made numerous attempts
to find innovative ways to lower the cost of steel structures. One of these
attempts was castellated steel beams, or expanded beams, in the mid-1930s.
The first use of castellated steel beams was made by Horton, who used them
to build the Chicago steel bridge in the 1940s [16],[17]. The concept of
castellated beams was first developed in 1935 by Boyd in Argentinawhile he
was working for a steel fabricator. Boyd’s idea came when a large depth of
steel beam was required. At that time, beams with minimal depths were only
available in the fabricator. Initially, he considered the option of vertically
aligning two beams with small depths to achieve greater depth. However, he
ultimately chose to enlarge the steel beam [17], initially known as the “Boyd
beam," and then changed this name later to castellated beam. This name is
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derived from the pattern of web openings because castellated means “built
like a castle, having battlements, or regular openings in the walls, like a castle”
[18] [19].

Sandy and Limbong in 2014 [20] A study on castellated steel beams
with hexagonal variation was conducted using monotonic loading and static
loading. The results showed that beams with a cutting angle of 60° and aweb
opening distance of 90 mm could withstand maximum loads. However,
buckling and lateral torsion buckling damaged all test specimens. The study
also aimed to determine optimal dimensions and load capacity. A numerical
modeling approach was used to determine the opening angle and spacing
between openings on the hexagonal castellated beam. The finite element
model was developed using ABAQUS/CAE software, and the Von Mises
failure criteria were used to determine the failure load. The results showed
that opening spacing of 6 mm and an opening angle of 60° provided better

results for load at yield, deflection at yield, and Von-Mises stress.
5
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Figure 2-2: Geometry of Castellated Beam Cut Point[20].

Junuset al. in 2015 [21] The study examined the behavior of castellated beams

reinforced with concrete under cyclic loading and their potential use as
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structural elements for seismic load resistance. The test beams included
normal beams (CB), castell ated beamswith concretefiller between the flanges
(CCB), and normal beams (NB). Results showed that CB had advantages in
increased flexural capacity and energy absorption but disadvantages in
decreased ductility, resistance ratio, and accel erated stiffness degradation rate.
CCB showed further improvements in these aspects, making it a potential
choice for seismic load resistance. The flexural strength of CB with concrete
filler increased by 184.78%, while energy absorption increased by 217.1%.

I o)

Q000 P

113

Figure 2-3: Beam restrfor the (a) Normal Beam [NBj, (b)Castellan Beam
[CB], (c)Castellan Composite Beam [CCB] [21].

Shaikh and Autade's study in 2016 [22] significantly contributesto castellated
beam analysis and design, particularly in cantilevered configurations. The
study presents a new anaytical method for determining critical buckling load
and reveals the correlation between web shear deformation and load. It
compares web posts like fillet corner hexagona web apertures and cellular
beams, focusing on structural failure mechanisms and offering solutions. The
study emphasizes the importance of using web reinforcing stiffeners, moment
of inertia, and section properties in castellated beam design, as these factors
directly impact vertical bending stiffness, serviceability requirements, and
aesthetic aspects of the beams.
18
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.The study by Wang et al. in 2016 [23] aimed to determine the shear buckling
strengths of web postsin Castellated Steel Beams (CSBs) with hexagonal web
openings using the finite e ement method. Design equations for the vertical
shear buckling strength are proposed using thin-plate shear buckling theory.
The shear buckling coefficient (k) is obtained through inverse analysis and
found to decrease non-linearly with the increase in web-post width to web
thickness ratio and web height of the Tee section above the opening to the
web thickness and increase linearly with the increase in incline angle of the
opening edge and opening height to web thicknessratio. The proposed method
for calculating the vertical shear buckling strength aligns well with finite
element ssimulation results but may overestimate the shear buckling strength
in the elastic-plastic state. A safety factor of 1.2 was implemented to mitigate
this, reducing the average disparity between computed and experimental
outcomes.

(a} Lsclingd compression sirul (b Compression and easion leld

Figure 2-4: Strut in the Web-Post. (a) Inclined Compression Strut.
(b)Compression and Tension Field
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Figure 2-5:Free Body in the CSB with Polygonal Web Openings[23].
The study by Budi et a. in 2017 [24] focuses on optimizing the size and
spacing of hexagona holes in castellated steel beams (CSBs). This research
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employs a combination of finite element method (FEM) anadysis and
laboratory testing to achieveits objectives. Researchers used FEM analysisto
optimize CSBs with hexagonal holes from modified 150-mm-high IWF
section profiles. The results showed a significant increase in strength
compared to the origina IWF profile. The optimal configuration was
identified as having a 60° opening angle and hole distances ranging from
0.186h° to 0.266h°. The study also found that hole spacing affects stress
concentration in CSBs, with wider spacing causing stress at corner areas and
shorter spacing shifting it to the weld joint area. This research contributes to
understanding and designing CSBs for various engineering applications,
potentialy leading to cost savings and more efficient designs. The
optimization analysis of castellated steel beams with hexagonal holes showed
an increase in strength compared to the original IWF profile with a factor of
1.938 to 2.041.
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Figure 2-6:The Parameter of Hexagonal Holein Castellated Steel Beam[24].
A study by Mazin A. Al-Mazini in 2017 [25] focuses on the structural
performance of castellated beams, examining the influence of geometric hole
shapes and span lengths. It evaluates the precision of two equations, Biodgett
and Halleux, in forecasting these beams’ ultimate and limit loads. The
ultimate load of castellated beams decreases by about 25% with an increase

In the cutting angle. The Biodgett equation provides accurate estimations for
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maximum load under conditions when the cutting angle does not exceed 50°,
but the Halleux equation's accuracy is compromised when the cutting angle
approaches 50°. The research used ANSY S-12 software for finite element
analysis, achieving a convergence rate of around 78%. The study presented
parameters such as cutting angle (¢), welding length (n), and expansion
parameter (o) to describe the geometric properties of holes in castellated
beams. The study emphasi zes the dependability of the Biodgett equation [26]
and the importance of finite element analysis in substantiating conclusions.
The study aso found that the cutting angle significantly affects the number of
castellations per unit length of the beam. n=hc/4 [27].
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Figure 2-8:Web Buckling Due to Shear[25].
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The paper by Mehetre and Talikoti et al. (2020) [28] investigated the
torssona moment capacity of CSBs with hexagonal, honeycomb, and
sinusoidal openings. The authors found that the torsional moment capacity of
CSBsis higher than solid I-beams. The hexagonal section with a 60° opening
angle showed the highest torsiona capacity, followed by the sinusoidal
section with a 30° opening angle.

Cashell et al. in 2021 [29] A study on stainless steel cellular beams reveal ed
that they experience web-post buckling around 28 minutes after firing, even
without fire safety measures. A finite element model was devel oped to study
the thermo-mechanical behavior of these beams, and it was found that |oading
arrangement doesn't significantly impact the beam's lifespan, but fire
resistance decreases with increasing load ratios, regardless of steel grade.
Stainless sted beams show superior survival time and deflections compared
to carbon stee beams, with austenitic grades showing commendable
performance. Composite Sandwich Cores (CSCs) are a viable alternative for

lightweight and rigid I-beams.

2.3 Composite Castellated Beams (CCB)

The literature on composite castellated beams provides valuable
insights into their structural behavior, performance, and optimization
strategies, aiding researchers and engineers in designing, implementing, and
contributing to the advancement of structural engineering methods. However,
severa factors can affect the performance of composite castellated beams
under repeated loads, such as the type of opening, the number of openings,
the spacing of the openings, the size and type of the shear connectors, and the

concrete strength.
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In the comprehensive investigation carried out by E.S. |smail and hisresearch
team in 2014 [30] , astudy by E.S. Ismail aimed to understand the behavior
of continuous, partially composite castellated beams under vertical loads
using anonlinear 3D finite element model created using ABAQUS software.
The model considered initial geometric imperfections and materia
nonlinearities, ensuring a robust analysis. The research found that strategic
application of techniques like vertical stiffeners, stiffeners around openings,
and initiating web openings after the negative moment region significantly
increased the ultimate load of composite castellated beams. Additionally,
these techniques significantly altered the ductility ratio, reducing it by 50%,
61.2%, and 68.6%. Steel strength variations significantly influenced the
ultimate load and ductility. Concrete strength had a limited impact on initial
stiffness but increased strength and ductility by 4% and 23%, respectively.
Slab thickness also played a role, with reduced slab slenderness leading to
increased ultimate load and ductility. The study provides practical insights for
structural engineering and design optimization.

The research conducted by Al-Zuhairi and colleaguesin 2017 [31], Thisstudy
aimed to investigate the structural behavior of composite concrete castellated
steel beams under flexura loading conditions using the Finite Element
Method (FEM). The researchers used three-dimensional brick elements to
represent the concrete flange and shell elementsto model the castellated steel
section. The ANSY S11 program was used as a computationa tool for the
investigation. A parametric analysis focused on the variation of castellation
ratios at 25%, 35%, and 45%. The study found that the resistive moment of
the composite beam increased as the castellation ratio was raised, particularly
when the beam reached the maximum allowabl e deflection at its midpoint. A
negative correlation was found between mid-span deflection and the
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castellation ratio, indicating that an increase in the castellation ratio led to a
decrease in mid-span deflection. The load required to cause the maximum
allowabl e deflection at the midpoint of the structureincreased with anincrease
in the castellation ratio.

The study conducted by Oukaili and Abdullah (2017) [33] examined the
behavior of composite concrete-castellated steel beams under flexure and
torsion. They used two strengthening techniques. one involving intermediate
stiffeners and the other combining external prestress. The study tested nine
specimens, each supported over a 2900 mm span. The results showed that the
first technique improved |load-carrying capacity by 26%, while the second
technique, which combined intermediate stiffenerswith external prestress, led
to even greater improvements. The study also found that the first technique
reduced mid-span deflection under service loads by 56%. The study
concluded that using intermediate stiffeners improved strength and ductility
while combining intermediate stiffeners and external prestress increased
flexural and torsional capacities. The study also demonstrated the potential for
longer spans for composite concrete-castellated steel beams, potentially
leading to substantial materials economy in structural design and construction

practices.
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Figure 2-9: Composite Concrete-Castellated Steel Beam Detail§[33].
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Yahya Al-Darzi in 2017 [34] conducted a study on the performance of stedl-
concrete composite beams under both monotonic and repeated |oading
conditions. The study involved sixteen beams with compressive strengths
ranging from 25 to 43.9 MPa. Theresults showed that High Strength Concrete
(HSC) significantly improved load-carrying capacity, increasing it by
approximately 18.82% under monotonic loading and 52.91% under repeated
loading scenarios. However, beam resistance decreased when subjected to
repeated loading, ranging from 5% to 28.53%. Introducing steel fibers into
the concrete mixture led to improvements in ultimate strength, with increases
of 10% to 28.65%. Thiswas accompanied by reduced deflection and slipping.
However, the ultimate strengths determined through experimental testing
were lower than those projected by the AISC-LRFD specifications. The study
provides valuable insights into the influence of HSC on composite steedl-
concrete beam performance, highlighting discrepanci es between experimenta

results and AISC formula predictions for ultimate strength.
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Figure 2-10: Geometry And Installation of Composite Beam Sample[34].
In the study conducted by Al-Hadithy and Jaafar in 2017 [35], A study

anayzed the behavior of composite beams with headed stud shear connectors

under monotonous and displacement-controlled non-reversible repeated
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loadings. Factors such as cross-sectiona proportioning, partial interaction,
ductile deformability, and loading type were examined. The results, validated
against authoritative investigations, provided valuable insights for structural
designers. The study involved eleven one-third scaled composite beams with
push-out segments and tested in five pairs. The results showed that adding a
bottom steel plate to the neutral axis increased flexura resistance by 24.7%.
Reducing the number of headed studs to half resulted in a 160.58% increase
in flexural resistance. L engthening medium-length headed studs by 72% also
increased flexural stiffness by 41.1% and decreased the residua cyclic
dlippage index by 54.3%. These findings can enhance the design and

performance of composite systems featuring headed stud shear connectors.
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Figure2-11:Typical Simply Supported Beam Layout (All dimensionsin mm).
Abdulridha et al. [36] investigate the structural behavior of composite
castellated steel-concrete beams when subjected to an impact load. These
composite beams, consisting of self-compacting concrete and connected to

self-compacting concrete using stud shear connectors, were tested with
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varying degrees of castellation, ranging from 0% to 50%. Free-falling steel
balls generated impact loads, and specialized test rigs equipped with sensors
and Lab VIEW 2016 programming were used to record crucia parameters

during the experiments.
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Figure 2-12:Plan of Composite Castellated Beam (4=0, 25, 33.8 ,50%).
The study reveals that the force response of composite castellated steel-

concrete beams under impact loads increases significantly during the first

vibration cycle, reaching the peak impact force. The force dampens, and

vibrations subside over multiple cycles. The maximum impact load increases
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dlightly with increasing castellation, indicating the kinetic energy of the
falling mass. The maximum displacement amplitude increases, particularly
after the third strike, by around 23%. Greater degrees of castellation lead to
quicker damping of displacement fluctuations and reduced vibration
amplitudes. Crack widths do not exceed 0.025 mm after the first strike. Still,
those with castellated steel 1-sections have narrower cracks, suggesting that
the castellation process enhances beam performance and reduces crack
widths.

This study, conducted by Sukanya et al. in 2019 [37], focuses on the
performance of profiled deck dlabs in composite floor systems, specifically
when combined with stedl castellated beams. The research uses ANSY S
software to model and analyze composite deck slabs with castellated beams.
The composite deck slab with the castellated beam section has an increased
load-carrying capacity compared to other systems. The ultimate |oad-carrying
capacity of the composite deck slab was 216 kN, compared to 183 kN for a
theoretical capacity of 183 kN. The castellated beam exhibits less deflection
than an ordinary ISMB 200 section, increasing load-carrying capacity,
stiffness, and energy absorption. The wider bearing width of the slab reduces
deflection of the profiled deck sheet.

Ross et a. in 2020 [38] investigated the behavior of steel-concrete composite
beams subjected to negative moments. They found that the most influential
parameters affecting lateral distortional buckling (LDB) strength are the
cross-sectional shape of the steel profile and the presence of web stiffeners.
Conventional approaches, such as lateral-torsional buckling theories for
partially restrained beams and the U-frame model, yielded conservative
results, suggesting an overestimation of the risk of LDB failure. The study
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highlights the need for further investigations to enhance our understanding of
how steel-concrete composite beams behave under negative moments.

The paper authored by Ferreiraet a. in 2021 [39] delvesinto the buckling and
post-buckling analyses of composite cellular beams. The study investigates
the strength of composite cellular beams through post-buckling analysis,
focusing on six cross-sectiona configurations with variations in opening
diameter and web post length. Key findings include that the end post plays a
crucia role in determining the strength of composite cellular beams, with
smaller opening diameters leading to greater critical global shear. Variations
in the height of the cellular beam have minimal influence, especially for larger
diameters and web post widths. In asymmetric sections, web post-buckling is
not observed in the first buckling mode, and altering the beam's height
increases global shear. The study also introduces a numerical model capable
of representing experimental composite cellular beam models, comparing
elastic and inel astic analyses and analytical procedures. The findings highlight
potential overestimations in certain cases and suggest the need for potential
revisions.

The research conducted by Ferreira et a. in 2021 [40] investigates the
sensitivity of composite cellular beams to variations in constitutive material
models and parameters related to concrete fracture. This study examines the
sensitivity of composite cellular beams to variations in steel and concrete
constitutive models and parameters related to concrete damage plasticity. The
research uses geometrically nonlinear analyses and experimental tests. Key
findings show that dilation angles do not significantly influence flexural
behavior, post-peak behavior improves with a dilation angle equal to 40°, and
viscosity parameter variation doesn't significantly impact |oad-displacement
relationship behavior. The study emphasizes the importance of considering
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these factors when designing structural elements and proposes a control
mechanism for instability-related problems.

The study conducted by Hayder Wafi in 2022 [41] focused on an in-depth
investigation of the structural behavior of composite concrete slabs when
acting in conjunction with symmetrical and asymmetrical castellated steel
beams interconnected through the utilization of stud connectors.

During experimentation, five supported composite beams were subjected to
two-point loading conditions. Two of these specimens were constructed using
conventional standard steel beams as control specimens, while the remaining
three were meti culously assembled using castell ated steel beams. The ultimate
load capacity of a composite castellated beam fabricated from an IPE120
section was 46% greater than that of a composite beam built up using the
parent beam. The ultimate load capacity of a composite castellated beam
fabricated from a wide-flanged HEA 120 section increased by 21% over the
parent beam control specimen. The ultimate load capacity of the composite
specimen built up using the asymmetrical castellated beam (IPE120/HEA 120)
achieved increases of 69% and 12%, respectively, compared to the control

specimens built up from standard sections.

Figure 2-13:Asymmetrical Castellated Steel Beam
In their study, Dakhela and Mohammed, 2022 [42], conducted a

comprehensive investigation into the feasibility of employing composite
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cellular beamsfeaturing lightweight reinforced concrete deck slabs asintegral
structural elements for buildings subjected to harmonic loads. The
experimental program encompassed the examination of beams supported by
three fixed ends, spanning 2140 mm, and incorporated three distinct concrete
deck types. Norma Weight Concrete (NWC), Lightweight Aggregate
Concrete (LWAC), and Lightweight Fiber Reinforced Aggregate Concrete
(LWACF). Various operating frequencies were systematically evaluated,
specificaly 5, 10, 15, 20, 25, and 30 Hz.
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Figure 2-14: Cellular Beam Details
The study revealsthat the type of concrete deck slab significantly affects

the response and structural behavior of composite cellular beams under
harmonic loading conditions. Fiber reinforcement in lightweight concrete
(LWACF) is crucid, yielding responses similar to normal weight concrete
(NWC). LWACEF is more suitable for cellular composite beams due to its
negligible response variations and 27% reduction in density.

In this study performed by Alharthi et al. in 2023 [43], a study was
conducted to examine the flexura behavior and capacity of composite

concrete-steel beams (CRCSB), focusing on the influence of shear
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connections and bearing stiffeners. Five comprehensive CRCSB samples
were fabricated and subjected to four-point bending experiments using four
different forms of shear connections. The results showed that the geometry of
the shear connector significantly impacts the concrete component's behavior,
particularly crack propagation and widening. Shear connectors, such asangles
and channels, help impede the transmission of compressive forces within the
slab. Bearing stiffeners significantly influence the behavior of cold-formed
steel channel sections with web openings. The inclusion of bearing stiffeners
resulted in a significant increase in load capacity (55% increase) and
displacement (229%). The study providesinsight into the significant influence
of shear connections and bearing stiffeners on the structural performance and
load-carrying capacity of CRCSBs, offering significant contributions to

understanding flexural stress situations.

2.4 Strengthening Composite Castellated Beams

Strengthening composite castellated beams is essential for optimizing
their performance and safety in real-world applications. These strengthening
methods enhance their load-bearing capacity, resistance to deflection, and
overal durability. Properly reinforced castellated beams contribute to more
efficient and sustainable construction practices, ultimately advancing thefield
of structural engineering.
The study undertaken by Afefy et a. in 2012 [44] focuses on the behavior of
composite castellated beams when subjected to various strengthening
configurations and external pre-stressing. The study analyzed ten specimens
of composite castellated beams, divided into three groups. reference
castellated beams without a specific strengthening configuration, three
specimens with additional vertical stiffeners, and three partially encased
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composite castellated beams. The connection between the concrete slab and
the beam was considered perfect, with dlip prevention achieved through
designed shear connectors. Key parameters like ultimate strength, vertical
mid-span deflection, strain measurements on concrete and steel components,
and strain applied to the pre-stressed bars were recorded and analyzed. The
findings highlighted the impact of external pre-stressing on the behavior of
composite castellated beams, emphasizing the need to address issues related
to the beam's end zone. The study also highlighted the positive effects of pre-
stressing, particularly on the concrete section of composite beams compared
to steel beams.

Figure 2-15:M anufacturing Steps of Hexagonal and Octagonal Castellated
Beams.

This study conducted by Patil and Kumbhar in 2016 [45] focuses on
castellated beams, which are engineered by cutting I-sections in a zigzag
manner and subsequently rejoining them to increase the depth of the parent -
section. This research examines using transverse and edge stiffeners in
castellated beams to improve structural performance. The study uses
ABAQUS software to compare the two types of dtiffeners. Transverse

stiffeners require less steel than edge stiffeners but do not improve load-
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carrying capacity. The study suggests that transverse stiffeners are more
suitable for enhancing structural performance, as they consume less volume
and function as a single short column. Edge stiffeners reduce stress
concentration along the opening edge but do not contribute to increased | oad-
carrying capacity. The study concludes that transverse stiffeners are a more
effective choice for enhancing structural performance in castellated beams.
The findings suggest that transverse stiffeners are more suitable and effective

for enhancing structural performance.

SufTeners StlTeners

/ \ : " . . / \\*_

Figure 2-16: A-Castellated Beam with Stiffenersin The Transver se Direction.
B-Castellated Beam Provided with Stiffeners Along Edge of Openings

Figure2-17:Terminology for Stiffener Along the Edge of The Opening.
The study by H. W. A. Al-Thabhawee and Al-Kannoon in 2018 [46] focuses

on enhancing the performance of castellated steel beams. This research aims
to improve the behavior of both hexagonal and octagonal castellated beams
by adding spacer plates. The ultimate strength of an original I-section beam
increases with the depth of the castellated beam. By adding ring stiffeners to
the edges of holes, the finite element model (FEM) analysis reveals that the
web of castellated beams becomes stronger. This reduces stress concentration

around hole edges and improves beam behavior by increasing ultimate

34



Chapter Two Literature Review

strength and minimizing deflection. Octagonal castellated steel beams can
increase their ultimate strength by up to 53% compared to parent beams. The
nonlinear model also shows higher failure loads for castellated beams with

eight hexagonal openings.
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Figure 2-18:Reoined Castellated Steel Beam With

Increment Plate (Octagonal Opening) [46].
Kumaragurubaran et al.'s 2021 [47] study investigates the impact of stiffeners
on the shear strength of castellated beam chassis under cyclic loading. The
researchers tested three different configurations of castellated beam chassis:
no stiffeners, vertical stiffeners at two end holes, and diagonal stiffenersat the
two end holes. The results showed that the castellated beam chassis with
diagonal stiffeners at the two end holes had the highest shear strength and
minimal deflection. Forward cyclic loading induced more deflection than
reverse cyclic loading. The study concluded that adding stiffeners to
castellated beam chassis significantly enhanced shear strength and deflection
performance. The findings have implications for design and engineering of
castellated beam chassis, as diagona stiffeners at the two end holes can
enhance shear strength and mitigate deflection, making them valuable in
applications requiring stringent load-bearing capacity, structural stiffness, and
deflection control.
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Figure 2-19:A-Stiffener in Two Adjacent Web Holes at Each End of The Beam
Chassis Specimen, B- Stiffener in Three Consecutive Web Holesat Each End of The
Beam Chassis Specimen

The research conducted by H. W. Al-Thabhawee and Al-Kannoon in 2022
[48] The study examines the use of tapered castellated beams (TCBs) in mid-

span concentrated loads. TCBs, engineered by cutting |-section webs in a
specific pattern and rgjoining them using variable expansion plates, can
significantly increase the ultimate load capacity compared to the parent
section. They meet the Internationa Building Code's deflection limitsand can
withstand up to 83% deflection. However, failure modes like web-post
buckling and joint-weld rupture are found. TCBswith higher expansion depth
ratios show superior stiffness and strength than prismatic castellated beams.
These findings have significant implications for long-span structural member

design and engineering.

[OCO-Cr()y( f_"(::f_""i——;{h -

Figure 2-20:Fabrication of TCBs by Placing Variable Expansion Plates.
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Figure 2-21:Dimensions and notations of all tested specimens. (a) Parent
beam: specimen (Contral), (b) castellated beam without expansion plate: specimen
(CBN-0) [H /h =1.0], (c) tapered castellated beam with variable expansion plate:
specimen (CBN-1) [H/h = 1.2], [48].

The study by Abbas and Al-Thabhawee in 2022 [49] A study on composite

steel-concrete beams, specifically cellular beams, was conducted using an
IPE140 hot-rolled I-section steel beam. Four specimens were created: a
control beam, a non-composite beam, a composite steel-concrete beam
(CLB1), and a composite steel-concrete beam (CLB4-R). The results showed
that the non-composite beam had a 29% lower ultimate |oad capacity than the
composite beam. The CLB4-R beam could carry aload 77.3% higher than the
original beam. Transforming the solid beam into a cellular beam increased the
ultimate load by 5.3% without additional material. The study also found that
web-post buckling was the dominant failure mode for cellular beams with

substantial web openings.
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2.5 Summary
The study aims to address gaps in research on composite castellated beams.
By examining their behavior and optimization, the study focuses on factors
such as shaped openings, shear stud spacings, and stiffeners to improve load-
carrying capabilities and structura performance.
In conclusion, research on Castellated Steel Beams (CSBs) provides valuable
insights into their structural behavior and optimization. Specific geometric
configurations, such as cutting angles and web opening distances,
significantly influence CSBs load capacity and overal performance.
Incorporating concrete filler between flanges and exploring reinforcement
techniques enhances flexural ability and energy absorption.
Investigations into shear buckling strengths offer practical design equations,
with recommended safety factors, addressing elastic-plastic state
discrepancies. Optimization studies on hexagonal hole configurations
emphasize spacing and opening angles, guiding engineers to achieve
increased strength.
Torsional moment capacity studies show CSBs superiority over solid |-
beams, with some configurations exhibiting enhanced strength. Stainless-steel
cellular beams display commendable fire resistance, positioning them as
reliable structural choices. Insightsinto load capacity, seismic resistance, and
fire performance contribute to efficient and resilient structural solutions.
Stiffeners significantly impact ultimate load capacity, deflection performance,
and buckling resistance of castellated beams. Initiating web apertures after the
negative moment region enhances load capacity and flexibility. Enhanced
materia strength, thicker slabs, spacer plates, and steel rings augment CSBS
performance. Incorporating diagonal stiffeners at terminal apertures
effectively enhances shear strength and deflection characteristics.
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Chapter Threee  Experimental Work

3.1 Introduction

The principa objective of conducting this research is to study the
experimental behavior of composite castellated beams subjected to repeated
load tests. This research has examined and analyzed many main parameters,
such as shear connectors, shaped openings, and strengthening. The chapter
describes the materials, specimens, formwork, casting, instruments, and
testing setup. On the other hand, the mechanical and chemical properties of
the specimens materials (cement and fine and coarse aggregate) were tested
according to the lragi specifications (1Q.S.) and the American Society for
Testing and Materials (ASTM). Besides that, different destructive tests were
done to determine the mechanical properties of the steel coupons' yield stress
and ultimate strength and the concrete's compressive strength, flexural
strength, and splitting tensile strength after 28 days of curing in water.

This chapter describes fifteen composite beams with different
variables, which were of overall length (1.5m) consisting of the concrete slab
(0.07 m) thickness and (0.35 m) width and steel section (IPE140), connected
by shear connectors. This chapter al so presents agenera description of testing
machines, the preparation of the specimens for tests, and the testing methods.
All experiments were executed at the University of Kerbala’s College of
Engineering labs.
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_______________________________

— - - - - - - - - - - -

1
Samples Size [1500* 350* 70] mm
______________ Yo
' Number of Samples= (15)
— e o
Under repeated |oad : Under monotonic load i
v | v l
Six samples Six samples Three samples

without stiffener with stiffener

(1) control beam

(2) Shape of opening (hexagonal, square) and space

A

between stud headed 300mm and 150mm.

(3) samples
-, Shape of opening (hexagonal, circular, square) and
space between stud headed 150mm

7y

(3) samples

L,  Shape of opening (hexagonal, circular, square) and
space between stud headed 300mm

T

Figure 3-1:Flowchart of Testing Matrix.
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Figure 3-2: The Details of Coding the Composite Castellated Beam Models.

42



Chapter Three

Experimental Work

Table 3-1 :Details of all thetest beamsin the present study.

Shear connectors
Group Name of Shapg of Spacing L(;ggnof Type of. Typg of
sample opening  Number  (mm) (mm) strengthening  loading
clc

CB-9S None 9 150 1500 @ ----- monotonic

One CB-S9S Square 9 150 1500 - monotonic

CB-H9S Hexagonal 4 300 1500 - monotonic
CB-H9R1 Hexagonal 9 150 1500 - Repeated
25%Pu

Tt CB-C9R1  Circular 9 150 1460 - Repeated
25%Pu

CB-S9R1  Square 9 150 1500 - Repeated
25%Pu

CB-H4R1 Hexagonal 4 300 1500 - Repeated
25%Pu

Three CB-C4R1  Circular 4 300 1460 - Repeated
25%Pu

CB-4R1  Square 4 300 1500 - Repeated
25%Pu

CB-H9R2 Hexagona 9 150 1500 Stiffeners Repeated
25%Pu

Four CB-S9R2  Square 9 150 1500 Stiffeners Repeated
25%Pu

CB-C9R2  Circular 9 150 1460 Stiffeners Repeated

25%Pu

CB-H4R2 Hexagonal 4 300 1500 Stiffeners Repeated
25%Pu

Five CB-C4R2  Circular 4 300 1460 Stiffeners Repeated
25%Pu

CB-$4R2 Square 4 300 1500 Stiffeners Repeated
25%Pu
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3.2 Description of Specimens
3.2.1 Geometry

The experimental program involved testing fifteen simply supported
composite castellated steel beams with the same span and different geometry
properties. The study has focused on the overall shear behavior mechanism

because the castellated beam is more susceptible to shear stresses.

3.2.2 Test Specimens

Fifteen composite beamswere fabricated for the experiments, each with
different variables. The beams had an overall length of 1.5 meters. Six beams
were tested without stiffeners, and the open section shape varied among
circular, hexagonal, and square. The spacing of shear studs in these beams
was either 150mm ¢/c or 300mm ¢/cin onerow. Additionally, six beamswere
tested with stiffeners, following the same open section shapes and shear stud
spacing variations. In addition to the beams with variable parameters, three
monotonic load tests were conducted. These included one non-castellated
beam, one beam with a square opening, and one beam with a hexagonal

opening. The loads applied to these beams were two-point |oads.

Concrete Slab

Reinforcement Bars

Shear connector (Headed Stud)

Vertical stiffener plate

Figure 3-3:Composite Castellated Steel-Concrete Sample CB-H4R2.
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3.2.3 Steel Section Cutting and Welding
The researcher uses a computer numerical control (CNC) plasma

technique to cut the web beam, ensuring the openings are seamlessly and
accurately aligned. This process yielded a smooth and precise outcome, as

Plate (3-1) depicts.

c- The machine interface used
Plate 3-1: Photograph for a Zigzag Pattern by CNC. (Al-Rasool blacksmith)
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After cutting, the top and bottom tee sections were separated, shifted,
and welded back together. Plate (3-2) shows the upper and lower portions
attached.

@ (b)

Figure 3-4: (a) Roller and (b) Hinge Support
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1- Hexagonal opening
Figure (3-5) shows a castellated beam with a hexagonal opening. The

following are the parameters considered for this beam in the present study.

1. Ovedl, Height (h) - 210mm
Height of perforation (hy) -140mm
Total span of abeam (L) - 1500mm
Width of the throat (WT) - 60mm
Spacing between two perforations (S) - 183mm
Angle of cut (6) - 67°
Depth of throat (DT) - 35mm

Distance between two perforations (e) - 60mm
L
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Figure 3-5:Design of Castellated Beams with Hexagonal Opening.

mm "

a) cutting the web of parent standard section

b) separating into two parts

c) shifting one part

000000006

d) rejoin the two parts by welding

Figure 3-6:Manufacturing Process of a Castellated Beam.
47



Chapter Three Experimental Work

2- Circular opening
Figure (3-8) shows a castellated beam with a circular opening. The
following are the parameters considered for this beam in the present study.

1. Overal Height (h) - 190mm

2. Height of perforation (hy) - 140mm

3. Total span of the beam (L) - 1460mm

4. Width of the throat (WT) - 140mm

5. Spacing Between two perforations (S) - 200mm
6. Depth of throat (DT) - 35mm.

7. Diameter of perforation (@) - 140mm

8. Distance between two perforations (e) - 60mm

Figure 3-8:Design of Castellated Beamswith a Circular Opening.

W—(m "

a) cutting the web of parent standard section

A2 5 A 2 835

b) separating into two parts

wastt
aste

c) shifting one part

9000000

d) rejoin the two parts by welding

Figure 3-9:Manufacturing Process of a Castellated Beam.
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3- Square opening
Figure (3-10) shows a castellated beam with a square opening. The
following are the parameters considered for this beam in the present study.

1. Overadl Height (h) - 210mm

2. Height of perforation (hy) - 140mm

3. Total span of the beam (L) - 1500mm

4. Width of the throat (WT) - 140mm

5. Spacing between two perforations (S) - 280mm
6. Depth of throat (DT) - 35mm

7. Distance between two perforations (e) - 140mm

Figure 3-10:Design of Castellated Beamswith Square Opening

m‘cu{ fine

a) cutting the web of parent standard section

M B D

b) separating into two parts

wast
waste

c) shifting one part

d) rejoin the two parts by welding

Figure 3-11:Manufacturing Process of a Castellated Beam.
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Figure 3-12:Dimensions and Details of Tested Specimens.
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earing plate (100*350*10)mm

500mm

70mm

140['nm

--100mm 1300mm 100mm-—

/@10mm
350mm

28m

-73mm-

Figure 3-13 :Dimensions and Details of Tested Specimens (Control Beam)

Plate 3-3: Distribution of Shear Connectors of CB-9S
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3.3 Stiffenersin Composite Castellated Beams:

3.3.1 Design, Analysis, and Applications

The composite castellated beam has four vertical stiffener plates
positioned at each end, with a 200 mm separation between them. These plates
arestrategically placed at the second opening in theweb to enhance the beam's
structural integrity and bearing load capacity. The distance between the plates
Is determined based on engineering factors and loading conditions. The
spacing is chosen to maximize support, considering web aperture dimensions
and configuration. The stiffener plates are typically made from steel and
attached to the beam using welding or bolting methods. This ensures a robust
and inflexible linkage between the stiffeners and the beam. and designed
according to AISC specifications [50] using the LRFD method.

—= 34.20mm —=— —=0mm=—

196.00mm

Plate 3-4 :Dimensions and Details of Stiffenersto Reinforce Castellated Beam.

Transverse full depth bearing stiffeners were provided and attached to
the web at reactions and compressive concentrated loads to prevent the local
yielding, crippling, sidesway buckling and compression buckling of the web.
Steel plates with cross-section dimensions of (34.2 x10) mm were used as
shown beforein plate (3-4).
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Figure 3-14:Dimensions and Details of Tested Specimens

53



Chapter Three Experimental Work

earing plate (100*350*10)mm

486.7

260.0
L7200.0—J L’7200.0—-J
~=100. 100.0~
1260.0

1460.0

earing plate (100*350*10)mm

486.7

260.0
0.0

100.0 100.
1260.0

1460.0

vertical stiffeners plate—— " |

(1cm thickness)

190.0 176.0

= 73.0 =

Figure 3-15:Dimensions and Details of Tested Specimens
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Figure 3-16: Dimensions and Details of Tested Specimens.
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3.4 Material

Several construction materials will be examined for the research to
meet the following conditions:

3.4.1 Cement

The research uses KARASTA cement, as seen in Plate (3-5). acement
produced by Kerbala Cement Manufacturing Limited (KCML), for various
applicationslike high-strength concrete, ready-mix concrete, precast concrete,
and general construction projects.

It is pertinent to note that Lafarge cement conforms to Iraqi
specificationsNo. (5) at 1984 [51] , and its characteristics have been examined
in the laboratory of the University of Kerbala. The results of the tests,
comprising the physical and chemical properties of KARASTA cement, are
presented in Tables 3-2 and 3-3.

Plate 3-5:Cement Used in This Study.
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Table 3-2 : Chemical Composition of Cement *
Oxide Chemical Percentage by 1.Q.S No.
formula weight % 5/1984
Lime Cao 55 /
Silica Si0; 20.7 /
Alumina ALO3 5.17 /
Iron oxide Fe O3 5.92 /
Sulfate SO3 2.01 <2.5
Magnesia MgO 2.49 <5
Sodium oxide Na,O 0.25 /
Potassium oxide K>O 0.65 /
Insoluble residue LR 0.8 <15
Loss on ignition L.O.1 3.98 <4%
Lime saturation factor L.S.F 0.93 0.660 — 1.020
Bogue potential compound composition % By weight
Tri-calcium silicate (C3S) 25.06 /
Di-calcium silicate (C2S) 31 /
Tri-calcium aluminate (C3A) 4.34 <3.5
Tetra calcium aluminoferrite (C4AF) 14.99 /

* This test was carried out by lab staff in University of

Table 3-3: Physical Propertiesof The Cement.

No. Physical Units Value 1.Q.S No. 5/1984
properties
1 Specific surface area m?*/kg 313 >230
(Blaine method)
Setting time
) Initial Min. 195 > 45
Final Hrs. 5.5 <10
Compressive strength

3 3 Days MPa 17.5 >15
7 Days MPa 26.36 >23
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3.4.2 Fine Aggregate

The present study employed clean sand from alocal region known as
AL-Akhaidir during the experimental phase. The sand's grading, specific
gravity, sulfate content, and absorption were examined, and the results
indicated that they conformed to the Iragi standard specification No. 45/ 1984.
Moreover, the tests revealed that the sand's sulfate content and grading
satisfied the limitations of the Iragi specification N0.45/1984 Zone 2. The
Materials Laboratory at the College of Engineering/University of Kerbala
conducted these tests. Detailed information regarding the properties of the

sand is presented in Table 3-4 and Table 3-5.

Table 3-4:Grading of The Fine Sand Compared with The Requirements of
Iraqi Specification N0.45/1984.

Size of Sieve (mm) Passing Percentage % 1.Q.SN0.45/1984 Zone No. 2
10 100.00 100
4.75 91.87 90 - 100
2.36 76.93 75-100
1.18 62.80 55-90
0.6 42.87 35-59
0.3 11.73 8-30
0.15 1.47 0-10
pan 0.00 0.0
Table 3-5:Chemical Properties of Fine Aggregate.
Property Test result Specification limits %
1.Q.S N0.45/1984
Material Passing 75 um Sieve 3.1% <5%
Sulfate content (SO3) 0.097 % <0.5%
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3.4.3 Coarse Aggregate

The use of black-crushed gravel from the Al-Niba’ai region in a
concrete mixture was employed in this study. The coarse aggregate was
thoroughly cleaned and sourced from the Al-Neba region. Particles
exceeding 9.5mm in size were separated using a sieve and underwent a
meti cul ous washing processto ensure the removal of al dust and fine material
before being stored. The aggregate's properties and grading were assessed to
conform with the requirements outlined by the Iragi specification No.45 /
1984[52]).Table (3-6) and Table (3-7) provides pertinent information
regarding the physical and chemical properties of the coarse aggregate.

Table 3-6:Sieve analysis of coar se aggregate No. 45/1984.

Sievesize Passing Specification limits % Iraqgi specification
(mm) % N0.45/1984[52]
125 100.00 100
9.5 98.73 85-100
4.75 1.67 0-25
2.36 0.20 0-10
pan 0 0

Table 3-7:Chemical Property of Coarse Aggregate Chemical Property.

Property Test result Specification limits % Iraqi
specification N0.45/1984[52]

Material Passing 75 pm Sieve 0.43 % <3%
Sulfate content (SO3) 0.077 % <0.1%
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—@— aggregate used

passing %
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Figure 3-17: Grading Curvefor Separated Sand Compared with
Requirements of Iraqi Specification N0.45/1984

Plate 3-6: The coar se aggregate used in this study.
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3.4.4 SilicaFume

The type of silica fume used as an additional percentage of the
weight of cement is MasterRoc MS610 [53] and its from CDP company
According to the specification (ASTM C1240-15) [54]. These are very fine
grains changed the superstructure of concrete to denser concrete and increased
the strength of concrete for any change of environment. The properties of

silicafume are shown in table (3-8).

Table 3-8:Properties of Master Roc M S610[52].

Property Test result
Color grey
Density (Kg/lt) 0.55-0.7
Chloride content <0.1%
Dosage % 5-15

Plate 3-7:Silica fume used in this study.
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3.4.5 Superplasticizer

A high-range water-reducing admixture was used in this research work
for the HSC mixture only, as explained in Appendix (A). It was a third-
generation superplasticizer for concrete and mortar. MasterGlenium® 54[55]
was high-water, reducing water use by up to 30%, as shown in Plate (3-8). It

has several advantages besides reducing water content in the mixture, such as

improved shrinkage and creep behavior and increased early strength and
density, it meets the superplasticizer standards set by ASTM C-494 and BS

EN 934-2 types G and F [83].
] )

Plate 3-8: Type of Superplasticizer Used in This Study.
3.4.6 Water

It is advised that clean water be utilized for the purpose of mixing
concrete. The study in question implemented tap water for the mixing and
curing of the concrete, adhering to the guidelines outlined in Iraqgi
Specification N0.1703/1992 [56]concerning the water quality.
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3.5 Supports

L ateral supports areimplemented to stabilize the web area of the beam,
thereby preventing any lateral or sideways movement that could lead to
distortion or displacement during the inspection process.

The lateral supports are crucial for maintaining the structural integrity
of abeam by providing stability and reinforcement to its web area. They are
constructed using two 2-cm boards, chosen for their strength and rigidity. The
boards are attached to the support base using screws, ensuring a secure
connection and minimizing the risk of detachment or failure. The supports are
designed to be placed at both ends of the beam to effectively stabilize the web

area and provide a dsable foundation for the entire setup.

Plate 3-9: a-The form of support used in the test.

b-Using Two Boards Strengthens the Support System
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3.6 Sted Section

The Ukrainian, was used to represent the structural steel |-section. This
section has 140 mm height, 73 mm flange width and 13.1 kg/m weight. The
flange and web thickness are 6.9 and 4.7 mm, respectively. To determine the
mechanical properties of the steel material, a total number of three tensile
samples were taken from the webs of al the specimens. The samples
fabricated according to ASTM-A370 [54], were tested by using a tensile
testing machine availablein the Strength of Materialslaboratory at Al Sebtayn
company for specialized structural and chemical surveys and soil
investigation. as shown in Plate (3-11) and the load-deflection curves results
are shown in Figure (3-18). The average values of yield stress, ultimate
strength and elongation are given in Table (3-9).

(a)Specimens before Testing (b)Specimens after Testing

Plate 3-10:Photos of Tensile Test Specimens.
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Plate 3-11: Tensile Stedl Testing Machine.
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Figure 3-18: The L oad-Deflection Curves of Steel Samples.
Table 3-9:Properties of Steel Section.
: Tenslle Ultimate Tensile  Elongation  Thickness
Spesctierﬁens Spel\tlzlomen Stress (Fy) Strength (Fu) % (mm)
' (MPa) (MPa)
Spl 490 652.15 14.38 4.7
Steel
Sp2 490 632.13 10.01 4.6
beam
Sp3 480 609.79 10.57 4.7
Average 486.67 631.36 11.65 4.67
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3.7 Stud Shear Connectors

Stud shear connectors are commonly used in composite steel-concrete
construction to provide a strong bond between the steel beam and the concrete
slab. These connectors typically consist of short steel studs that are welded to
the top flange of the steel beam, and then extend into the concrete slab. The
primary function of these connectorsisto transfer the load from the concrete
glab to the steel beam, allowing the two materials to act together as a single
unit. Without the connectors, the concrete slab would tend to separate from
the steel beam, reducing the overal strength and stiffness of the composite
member. To ensure effective composite action, the stud shear connectors must
be designed to resist both shear and pull-out forces. The shear forces arise
from the horizontal |oads applied to the composite member, while the pull-out
forces arise from the vertical loads applied to the concrete slab.

In the particular case described, the stud shear connectors used have a
height of 50 mm and a diameter of 10 mm. They are distributed along the
entire span of the beam, with a spacing of 150 mm and 300 mm center-to-

center, as shown in Plates (3-12).

(b)

Plate 3-12: The Studs Used in This Study, (a)Before Cutting; (b)After Cutting.
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Table 3-10:Mechanical Propertiesof Shear Connectors.

Steel Specimen Measured TensileStress  Ultimatetensile = Elongation
Specimens No. Diameter . (Fy) (MPa) strength (Fu) %
(mm) (MPa)
Spl 5434 747.60 135
Steel Bolt
Sp2 10 515.8 717.9 16.5
(stud)

Sp3 525 761.68 20

Average 528.07 742.39 16.67
800
700 { Sp1
600 A
500 A

é 400
7 300 A
200 A
100 A
0 T T T
0 0.01 0.02 0.03 0.04
Strain

Figure 3-19:The L oad-Deflection Curves of Steel Samples.
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3.8 Welding Processes

This research used two welding processes. The first process includes
welding nine stud connectors in one of the specimens and four studs in one
specimenin asingle row at a uniform spacing. The second processiswelding
four stiffeners with athickness of 10 mm at a distance of 20 mm from center
to center aong the web of the beam. Plate (3-13) shows the steel girders with
the welded stud. The studs were cut and fabricated from the bottom end to
provide welding in the steel girder. The choice of butt joint welding with a
thickness of 3 cm depends on the specific requirements of the experiment or
structural application. Factors like materia properties, anticipated |oads, and
design considerations can influence the choice. However, this welding
technique offers strength, stability, and weld quality for joining heavy-duty
structural components effectively, making it suitable for applications

requiring robust and reliable connections.

Plate 3-13: Illustration depicting stud shear connectors.
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3.8.1 Molds

Plywood mold was used for manufacturing the concrete slab (HSC)
specimens in this study as shown in Plate (3-14). The mold was cleaned well
and the internal faces were lubricated before casting. molds were prepared to
enable casting concrete. Each mold consists of a bed and four movable sides.
The sides were fixed to the bed by screws. The clear dimensions of the molds
are (1500 x 350x70) mm.

Plate 3-14: The Plywood Molds Used in Casting HSC Concrete
Slab.
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3.9 Preparation of the Specimens

3.9.1 Concrete Mix Design

The high-strength concrete (HSC) was designed according to the
American method of mix proportions selection. The target concrete strength
(fc') for all test specimens was (60) MPa at 28 days.

High-strength concrete (HSC) mix was performed in a rotary mixer.
For HSC concrete, the coarse aggregate and fine sand were mixed in a dry
state for about 2 minutes to disperse the fine sand particles throughout the
coarse aggregate. Then, the silica fume and cement were added, and the
mixture was mixed for 2 minutes. The superplasticizer was dissolved in water,
and the solution of water and superplasticizer was gradually added during the
mixing process. The entire mixture was then mixed for 4 minutes. In total, the
mixing of one batch required approximately 10 minutes from adding water to
the mix.

In this study, the HSC mix was taken by designing several experimental
mixes to obtain 28 days of compressive strength equal to nearly 70 MPa
following the ACI (211-15) (ACI- Committee 211 R- 2015), Table (3.11)
provides the quantities of the components required to have one cubic meter of
HSC.

Table 3-11: The Mix Material Proportion of High Strength Concrete.

Material Units HSC
Cement Kg/m?3 550
Silicafume Kg/m? 70
Fine sand Kg/m3 720
Coarse aggregate Kg/m? 1060
water L 155
superplasticizer L 16.5
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3.10 Mechanical Properties
Mechanical properties include three tests to know the behavior of
mixtures mechanically, provided that these tests are conducted for each type

of mixture that has been made.

3.10.1Compressive Strength Test

The compressive strength test was determined according to
(BS.1881: Part 116:1989) [57] and (ASTM C39-C39M)[58]. The average of
all specimens at the time of testing for cubes and cylinders was 72.72 MPa
and 60.57 M Pa, respectively asshownin Table (3-12)., with each cube having
dimensions of 100 mm x 100 mm x 100 mm. A digital pressure machine with
acapacity of 2000 kN was used for the test, as shown in the plate. The testing
was conducted 28 days after the curing process. The average of the results

from the three cubes was taken to represent the compressive strength.

Wi

[y
IS

!

71



Chapter Three Experimental Work

3.10.2 Splitting Tensile Strength Test

In this study, three concrete cylinders were prepared and the average
splitting tensile strength was determined. The cylinders had dimensions of
(100x200) mm as specified in the ASTM C 496-496M standard [59]. The
digital pressure machine with a strength capacity of up to (2000) kN was
utilized to perform the test, which was conducted after 28 days of curing, as
illustrated in Figure (3-16). The average of all specimens at the time of testing
for cylinders was 4.73 MPa. The formula employed to compute the splitting

tensile strength was as follows.

fst = —— (3-1)
iDL

fst: Splitting tensile strength (MPa).
L: Cylinder length (mm).
P: Peak load at failure (N) and

D: Cylinder diameter (mm).

; X' e
& ety a7 1

Plate 3-16: Splitting Tensile Strength Test Machine.
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3.10.3Flexural Strength Test

According to the provided information, a test was conducted to
determine the flexural strength of three concrete prisms, each measuring
(100 X 100 x 500) mm, as per the ASTM C293-02 standard[60]. The
procedure involved applying a central force to the prisms using a hydraulic
device, while the prisms were affixed as smple supports and subjected to a
span length of 400 mm. By measuring the maximum load applied to the prisms
at the point of failure, as well as considering their dimensions and the span
length, the flexural strength (modulus of rupture) of the concrete was
computed the average flexural strength of the three prisms was 5.66M Pa. was

calculated using the following equation.
3PL
fr= — (3-2)
fr: Flexura strength in (MPa), P. Maximum applied load in (N)

L: Average span length in (mm), b: Width of prism in (mm), and

h: Depth of prism in (mm)
é" ; ¥ :.-‘ \'.»; \ ' o u

Plate 3-17: Flexural Strength (Modulus of Rupture) Test.
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Table 3-12: Compression and Tension Strength of Concrete.

Group Concrete Compressive Strength, Splitting Rupture
Specimen fcu MPa Tensile Modulus, fr
Symbol cube cylinder Strength, fct MPa
MPa

1 77.76 62.21 4.9 5.7

2 70.5 59.4 4.5 5.31

3 69.9 60.1 4.8 5.97
average 72.72 60.57 4.73 5.66

3.10.4 M odulus of Elasticity

The modulus of elasticity samples or each mix of HSC using the average
value of three samples of cylinders with dimensions (100 X 200) mm. the
vertical displacement was measured when the load was applied by the
compressive state.

Equation (3-3) represented the formula of modules of elasticity for high
strength of concrete was compared with the ACI 363R-23 [61].

Ec = 3320,/fc + 6900 (3-3)

The value of modulus of elasticity for each mixture calculated by the
previous equations represented in Table 3-13.

Table 3-13:Average Modulus of Elasticity.

No. of specimens Modulus of elasticity (Ec) for High
strength concrete (MPa)
1 33085.9
2 32487.7
3 32638.03
Average 32737.21
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3.11 Stedl Reinfor cement

The study utilized steel bars with adiameter of 8 mm and agrade of 40.
These barswere utilized to reinforce all of the tested slabs and were produced
In accordance with the guidelines set forth in the ASTM-A615/A615M — 15a

[62] specification (refer to Table 3-14 for more details).
Table 3-14 Sted reinforcement test results*

Property Unit Value ASTM-A615/2020

Nominal diameter mm 8 -
Actual diameter mm 7.91 -
Cross-section area mm? 49.0 -

Yield stress MPa 460.0 >280

Ultimate stress MPa 608.2 > 420
Elongation % 25.9 -
Nominal weight Kg/m 0.39 -

* Thistest was carried out by lab staff.
3.11.1 Steel Reinfor cement Mesh

All the dabs were reinforced with @ 8mm sted reinforcement.
The ratio of reinforcement was taken identica for both directions of dabs.
The mesh of reinforcement is shown in (Figure 3-20).

8mMm@150m

1500.0

350.0

SmMm@100m
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DIA 8,0000 mnv—

“,DIA 8.0000 mm

150.0000 mm

| ---_,"‘

100.0000 mm_

Figure 3-20 Steel reinforcement mesh

Plate 3-18: Tensile Testing Machine for Steel Reinfor cement.
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3.12 Curing

Process Following the casting process, the formwork was left in place
for three days before being removed. It was crucial to understand that the
formwork needed to remain in place for more than one or two days to allow
the concrete to harden fully. This extended duration was due to the high
dosage of superplasticizer used in the mix design.

To assess the concrete's strength, three cubes measuring 100mm each
and six cylinders of (100x200) mm were cast. The compressive strength was
caculated based on these specimens. Additionaly, three prisms of
(500x100%100) mm were cast to determine the flexura strength (modulus of
rupture) of the high strength concrete (HSC). All composite specimens,

including cubes, cylinders, and prisms, were cured for 28 days. They were

kept together underwater at a constant temperature ranging from 24 to 30 °C
[63], as shown in Plate (3-19).

; ‘_.. . \ 'a;" & ]
"g \ \ ’.ﬁ.s ", ¢

Plate 3-19: Photographsfor the Curing Process.
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Plate 3-20: Stages of Casting.
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3.6 Instruments
The instruments used consisted of a linear variable displacement

transducer (LVDT) with displacement capacities of 12mm and 50mm and
load cells for measurement of beam deflections and slips between concrete

slabs and sted!.

L vetesmn T e oy yoy vy < 1

Load control andrate = S Sg e £ ; -
- [ et R ST =

Plate 3-22:View of the Controlling Program.
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3.13 Beams Testing

At the end of the curing duration, all beams and control specimenswere
removed from the water tank, left to dry, and then cleaned and painted white
for the concrete slab to detect cracks easily. Each beam was placed on simple
supports, with adistance of 10 cm from each end of the machine, providing a
clear span of 130 cm between the two supports. The machine used for testing
the beams had a capacity of 2000 kN. It was one of the hydraulic types
available in the Materia Laboratory of the Civil Engineering Department at
the College of Engineering, Kerbala University, as shown in Figure (3-21).

LOAD CELL

Loading arm

Test specimen i B e

Test specimen

Figure 3-21:Details of Testing Machine Used in This Study.

All beams were tested under two-point loads, using a steel beam over
the beam with a clear span of 500 mm. This arrangement allowed for the
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division of the total applied load onto two steel rods with a cross-section of
25 mm, applied on steel platesto avoid stress concentration on the slab flange,
as shown in Plate (3-23).

Plate 3-23: Loading arm used in thetest.

The load was applied in successive increments of approximately 5 kN
at each step. The deflection and dlip values were recorded at each load
increment, and any cracks observed were marked. The load at which each
crack occurred was also noted. Thetest wasterminated when adrop inloading
was observed, and the beam exhibited significant deflection. When the beam
reached the failure point, the load was removed, the load at failure was
recorded, and the cracks were marked. For repeated |oad testing, the load was
applied cyclically until failure occurred. Each cycle consisted of two steps: in
thefirst step, the load was increased to a selected level from the ultimate load
of the control model (slab under concentrated load), and in the second step,
the load was unloaded to zero. The selected |oad levels were 0.25Pu, 0.5Pu,
0.75Pu, and so on, up to the point of failure, where Pu represented the
estimated ultimate load of the control model. The first cracking load and its
location were recorded. At each load increment, observations of crack

development on the concrete slab were made.
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Figure 3-22: History of the repeated load.

3.14 Strain Measurement
The strain was measured using GOM software [64], and the area was coated

with black spray paint, as depicted in the image. Shown in Figure (3-24).

(® GOM Suite

Figure 3-23: GOM softwareicon
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Figure 3-24:Theinterface of the software.
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Figure 3-25:The second interface of the software.
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© L

Figure 3-26:The Final Interface of the Software.
Specify the region in which the strain is computed. Next, select the

specific point for which you desire to determine the strain, and repeat this
process for al other places.

The strain was measured at six levels across the depth of the composite
beam at one side at mid-span for all beams.
GOM Correlate is free software that enables digital image correlation (DIC)
and evauation. Digital image correlation is an optical technique that allows
measuring 2D or 3D coordinates without physical contact. Coordinates can be
utilized to infer displacements and strains of specimens for adiverse array of
applications in materials and component testing. GOM Correlate offers 2D
digital image correlation, enabling the assessment and documentation of
digital image sequences or video files. Hence, it isideal for in-plane testing

applications using pre-existing cameras.
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Chapter Four: Experimental Resultsand Discussion

4.1 Introduction

The present chapter discussed the experimental findings about
evaluating composite castellated beams subjected to monotonic and repeated
loading conditions. The characteristics can be categorized into four distinct
areas. the shape of the opening, the type of loading, the spacing of the shear
connectors, and the presence of stiffeners. Fifteen composite castellated
beams were tested, with each group including three beams. The first group
directed their attention toward the beam group subjected to monotonic
loading. Distinct shear connection spacings and opening forms characterized
these beams. Specifically, one composite beam had a shear connector spacing
of 150mm from c/c.

In contrast, the other two composite castellated beams had hexagonal
and square openings with shear connector spacings of 300mm and 150mm
from c/c, respectively. The second group consisted of individuals possessing
identical shear connector spacing (150mm c/c) yet exhibiting distinct opening
shapes (hexagonal, circular, and square). However, the subsequent cohort
investigated beams comparabl e to those studied by the previous group, with a
distinct shear connection spacing of 300mm from c/c. This modification
aimed to ascertain the impact of varying the quantity of shear connectors on
the ultimate load capacity. The fourth group consisted of composite
castellated beamswith identical shear connector spacing, measured at 150mm
c/c, and similar opening forms. hexagonal, circular, and square. The beams
were equipped with supplementary panels and longitudinal strengthening
within the web. The models in the fifth group exhibited similarities to those
in the fourth group, albeit with adistinct variation in shear connector spacing,

86



Chapter Four Experimental Results and Discussion

namely at ac/c distance of 300mm. This chapter looks at how changing certain
parameters affects the behavior of a composite castellated beam. It does this
by visually showing types of failure and explaining how they behave under
different loads.

4.2 Test Setup and Instrumentation

Before delving into the findings, it is imperative to provide a
comprehensive overview of the experimental test configuration and
instruments employed. The composite castellated beams were manufactured
according to the standards outlined in Chapter Three. GOM software was used
along each beam to measure strain fluctuations during loading—furthermore,

displacement and measuring the extent of deflection by LVDT.

4.3 Load-Deflection Behavior

The load-deflection behavior of the composite castellated beams was
evaluated under repeated |oading conditions. The cyclic loading was applied
using a hydraulic actuator capable of generating the desired load amplitudes
and frequencies.

The results showed that the composite castellated beams exhibited a
linear elastic response during the initial loading cycles. However, the beams
exhibited signs of stiffness degradation as the number of cycles increased.
This was evident from the increase in deflections observed at similar load
amplitudes as the loading cycles progressed. The stiffness degradation was
attributed to various factors, including materia fatigue, local damage

accumul ation.
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4.3.1 Load-Deflection Relationship

The vertical deflection of the test beams was recorded at each load increment.

Table 4-1: Experimental Results of the Tested Beams

Maximum
Beam Total applied load(kN) Deflection
No | designation (mm) Type of Failure
Pcr Pu Pcr /Pu Acr
1 CB-9S 100 | 130.40 0.50 33.13 Lateral Torsional Buckling
CB-H4S 50 | 101.30 0.54 32.90 Web Post Buckling
CB-S9S 72 92.50 0.54 14.60 Buckling and Yielding
2 CB-H9R1 70 98.60 0.76 24.90 Web Post Buckling
Vierendeel Mechanism
CB-C9R1 50 74.89 0.83 24.09 Web Post Buckling
CB-S9R1 60 67.34 0.70 16.90 Buckling and Yielding
3 CB-H4R1 75 89.00 0.84 26.80 Web Post Buckling
Vierendeel Mechanism
CB-C4R1 50 69.40 0.72 29.20 Web Post Buckling
CB-S4R1 25 58.70 0.43 16.10 Buckling and Yielding
4 CB-H9R2 90 164.20 0.55 47.44 Vierendeel Truss Analogy
CB-C9R2 50 121.30 0.62 38.60 Location of The Relevant Plastic
Hinges
CB-S9R2 75 109.40 0.69 25.30 Buckling and Yielding
Tee Local Buckling
5 CB-H4R2 75 138.60 0.54 28.20 Vierendeel Truss Analogy
CB-C4R2 50 102.40 0.49 49.10 The Four-Hinged Failure Mechanism
CB-S4R2 50 69.20 0.72 14.60 Buckling and Yielding
Tee Local Buckling
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4.3.1.1 Group One
This group consisted of three specimens’ controls (CB-9S, CB-H4S,
and CB-S9S).

Table 4-2: Ultimate load and deflection in the middle of each span for group one

Beams Ultimate Crack Mid-span deflectionat = Mid-span deflection at
(controls) Load (kN) Load (kN)  thefirst crack (mm) ultimate load(mm)
CB-9S 130.4 100 8.99 331
CB-H4S 101.3 72 4.78 329
CB-S9S 92.5 50 4.21 14.6

The study examines the performance of group one (CB-9S, CB-S9S,
and CB-H4S) beams under monotonic load conditions. The CB-9S, a control
beam without castellation, has ahigh strength level and increased adaptability.
The study compares the ultimate load capacities of three Castellated Stee
Beams (CSBs) as control specimens. The CB-S9S beam, with square
openings and a stud spacing of 150 c/c, demonstrated an ultimate |oad of 92.5
KN. In contrast, the CB-H4S beam, featuring hexagonal openings and awider
stud spacing of 300 c/c, exhibited a dightly lower ultimate load of 101.3 kN.
The results show that the spacing between the shear connectors and the shapes
of the openings affect the final load capacity. In this case, the CB-H4S
configuration performed better than the CB-S9S variant. The CB-9S structure
experienced significant lateral torsional deformation, web distortion, and
lateral torsional buckling due to structural modifications during loading. The
failure of CB-H4S was due to web post-buckling, while CB-S9S experienced
buckling and yielding.
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Figure 4-1:L oad-Deflection Curve of Monotonic L oad beam (CB-9S).
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Plate 4-1: Shape of Beam 5(?-98 Before and After Testing.
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Plate 4-2: Shape of Beam CB-H4S Before Testing.

9



Chapter Four Experimental Results and Discussion

160 1 ¢cB-59s
140 +

120 4

100 4

Total Applied Load (kN)

0 10 20 30 40 50
Deflection (mm)

Figure 4-3: L oad-Deflection Curve of Monotonic L oad Beam (CB-S9S).

Plate 4-3: Shape of Beam CB-S9S Before Testing.
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4.3.1.2 Group Two

Group two comprised three specimens, namely CB-H9R1, CB-C9R1,
and CB-S9RL1. Each is characterized by a unique opening shape (hexagonal,
circular, and square). The space between the studsis 150 mm. The specimens
underwent a repetitive load testing technique., with two cycles occurring
within asingle phase. The cyclic loading approach involves agradual increase
in applied loads, first at 25% of the ultimate capacity (Pu) and subsequently
progressing in 50% to 75% increments until finally reaching 100% Pu.

Table 4-3:Ultimate load and deflection in the middle of each span for group two

Beams Ultimate Crack Mid-span deflectionat | Mid-span deflection
Load (kN) : Load (kN) thefirst crack (mm) at ultimate load(mm)

CB-H9R1 98.6 70 1255 24.9
CB-C9R1 74.89 50 2.55 24.09
CB-S9R1 67.34 60 6.24 16.90

The performance of three different models of composite castellated
beams under repeated loads. The hexagona opening model had the highest
maximum load deflection of 98.6 kN.

In contrast, the circular opening model performed well with a slightly lower
maximum load deflection but outperformed the square opening model. The
square opening model displayed theleast resistance to deformation, indicating
lower structural efficiency. The CB-HOR1 beam displayed a combination of
failure modes, including web post-buckling and the Vierendeel mechanism,
suggesting a complex pattern of load redistribution before ultimate failure.
The CB-C9R1 primarily experienced web post-buckling, indicating the
beam's web failed under applied loads due to compressive stress. The CB-
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SOR1 a'so experienced buckling and yielding, indicating plastic deformation
due to the material exceeding itsyield strength.
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Figure 4-4: L oad-Deflection Curve of Repeated L oad Beam (CB-H9R1).
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Figure 4-5: Loading Setup of The Beam Under Repeated L oad (CB-H9R1).
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Plate 4-6: Beam CB-H9R1 at Failure.
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Figure 4-7: Loading Setup of The Beam Under Repeated Load (CB-C9R1).
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Plate 4-10: Effect of First Crack Load on Stud Shear Connectors.
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Plate 4-12: Beam CB-S9R1 at Failure.
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Plate 4-13: Failure of Beam CB-S9R1 After Testing (Buckling and yielding).
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4.3.1.3 Group Three

The group comprised three specimens, namely CB-H4R1, CB-C4R1,
and CB-3AR1, each exhibiting distinct shapes of openings, specifically
hexagonal, circular, and sguare. Additionally, the specimens were
characterized by astud spacing of 300mm. First, the repeated load isgradually
applied up to (25% Pu) for the control beam.

Table 4-4: Ultimate L oad and Deflection in The Middle of Each Span for Group

Three.
Beams Ultimate Crack Load Mid-span deflectionat  Mid-span deflection
Load (kN) (KN) thefirst crack (mm) at ultimate load(mm)
CB-H4R1 89.0 75 15.46 26.8
CB-C4R1 69.4 50 4,54 29.2
CB-$4R1 58.7 25 1.36 16.1

The hexagonal opening model had a maximum load deflection of 89.0
kN, while the circular opening model had a maximum deflection of 69.4 kN.
The square opening model had amaximum deflection of 58.7 kN. Comparing
these results with previous models with nine shear connectors revealed
significant changes in load deflection. The hexagonal opening model
experienced a decrease from 98.6 kN to 89.0 kN, the circular opening model
from 90.6 kN to 69.4 kN, and the square opening model from 71.0 kN to 58.7
KN. The study reveds that using more shear connectors in composite
castellated beams enhances their structura performance under repeated load
conditions, with models with nine connectors consistently showing higher
maximum load deflection values. The CB-H4R1 beam experienced various
failure modes, including web post-buckling and the Vierendeel mechanism.
Web post-buckling was the primary failure mode for CB-C4R1, indicating
web failure due to compressive stress. Buckling and yielding occurred in CB-
HARL.
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Figure 4-11: L oading setup of the beam under repeated load(H4R1).
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Plate 4-14 : Shape of Beam CB-H4R1 Before Testing.

Plate 4-15: Beam CB-H4R1 at Failure.
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Figure 4-13: Loading Setup of The Beam Under Repeated Load (CB-C4R1).
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Plate 4-16: Beam CB-C4R1 at Failure.
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Plate 4-19: Beam CB-$4R1 at Failure.
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4.3.1.4 Group Four
However, the fourth group differs from the second by including

strengthening within the web region.

Table 4-5:Ultimate load and deflection in the middle of each span for group Four.

Beams Ultimate Crack Load Mid-span deflectionat  Mid-span deflection
Load (kN) (KN) thefirst crack (mm)  at ultimate load(mm)
CB-H9R2 164.2 90 12.99 47.4
CB-C9R2 121.3 75 8.32 38.6
CB-S9R2 109.4 50 3.55 25.3

Theinitial model, consisting of a hexagonal beam with stiffenersand a
hexagonal opening, demonstrated the highest |oad deflection of 164.2 kN after
six cyclic tests. The second model, consisting of a circular beam with a
circular opening, had a maximum load deflection of 121.3 kN. The third
model, consisting of a square hole, had a maximum load deflection of 109.4
kKN. The hexagonal opening configuration exhibited a substantial 35.3%
increase in ultimate load compared to the circular opening, emphasizing the
favorable structural characteristics of hexagonal designs. Moreover, the
hexagonal configuration displayed a 49.8% higher ultimate load when
comparing hexagona and square openings. These results underscore the
importance of the shape of openings, with hexagona configurations
showcasing superior structural performance in terms of ultimate |oad. Results
showed that CB-H9R2 had load distribution and deformation characteristics
similar to the Vierended truss, with plastic hinges playing a significant role
in structural behavior and ultimate failure. The study recommends using
hexagonal apertures for castellated beam design, avoiding square openings
due to diminished capacity, and considering fatigue failure potential when
designing for repeated |oading scenarios.
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Figure 4-19: Loading setup of the beam under repeated load (CB-C9R2).

113



Chapter Four Experimental Results and Discussion

Plate 4-25: Beam CB-C9R2 at Failure.
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Figure 4-21: Loading Setup of The Beam Under Repeated L oad (SOR2).
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Plate 4-27: Beam CB-S9R2 at Failure.

116



Chapter Four Experimental Results and Discussion

Plate 4-28: Beam CB-S9R2 at Failure.
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4.3.1.5 Group Five
The fifth group resembles the third group, however, and is

distinguished by the inclusion of strengthening within the web region.

Table 4-6:Ultimate load and Deflection in The Middle of Each Span for Group Five.

Beams Ultimate Crack Mid-span deflection at = Mid-span deflection at
Load (kN) Load (kN) thefirst crack (mm) ultimate load(mm)

CB-H4R2 138.6 75 8.86 28.2
CB-C4R2 102.4 50 6.02 49.1
CB-$4R2 69.2 50 4.55 14.6

The study found that models with four-shear connectors showed
improved |oad-deflection performance, suggesting that existing stiffeners can
improve structura efficiency. The composite castellated beams, CB-H4R2,
CB-C4R2, and CB-HAR2, exhibited different failure types, showcasing their
unique characteristics. The study also found that hexagona apertures were
more effective in optimizing load-bearing capacity and deflection
performance, especially under static loading conditions. However, square
apertures reduced ultimate load and deflection capabilities. The study
suggeststhat vertical plates within the web of castellated beams could enhance
their structura integrity, especialy under significant load conditions. The
failure of the three specimens in Group Four was attributed to a combination
of the Vierended! truss analogy, the four-hinged failure mechanism, and local

buckling.
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Plate 4-30: Beam CB-H4R2 at Failure.
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Plate 4-32: Beam CB-C4R2 at Failure.
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Plate 4-33: Failure of Beam CB-C4R2 After Testing.
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Plate 4-35: Beam CB-$4R2 at Failure.
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Plate 4-36: Beam CB-$4R2 at Failure.
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4.4 Parameters|nfluence

4.4.1 First Parameter - Shape of Opening
Percentage Differences in Ultimate Load Between Opening Shapes

Within Each Group:

Group Comparison Percentage Difference

Hexagonal vs. Circular 31.63%

2 Hexagonal vs. Square 46.30%
Circular vs. Square 11.20%

Hexagonal vs. Circular 28.26%

3 Hexagonal vs. Square 51.61%
Circular vs. Square 18.26%

Hexagonal vs. Circular 35.36%

4 Hexagonal vs. Square 49.96%
Circular vs. Square 9.83%

Hexagonal vs. Circular 35.28%

5 Hexagonal vs. Square 100.43%
Circular vs. Square 47.93%

The table shows that hexagonal openings have a superior load-bearing
capacity compared to circular and square shapes. In Group 2, hexagonal
openings increase ultimate load by 31.63% and 46.30%, respectively. In
Group 3, hexagona openings surpass both circular and square shapes by
28.26% and 51.61%, respectively. In Group 4, hexagonal openings show
superiority by 35.36% and 49.96%, with a slight increase of 9.83% compared
to square shapes. In Group 5, hexagonal openings maintain their advantage,

nearly double the ultimate load of square openings.
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Figure 4-28:Compar e the Resultsfor The Shape of The Openings.

4.4.2 Second Parameter - Space Between Shear Connector

The second parameter of the study focuses on the spacing between

shear connectors and its influence on the ultimate load of castellated stee

beams.
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Table 4-7:1nfluence of Shear Connector Spacing on Ultimate L oad of CCB.

No. Beams shear connectors effect %
1 CB-H9R1 | CB-H4R1 10.79%
2 CB-C9R1 @ CB-C4R1 7.91%
3 CB-S9R1 CB-#4R1 14.72%
4 CB-H9R2 | CB-H4R2 18.47%
5 CB-C9R2 = CB-C4R2 18.46%
6 CB-S9R2 CB-$4R2 58.09%

Shear connector spacing significantly impacts ultimate load in beams, with
a 10.79% difference between hexagona and circular configurations.
Sguare openings show a higher sensitivity to spacing, with a 14.72%
difference. The impact is more pronounced for hexagona openings, with
an 18.47% difference. Circular openings have a smaller effect, but square
openings show a significant 58.09% difference, highlighting their critical
role in performance.
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Figure 4-29:Compareresultsfor distance between stud shears.
4.4.3 Third Parameter - Used Strengthening

The third parameter of the study focuses on the impact of different

strengthening techniques on the performance of castellated steel beams.

Table 4-8:Impact of Different Strengthening Techniques on Beam Performance.

Beams Strengthening%
CB-H9R1 CB-H9R2 66.53%
CB-C9R1 CB-C9R2 61.97%
CB-S9R1 CB-S9R2 62.46%
CB-H4R1 CB-H4R2 55.73%
CB-C4R1 CB-C4R2 47.55%
CB-$4R1 CB-4R2 17.89%

Strengthening hexagonal,

circular, sguare,

and hexagonal beams

significantly increases ultimate load, with hexagona openings enhancing by

66.53%, circular openings by 61.97%, square openings by 62.46%, and square

openings by 17.89%.

130

50



Total Applied Load (kN)

Total Applied Load (kN)

Chapter Four Experimental Results and Discussion

160 - 160 -
140 140 -
=
120 - =120 -
]
100 - 3100 -
-
]
80 - 2 80 -
Y
60 < 60 -
s
0 — CB-C9R1 2 %07 e
20 E AR 20 ——— CB-H4R1
0 i T T T T O T T T T T
0 10 peflectid 30 40 50 0 10 20 30 40
Deflection (mm) Deflection (mm)
160 A 160
140 - 140
=z
120 - =120
B
100 - S 100
°
80 - = 80
-3
60 - = 60
°
40 4 F 40
—— CB-S9R1
20 - 20
———CB-S4R1
o T T L) L} O L] T L] T
0 1 .2 30 40 5 0 10 20 30 40
Befiection {mm) Deflection (mm)
160 -~ 160 4
140 - 140 A
o £ 120 -
© ]
180 © 100 -
— -
EO T 80 1
-y
3_0 60 -
< <
o £ 40
o o —— CB-S9R2
20 = )0
—— CB-S4R2
0 - T T T T 0 T T T T
0 10 pefleéfion (mmj° 40 S0 0 0 40

10 0 3
Deflectizon (mm)

Figure 4-30:Compareresults after strengthening.

131



Chapter Four Experimental Results and Discussion

4.5 Load-Slip Relationship

A study on dlip in composite beams showed Figure 4-31 depicting slip-
induced beam shapes under vertical loads. Ten composite beams were made
by connecting steel beams and concrete slabs with shear connectors for

materia interaction.

Table 4-9:Experimental Slip at Ultimate L oad.

Specimens (mm) (kN)
CB-C9R1 7.3 89.3
CB-S9R1 3.4 717
CB-C4R1 5.4 69.2
CB-$4R1 2.8 58.4
CB-C9R2 9.6 121.2
CB-S9R2 55 109.2
CB-C4R2 2.2 76.3
CB-$4R2 1.5 69.2

CB-9S 3.3 130.4

CB-S9S 1.5 92.5

When aload is applied to acomposite beam, it resultsin horizonta dip
or relative displacement between the concrete and steel congtituents. This
lateral displacement decreases the flexura rigidity of the composite cross-
section. The study providesinsightsinto the behavior of composite beamsand
the impact of characteristics like shear connectors and opening shapes on dlip
occurrence and structural reaction. The results show that specimens with
square openings (CB-S9S) have the highest degree of dip at the point of
ultimate load, while those subjected to repeated |oading have a greater degree
of dlip. Those with more shear connectors (CB-C9R1 and CB-C9R2) show
reduced dlip at the point of ultimate stress. The study concludes that reducing
the dip of composite beams can be achieved by using hexagonal apertures
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instead of square openings, minimizing repetitive loading, and increasing the

use of shear connectors.

Figure4-31: Horizontal Slip Between the Concrete and Steel Constituents.
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4.6 Distribution of Normal Strain

Figures (4-41) to (4-43) show the relationship between the longitudinal
strain and load through the depth of the composite beam at mid-span for
different load levels, including failure load. The strain was measured at six
levels across the depth of the composite castellated beam.
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4.7 Summary of Experimental Results

The experimental results of the study offer crucia insights into the
performance of composite castellated beams under diverse |oading conditions
and design parameters:

1. Load-Deflection Behavior: Different beam configurations exhibited
varying load-deflection characteristics, highlighting responses to
applied loads.

2. Shear Connector Influence: Models with more shear connectors
showed enhanced load-carrying capacity and deflection behavior,
underscoring their importance in structura performance.

3. Opening Shape Effect: Hexagonal openings generaly outperformed
circular and square ones, impacting structural response.

4. Stiffeners and Vertical Plates. Their presence improved load-carrying
capacity and structural efficiency by resisting deformation and carrying
loads.

5. Shear Connector Optimization: Optimizing shear connector number
and distribution is crucial, especially under repeated load conditions.

6. Slip Characteristics: Slip, representing relative displacement between
concrete slab and steel beam, significantly affects flexural stiffness and
structural evaluation. In conclusion, these results reveal the intricate
influence of design parameters on composite castellated beam
performance, offering valuable guidance for their practical design and
evaluation to optimize structural efficiency under various loading

scenarios.
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Chapter Five: Finite Elements Analysis

5.1 Introduction

This chapter compares three-dimensional nonlinear finite e ement (FE)
analysis results with experimental observations. The comparison aims to
evaluate the suitability of element types, material properties, convergence
patterns, and material parameters for representing composite castellated beam
models. Parametric analysis further explores the influence of opening shape,
stud shear distribution, and strengthening. The study uses ABAQUS/Explicit
to develop models for composite castellated steel beams and compare their
behavior with empirical findings. This validation process involves comparing
experimental data with numerical analysis results, focusing on ultimate load,
|oad-deflection relationship, and load-slip correlation.

5.2 Finite Element Modeling

Thefinite element modeling of the composite castellated beam used the
same physical properties, loading conditions, and boundary constraints as the
experimental study. The beam had the same shape and length. The modeling
process consisted of eight distinct components, each contributing to
representing the fifteen composite castellated beams. These components
encompassed the steel beam, concrete slab, headed stud, longitudinal rebar,
transverse rebar, top-bearing plate, bottom-support plate, and vertical stiffener
plates. Each component was meticulously delineated individually and

subsequently integrated to construct the comprehensive specimen model .

5.2.1 Geometry
The study analyzes fifteen composite castellated beams with two-point
loads using 3D nonlinear finite element analysis. The beams have similar span
details and concrete slab dimensions. The sted beams are affixed to the
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concrete slab using the stud technique. The composite member consists of a
steel castellated beam and reinforced concrete slab connected by 9 or 4 shear

connectors.
Table 5-1: Finite Element Typesfor Composite Castellated Beam M odel

No Part Types of Elements

1 Steel Beam C3D8R: An 8-node linear brick, reduced integration.
2 Concrete Slab C3D8R: An 8-node linear brick, reduced integration.
3 Headed Stud C3D8R: An 8-node linear brick, reduced integration.
4 Rebar Longitudinal T3D2: A 2-node linear 3-D truss.

5 Rebar Transverse T3D2: A 2-node linear 3-D truss.

6 Top-Bearing plate R3D4: A 4-node 3-D bilinear rigid quadrilateral.

7 Bottom-Support plate R3D4: A 4-node 3-D bilinear rigid quadrilateral.

8 Vertical stiffener plate  C3D8R: An 8-node linear brick, reduced integration.

During the process of finite element analysis, all beams that were
subjected to experimenta testing were characterized by having identical
diameters. The finite element mesh depicted in Figure 5-1 was employed to
simulate the behavior of the composite castellated beam CB-H9R2.

Headed Stud

2 Rebar Transverse Rebar Longitudinal
Concrete Slab Top-Bearing plate

Steel Beam

Vertical stiffener plate
Bottom-Support plate

Figure 5-1: Geometry of the Numerical Model.
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5.2.2 Convergence Study

Selecting a suitable mesh size is of utmost importance in finite element
modeling. A thorough initial analysis was conducted, considering several mesh
densities, to determine the ideal density that could achieve the needed level of
accuracy. The achievement of successful convergence of outcomes occurs when the
beam is appropriately divided into a sufficient number of distinct elements. This
phenomenon becomes apparent in cases where reducing the mesh size has only a
modest impact on the ensuing data. To achieve this objective, a convergence
analysis was undertaken as an essential element of the ongoing finite element
analysis (FEA) to determine the most suitable mesh size. The present investigation
entailed deliberately choosing discrete element dimensions for the CB-9S model,
namely 45, 35, 25, and 15 mm, as visualy illustrated in Figure 5.4.

Moreover, a noticeable improvement in the precison of deflection
measurements may be shown when comparing the obtained values with the
experimental data for the control beam, as presented in Table 5-2. As aresult, a
mesh size of 25 mm was chosen for all the beams that underwent testing. Figure 5.1
presents a graphical representation illustrating the fluctuations in load-mid-span
deflection associated with various mesh sizes.
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Table5-2; Effect of M esh Size on Ultimate L oad And Deflection.

Mesh Size (mm) Name Ultimate load (kN)  Maximum Deflection (mm)
15 EXP. 130.4 33.1
FEA. 135.1 50.81
25 EXP. 130.4 33.1
FEA. 132.8 38.9
35 EXP. 130.4 33.1
FEA. 112.7 26
45 EXP. 130.4 33.1
FEA. 98.65 10.1

D
o

(O]
o

S
o

Deflection (mm)
5 3

=
o

o

0 10 20 30 40 50
Size Mesh (mm)

Figure 5-3: Effect of Mesh Size on Ultimate Load and Deflection.
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5.2.3 Interaction

Following the assembly process, several components are brought
together, such as the concrete slab, steel beam, sted reinforcement, shear
connectors, and steel bearing plates. Establishing their relationships is
facilitated by utilizing several constraint types aligned with experimental
observations to construct a cohesive composite system.

Table 5-3: Finite Element Interactionsfor Composite Castellated Beam Model.

No Part Type of interaction =~ Master Slave
1 Steel Beam and Concrete Slab Surface to surface Steel Concrete
2 Concrete Slab and rebar Embedded region Rebar  Concrete
3 Headed Stud and Steel Beam Tie Steel Stud
4 = Steedl Beam and Bottom-Support plate = Surfaceto surface = Support Steel
5 Concrete Slab and Headed Stud Tie Stud Concrete
6  Top-bearing plate and Concrete Slab = Surface to surface Plate  Concrete
7 Vertica stiffener plate and steel beam Tie Stiffener Steel

The composite castellated beam system uses surface-to-surface
connections between the steel beam and concrete dab, accurately capturing
interfacial behavior and load transfer dynamics. The interaction between the
concrete slab and longitudinal and transverse rebar components uses an
embedded region approach, alowing for detailed representation of
interlocking behavior and load transfer mechanisms. The interaction between
shear connectors and the steel beam's top flange is characterized by a "tie"
interaction, emulating a mechanical bond for precise load transfer and
structural behavior. The interaction between the steel beam's bottom flange
and the bottom support plate is achieved through a "surface-to-surface"
connection, effectively transmitting forces and displacements. Theinteraction
between the concrete slab and headed stud is represented using a "ti€e"
interaction, capturing cohesive behavior within the composite castellated
beam structure. Mechanical constraints formulations, including the "penalty
contact method" and "finite sliding" formulation, accommodate unrestricted
motion between the steel sheet and concrete surfaces following dip failure.
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Figure 5-5: Interactionsfor Composite Castellated Beam Moddl.
5.2.4 Loading and Boundary Conditions

The loads were applied to each tested beam at two points in the
experimental work. Two steel plates have performed these loads with
dimensions of 100x50x350 mm located at the top face to transform the loads
into the tested beam. Displacements at the boundaries were used to constrain
all reinforced concrete specimens’ models to get the appropriate solution. All
models were constrained in the z-direction and y-direction (Uz=Uy=Ux=0) at
the hinge support while constrained in the y-direction and x-direction

(Uy=Ux=0) at the roller support, asillustrated in Figures 5-7.

Uy= Ux=0

Uz=Uy=Ux=0 R

Figure5-7: Boundary Conditions That Used in Test of Models.
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5.3 Numerical Results
This study compared the ultimate load values and deflections found

through finite-element analysis to those found through experimental tests.

This comparative analysis was executed to validate the accuracy of the

numerical modd.

Table 5-4: Comparison of the Ultimate L oad and Ultimate Deflection for

Composite Castellated Beams.

Sample Ultimate load Pu (kN) Ultimate deflection (mm)
Exp. Num. Num./Exp. Exp. Num. Num. / Exp.

CB-9S 1304 140.8 1.08 33.13 29.9 0.90
CB-H4S 101.3 104 1.03 32.9 31.45 0.96
CB-39S 925 100.9 1.09 14.6 15.5 1.06
CB-H9R1 98.6 99.7 1.01 249 25 1.00
CB-CO9R1 806 80.7 1.00 24 25 1.04
CB-S9R1 67.34 70.95 1.05 16.9 15 0.89
CB-H4R1 89 96.2 1.08 26.8 24.2 0.90
CB-C4R1 694 791 1.14 29.2 20 0.68
CB-4AR1 58.7 613 1.04 16.1 15 0.93
CB-H9R2 1642 1722 1.05 47.44 45.8 0.97
CB-C9rR2 121.3 1328 1.09 38.6 35 0.91
CB-S9R2 1094 1104 1.01 25.3 25 0.99
CB-H4R2 138.6 146.8 1.06 28.2 29.8 1.06
CB-C4R2 1024 108.2 1.06 49.1 47.12 0.96
CB-44R2 69.2 756 1.09 14.6 15.5 1.06
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5.4 Comparison Between Experimental and Finite Element Results

The finite element analysis results from ABAQUS software were

compared with experimental beams' ultimate load, ultimate deflection, |oad-

deflection curve, and failure pattern for various samples.

5.4.1 Group one
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Figure 5-8 : Distribution of von Mises Stresses for Group one.
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5.4.2 Group Two

S, Mises
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Figure 5-10: Distribution of von Mises Stresses for Group Two.
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U, Magnitude
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Figure 5-11: Deflection Shape of model CB-H9R1.
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Figure5-12: Comparison between Experimental and Numerical L oad-
Deflection Curvefor (CB-H9R1) Specimen
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Figure5-13: Comparison between Experimental and Numerical L oad-
Deflection Curvefor (CB-S9R1) Specimen
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5.4.3 Group Three

S, Mises
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Figure 5-14: Distribution of von Mises Stresses for (CB-H4R1) Specimen
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5.4.4 Group Four

S, Mises

(Avg: 75%)
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Figure 5-16: Distribution of von Mises Stresses for (CB-H9R2) Specimen
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S, Mises

(Avg: 75%)
+5.885e+08
+5.397e+08
+4.909e+08
+4.421e+08
+3.933e+08
+3.445e+08
+2.957e+08
+2.469e+08
+1.981e+08
+1.493e+08
+1.005e+08
+5.168e+07
+2.8782+06

Figure5-17: Distribution of von Mises Stresses for (CB-C9R2) Specimen.
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S, Mises
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Figure 5-18: Distribution of von Mises Stressesfor (CB-S9R2) Specimen.
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5.4.5 Group Five

S, Mises
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Figure 5-20: Distribution of von Mises Stressesfor (CB-H4R2) Specimen
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S, Mises
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Figure 5-21: Distribution of von Mises Stresses for (CB-C4R2) Specimen.
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S, Mises
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Figure 5-22: Distribution of von Mises Stresses for (CB-S4R2) Specimen.
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U, Magnitude
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Figure 5-23: Deflection Shape of model CB-$AR2.
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Figure5-25: Comparison between Experimental and Numerical L oad-
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5.5 Load-Slip Reationship

The numerical analysis successfully incorporates an interface model to
simulate dlip, which refers to the displacement between the concrete slab and
steel beam. The shape of dlip encountered by the finite element beam in
response to the vertical load is visually presented in Figure (5-39). A total of
ten composite beams were constructed by combining steel beamsand concrete
slabs, which were connected using shear connectors to facilitate their mutual
interaction. When aload is applied to acomposite beam, the bending moment
generates opposing forcesthat result in ahorizontal slide between the concrete
and steel components of the composite section. The flexura rigidity of the
composite section was lowered due to the horizontal movement, also known

asrelative dip.

Figure5-27: Slip Shape of The Finite Element Beam at Ultimate L oad.
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Table 5-5:Comparison between experimental and numerical dlip at ultimate

load.

BEAM EXP. SLIP F.EM SLIP F.EM / EXP.
CB-C9R1 7.28 7.53 1.03
CB-S9R1 342 3.63 1.06
CB-C4R1 5.53 541 0.98
CB-44R1 2.83 2.60 0.92
CB-C9R2 9.65 10.09 1.05
CB-S9R2 5.49 513 0.93
CB-C4R2 2.20 2.56 1.16
CB-A4R2 1.46 2.15 1.47

CB-9S 2.85 3.00 1.05
CB-S9S 2.19 2.19 1.00
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5.6 Validation of Numerical Analysis

The study validated numerical analysis using experimental data for
composite beams, focusing on load-deflection relationships and interface dip.
The results agreed with the experimental data, indicating the model's
accuracy. The study also presented numerical failure modes and load-strain
distribution profiles, providing a deeper understanding of composite beam
behavior and improving structure design. Comparing |oad-displacement
curves and fallure modes is a common method for structura analysis
validation, with the results aligning well with the experimental curves. This

approach ensures the accuracy of the results.

Figure 5-32: Comparison of the Experimental and Finite
Element Analysis Failure modes (CB-9S).
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Figure 5-33:Comparison of the Experimental and Finite Element Analysis
Failure modes. (CB-H9R1)

Figure 5-34:Comparison of the Experimental and Finite Element Analysis
Failure modes. (CB-C4R1)
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Analysis Failure modes. (CB-S4R2)
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Figure 5-36:Comparison of the Experimental and Finite Element Analysis
Failure modes. (CB-S9R2)
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(R 55

Figure 5-38:Comparison of the Experimental and Finite
Element Analysis Failure modes. (CB-C9R1)
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5.7 Parametric Study

The main purpose of the parametric study is to investigate the effect of some
parameters, such as geometric changes in structure, and to investigate some
parameters that are not studied in laboratory tests for actual members, which
would have an important influence on the structural behavior, and to cover
research objectives with much more detailed information. The parameters
studied in this research are as follows:

5.7.1 Number of rows for stud connectors

Add two rows in the top
flange.

<K

Table 5-6: The Effect of number rows on the Ultimate load

Beams One Row Two Row
Ultimate Load (kN)
CB-H9R1 99.6528 199.306
CB-C9R1 80.7255 137.64
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Increasing the number of rows for stud connectors significantly enhances the
ultimate load-bearing capacity of the castellated beams. The results
demonstrate a clear correlation between the number of stud connector rows
and structural strength.

o For CB-HO9RI, the ultimate load more than doubles when transitioning
from one row to two rows.

« CB-CO9RI1 also experiences substantial increases in ultimate load,
highlighting the positive impact of additional stud connector rows.
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Figure 5-39: Comparethe Resultsfor The Number
of Rows Between Stud Shears.
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5.7.2 Thestiffenersin thel-steal section.

a. stiffeners in the transverse direction; Type I

|

= Add stiffenersin the transverse
. ,vl., direction aong the web.

Thethicknessis 1 cm.

Table 5-7: The Effect of stiffenerson the Ultimate load

CB-H9R2 CB-C9R2
Ultimate Load (kN)
Beams in Study | 172.190 121.264
Type I 324.115 199.306
Type II | 243.414 153.542
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Figure 5-40:Comparethe Resultsfor The Stiffenersin The|l-Stedl Section.

The study reveals that the presence of stiffeners in the I-steel section
significantly impacts the ultimate load-bearing capacity of castellated beams.
Type I stiffeners result in higher ultimate loads for both CB-H9R2 and CB-
CI9R2, indicating the importance of the stiffener configuration. Type |
stiffeners appear to be more effective in enhancing the structural strength of
the castellated beams. The choice between Type I and Type II stiffeners
should consider factors such as ease of fabrication, cost implications, and
specific design requirements. The study concludes that the choice between
one or two rows of stud connectors and the type of stiffeners should be made

based on the specific requirements of the project.
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5.8 Summary

/7
0’0

0

L)

0

0

Model Validation and Accuracy: The study utilized ABAQUS/EXxplicit for
finite element anaysis and demonstrated a strong correlation between
numerical predictions and experimental results. This suggests that the
numerical model is valid and accurately represents the behavior of
composite castellated beams under various conditions.
Mesh Size Optimization: A convergence study determined that amesh size
of 25 mm strikes a balance between computational efficiency and result
accuracy. Thisoptimized mesh size was used consistently acrossall beams
in the analysis.
Load-Deflection Consistency: The load-deflection curves obtained
through finite element analysis closely matched the experimental data.
This consistency indicates that the numerical model effectively captures
the structural response of the composite beams.
Ultimate Load Prediction: The comparison between experimental and
numerical ultimate loads reveded a high level of agreement, with
variations remaining within a reasonable threshold of 7%. This suggests
that the finite edlement model is reliable for predicting the ultimate |oad
capacity of the composite castellated beams.
The employed interaction modeling techniques, such astie constraints and
surface-to-surface connections, proved effectivein simulating the complex
relationships between different composite structure components.
The numerical analysis incorporated an interface model to simulate dlip
between the concrete slab and steel beam. The comparison of experimental
and numerical dip at ultimate load demonstrated reasonable agreement,
confirming the model's ability to smulate this important aspect of
behavior.
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Chapter Six: Conclusion and Recommendation

6.1 Summary

This chapter explains the conclusions from the experimental investigations
and finite element analysis performed on the composite castellated beams.
Furthermore, this study also provides suggestions for future research

endeavors 1n this academic domain.

6.2 Conclusionsfrom Experimental Work

1. Hexagonal beams consistently outperformed circular and square beams
regarding ultimate load capacity, offering strength up to 28.26% and
100.43 % higher, respectively.

2. The percentage difference in ultimate load between shapes varied
depending on the presence of stiffeners and shear connector spacing.

3. Circular beams generally exhibited intermediate performance, while
square beams were the least effective in ultimate load.

4. The choice of opening shape significantly impacts the load-carrying
capacity of composite castellated beams, with hexagonal shapes emerging
as the most efficient design choice.

5. Decreasing the spacing between shear connectors (increasing their
number) generally increases the ultimate load capacity. The magnitude of
this effect varied across different beam configurations, ranging from
7.91% to 58.09%.

6. The most significant effect was observed in square beams with stiffeners,
where decreasing spacing led to a 58.09% increase in ultimate load.

7. Stiffeners significantly enhanced the ultimate load capacity of all beam
types, with increases ranging from 17.89% to 66.53%. The benefits of
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stiffeners were particularly pronounced for hexagonal and square beams,
leading to substantial strength improvements.

8. The effect of stiffeners was often amplified in beams with closer shear
connector spacing.

9. The use of stiffeners offers a valuable strategy for enhancing the load-
carrying capacity of composite castellated beams, especially for hexagonal
and square shapes.

10.The study found that composite castellated beams with hexagona
apertures performed higher after strengthening, with a relative
enhancement of around 66.5% and 55.7%, respectively. However, models
with circular and square apertures showed varying levels of improvement.

11.Various elements, including the degree of castellation, loading conditions,
and the presence of web stiffeners, influence the type of failure mode.

12.The empirical findings have additionaly demonstrated that using web
stiffeners can effectively prevent the potential occurrence of web buckling.
Including web stiffenersin castellated beams resulted in anotable average
enhancement of 31.2% in the web buckling load.

13.Analysis of Slip Characteristics: Slip, which isthe movement between the
steel beam and the concrete slab, had a big effect on the flexural stiffness
of the composite castellated beams.

14.Thefirst cracks are formed at about 42.59% — 89.10% of the ultimate load
level of the testing beams. This percentageis changed by varying the cases
In the present study.

15.The reduction in shear connectors had a minor impact on maximum
deflection but a significant effect on ultimate load, indicating adecreasein
ultimate load.
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6.3 Conclusionsfrom Finite Element Analysis

1. Beams such as CB-H9R 1, CB-C9R1, and CB-S9R1 exhibited a high level
of concordance between numerical simulations and experimental data.
Numerical values displayed minor discrepancies, ranging from 0.89 to 1.14,
compared to the experimental data.

2. Similar concurrence was observed in beams H4R2, C4R2, and S4R2, with
numerical values ranging from 0.96 to 1.09.

3. Modest variations were seen in slip percentages among different beams,
ranging from -3.32% to 8.85%.

4. Accuracy in Predicting Ultimate Load: The model's predictive capabilities
exhibited a commendable level of accuracy, with an average precision of
95.2%, in determining the ultimate load of castellated beams.

5. The proposed numerical model can adequately predict the structural
response of castellated beams when subjected to various loading scenarios.
6.4 Recommendationsfor Further Research

e Dynamic Loading Analysis: Studying behavior under seismic for real-
world insights.

e Material Optimization: Exploring alternative materials or combinations
to enhance structural properties.

o Effect of Temperature: Examining temperature variations' impact on
material properties.

e Explore the influence of maintaining equal area on the dimensions and
configurations of different opening shapes. Investigate the effects of shape
parameters, such as aspect ratio and perimeter length, on structural
behavior under varying loading conditions.
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Appendix-A

APPENDI X-A

Design Examples of The Tested Beams

Here, both CB-HIR and CB-S9R were chosen as an example to determine the
shear and flexure nominal strength theoretically according to the limitations of a
composite section of AASHTO s and Al SC-2005 8’ using the LRFD method.
The elected beams' cross-section and parameters are explained in Figure (A-1).

?8.0—

vertical stiffeners plate—— " | 210.0

(1cm thickness)
2 N
7ol azole

Figure (A-1): Typica Cross-Section of the CB-S9R and CB-H9R.

Design Steps
» Span length

According to Effective Length (BS 5950-1:1990),[65] the effective length
(span) of a supported beam is defined as the smaller of the following two values:
The effective span of the beam can be calculated as follows:

Step 1:

Effective length of the beam = Clear span + 1/2 support widthx 2
Effective length of the beam = 1200 mm + 50 + 50mm

The effective length of the beam = 1300 mm

Step 2:

Effective length of the beam = Clear span of the beam + effective depth
Effective length of the beam = 1200 mm + 210 mm= 1410 mm

A-1
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Therefore, the effective span of the beam isthe smaller of the two values cal culated
above, which is 1300 mm.
2- Calculating the effective slab width of the composite beams.

In the composite section, the width of the slab is controlled by the limitations of
effective flange width as follows:

o AISC (13.13) (16-83), “the effective width of the concrete slab is the sum of
the effective widths for each side of the beam centerline, each of which
shall not exceed:”[50]

(1) 1/8 of the beam span, c. to c. of supports;
(2) 1/2 the distance to the centerline of the adjacent beam; or
(3) The distance to the edge of the slab.

e AASHTO[66]

, " Thetotal width of dlab effective asa T-girder flange shall not exceed:"
(1) 1/4 span length of the rafter.

(2) 6 times slab thickness.

(3) Clear distance between webs.

Thus, the slab width bc = bef f. = 1500 / 4 = 375 mm, but 350 mm used.

Using standard I-steel section with the following properties:

Root Depth (mm) d 140
Flange Width (mm) bf 73
Flange Thickness (mm) tf 6.9
Web Thickness (mm) tw 4.7
Yielding Stress (MPa) Fy 327
Ultimate Strength (MPa) Fu 446
Modulus of Elasticity (GPa) Es 200

By applying the formulas for geometry criteria, other castellated section properties
will appear as follows:

Depth (mm) D 210

Opening Depth (mm) ho 140

Tee Depth (mm) hp 35

Sectional Area at opening (mm?) As 1277.2
Moment of Inertia at opening (mm®*) Ix 12.28 x 10°
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Slab thicknessis considered 70 mm, and compressive strength of concreteis
taken as 65M Pa for the cylinder.
Calculation of Ultimate Load

a Elastic Stage
The modulus of elasticity and modular ratio are:
Ec=3320,/F,. + 6900 (ACI-363R-23)

Ec=32616.6 MPa
_ Es _ 200000

n=—-= =6.1=6

Ec 32616.6
Depth to the elastic neutral axis (y):

_0.5tc+nxrx(0.5D+tc) _

=68.29 mm

1+nXr

Wherer: arearatior = —= = 22772 _0 052

(beff xtc) 350x70

2 3
Ag(D+tc) beffxtc — 3228 x 106 mm4

4% (14nxr) 12xn
Section modulus for the steel and concrete:
fcom _ — 152.472 x 10° mm3

Icom. =l +

Sxs=————
(D+tc—-y)

fcom: — 2836.1x 103 mm3

Sxc=n X

Calculating maximum elastic moment:

M = fc'x Sxc=170.168 kN. m

M =Fyx Sxs =41.9 kN. m (control)

The total applied load (Pn) for the beam loaded by two concentrated |oads
(Pn/2) applied at the third point of the span;

Pn=6M/L =167.71 kN

b- Plastic Stage

Tensile Yielding of the Steel Section
Fs max= AsXFy, =460.2 kN

Concrete Crushing

Femax=0.85fc’ beff tc =1249.5 kN
F¢ max> Fsmax the dlab is adequate, then

= TFsmax _ 25.7 mm
0.85 fc beff

The arm of opposite forces (e) isequa to:

e =0.5D + tc — 0.5a = 162.2mm

Calculating maximum plastic moment:

Mn =Fs max X e =74.62 kN — .. Pn = 6MnwL =298 kN
6. Ultimate Vertical Shear

A-3
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Vs =0.6Fy x 2hptw = 54.025 kN

Ve=0.17\fc' x bc tc = 22.85 kN

Vn=Vs+Vc=76.87 kN — . Pn =2 x 76.87 = 153.75 (control)
7. Stud Shear Connectors

The shear resistance (Qn) of astud islesser than:

Resistance of Concrete; Qn = 0.54sc,/fc ' Ec = 58kN
Resistance of Stud; Qn = AscxFu = 79kN
Where Asc= cross-sectional area of stud=0.078
Fu= ultimate tensile strength of stud.
In the present study, the diameter of the stud is (10 mm), and the ultimate
tensile strength is assumed (1010 MPa), thus Qn = 58 kN
Calculating the upper required number of shear connectors:
Longitudinal shear force;
"=min (Fs max, ) =417.6 kN

« No.of Studs =2 X — = 15
Qn

e Calculating the lower required number of shear connectors:

Longitudina shear flow; g :QILV: 299.14 N/mm

No. of Studs =2 )2~ 4
Qn/q
e Calculating Degree of Composite Action:
D.C.A= Provided connectors

No.of connectors for full composite action
D.C. A :% = 26.67% > 25% [50]
Geometry Provisions for Shear Connectors
(1) H/D >4 [50][66]
(2) Longitudinal spacing (c. to ¢.) < 600mm (24")[66] , > 6D[50][66]
(3) Transverse spacing (c. to ¢.) > 4D[50][66]
(4) Clear distance between the edge of the top flange and the edge of the
nearest shear connector shall not be less than 25mm (1.0")[50][66]
(5) Cover > 50mm (2") and Penetration > 50mm (2")[66]
(6) D <2.5 flange thickness (unless located over the web) [50]
(7) Maximum spacing < 8 slab thickness [50] < 36" [50]
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APPENDIX-B

MATERIAL DATASHEETS
B.1 Datasheet of silicafume provided by the manufacturer

- BASF

We create chemistry

MasterRoc® MS 610

Densified silica fume for cast and sprayed concrete

DESCRIPTION TECHNICAL DATA*

MasterRoc MS 610 is a high quality silica fume

powcer tar high performance concretes, It Farm Powder

changes the porous structure of the concrete " Color Grey

making A denser and more resistant lo any lype :

of extermal infiuence. Density 0.55-0.7 kgl
Chloride content <0.1%

FIELDS OF APPLICATION

«  Wet-mix sprayed concrete applications
* Pre-castconcrele The use of superplaslicizers is recommended

* Castin-siu concrete for any silica fume concrete. For frost

= High strength concrate rasistance, an additional air-entraining agent

« Underwater concrete must ba addad.

e Concrele with low cement content

* Annuius grouting (TBA)

MasterRoc MS 610 is added to the concrete
FEATURES AND BENEFITS during batching. Minimum mixing time Is 80
seconds. The recommended desage IS 5 to

: frzt-ma:t zgﬁg:?ecowele Spplicatons 15% ol the cement weighl.

= Castin-situ concrate

* High strength concrete SOE nd in tighty closed original b
Underwaler concrele stored dry and in tightly closed onginal bags,

. B MasterRoc MS 610 has a shif ifc of at least

= Annulus grouting (TBM) A2 montks.

PACKAGING
MasterRoc MS 610 is supplied in 20 kg plastic
bags and big bags.

MASTER®
» BUILDERS

SOLUTIONS

B-1
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- BASF

We create chemistry

MasterRoc® MS 610

SAFETY PRECAUTIONS
Avoid contact vath eyes and prolonged contact
with skin, If contact accurs, wash thoroughly
wilh water and seek medical advice,

For further information refer o the product
Material Safely Data Sheet.

* Propertios kled gre basad cn kboatery conralicd 12615,

® - Regztered dademars of T1e BASF Srou inmany countcs

BASF_CC-UAE/Roc_MS610/v1/10_13

Tha sachrical fermaton and applcation acvica ghvan In this BASF publcation are basec on the prasant stata of
STATEMENT OF  ©Jr best soentihc and practcal knawiedge Az the informatian nerein & of a ganeral nature, no assumatian an as
RESPONSIBILITY ™MAe 25 1o 3 product’s sutabiity 9ar & particular usa of AppIca’on nd N0 wamanty as 1o £5 accuracy, elabiy oo
completeness ether axpressed ar mpliad is given sther than those requirze Dy law. The usar iz responsiole for
checking Lhe sditsbiliy of producls for their intenced uze,

Fizld serioe where provided does mot consiiute superascry resgoosbdity.  Supgeshors made oy BASE aither
NOTE ordlly o in veiling mey be folowec, modfied or rejectsd by the ovaner, engineer o cortrachor since lhey, and rol
BASF. ara rassonzbie Tor carying odt procadures appropiiate w0 & specific application.

o 1

F.
>
5
:‘:g";:’;ﬂgnwcmg‘g"’ VAELLC Disclaimer. the LRO& mark relwes - MASTER®
.C. 7. Dubal, JAE to comtt ¢d MENAMEnt Svs%m and .
Tod. 1971 L 2CADECO, Fux ET1 42251002 n. o te product macnoed on the T O e T >> au lL[D,,\‘Ens
b b el v s i dyanrmel A WY e
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B.2 Datashest of superplasticizer provided by the manufacturer

MasterGlenium® 54

MASTER®
> BUILDERS

SOLUTIONS

A high performance concrete superplasticiser based on modified polycarboxylic ether

DESCRIPTION

MasterGlenium 54 has been developed for
applications primarily in  precast but alse
readymix concrete industries where the highest
durahility and performance is required.

MECHANISM OF ACTION

MasterGlenium 54 s differentiated from
conventional superplasticisers, such as those
based on sulphenated melamine or naphthalene
formaldehyde condensate as it is based on a
uniqua carboxylic ether polymear with long lalaral
chains, This greatly improvas cement dispersion,
At the start of the mixing process the same
electrostatic dispersion occurs but the presence
of the lateral chains, linked to the polymer
backbone, generate a stenc hindrance which
stabilises the cement particles capacily to
separate and disperse.

This mechanism proviles flowable concrete with
greatly reduced water demand and enhanced
early strength.

TYPICAL APPLICATIONS

The excelient dispersion properties  of
MasterGlenium 54 make it the ldeal admixture
for precast or ready-mix where low water cement
ratios are required. This properly allows the
production of vary high early and high ultimate
strength concrete  with minimal  wvelds  and
therefore optimum density. Due 10 the strength
development characteristics the eliminaton or
reduction of steam curing in precast works may
ba considered as an econamical option.

* high workability without segregation or
bleeding

less vibration required

can be placed and compacted in congested
reinforcemant

reduced labour reguirement

improved surface finish

MasterGlenium 54 may be used in combinalion
with MasterMatrix for producing Smart Dynamic
Concrete  {(SDC). The technolegy produces
advancad self compacting concrete, without the
aid of vibration. For acanomic, ecelogical and
grgonomic  resdy-mix f precast  concrele
production.

MasterGlenium 54 can be used to produce very
high early sitrength floor screeds. For scraed mix
designs consult Master Builders Solutions
Technical Services.

PACKAGING
MasterGlenium 54 is available in 208 litre
drums and in bulk tanks upon request.

STANDARDS
ASTM C494 Type F& G
BS EN 934-2

TYPICAL PROPERTIES*

| Form Whitish to straw coloured
liquid

| Relative density | 1.07

| pH 5-8

APPLICATION GUIDELINES

MasterGlenium 54 is a ready to use admixture
Ihal is added lo lhe concrete sl the time of
batching.

The maximum effect is achieved when the
MasterGlenium 54 is added afier the addition of
70% of the waler. MasterGlenium 54 must not
be added to the dry materiais.

Thorough mixing is essental and a minimum
mixing cycle, after the addition of the
MasterGlenium 54, of 60 seconds for forced
aclicn mixers is recommencad.

Atrarc of

MBCC GROUP
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MasterGlenium® 54

MASTER®
» BUILDERS

SOLUTIONS

DOSAGE

The normal dosage for MasterGlenium 54 is
between 0.50 and 1.75 litres per 100kg of
cemeni (cemenifious material). Dosages
outside this range are permissible subject 1o trial

HEALTH AND SAFETY

MasterGlenium 54 contains no hazardous
substances reqguimg labelling. For further
information refer to the Materal Safaty Data
Sheet.

mixes.

QUALITY AND CARE

All products originaling from Master Builders
Solutions Dubai, UAE facility are manufactured
under a management syslem  independently
cartified to conform to the requirements of the
qualily, environmental and occupational health &
safety standards 1SO 9001 and 1SO 14001.

COMPATIBILITY
MasterGlenium 54 is not compatible with
MasterRheobuild superplasticizers.
MasterGlenium 54 is suitable for mixes
conlaining all lypes of Porlland cemenl and
cementious materials as follows:
microsilica
¢ flyash (PFA)
+ ground granulated blas! furnace slag GGBS

* Propesies labe sre e on sboraloy conliobed besls.

O = Regslered bacerark of the MBCC Geoo in many counlive.

EFFECT ON HARDENED CONCRETE
e increased early and ullimale compressive
strengths
increased flexural strength
better resistance to carbonation
lower permeability
beller resistance o sggressive almospheric
condilions
reducad shrinkage and creen
Increased durability

MasterGlenium 54 shoulc be stored above 5°C
In closed containers or storage tanks to protect
from evaporation and extreme temperatures,
The shelf life is 12 months when stored as
above,

The occurrence of a surface layer with
MasterGlenium 54 is normal and will have no
effect on the performance of tha product.

MBS_CC-UABIGI_S4_08_071v203_16
The techaical rfomatian and applization advice given in thiz Master Sulders Sclutions publiction ame based on
STATEMENT 0 1he arssant stata of aur bast aclantific and aracteal knowdedga - Aa tha informanan harein is of 3 genaral nature, na
RESPONSIBILITY 2¢5umption can be made 8¢ 1o a procuct's suiladiity for 8 particular us2 of polication and no vwaranty & t s
acouracy, relinbilty or complcteress cithar expressed ar imaliad is given other thon shose requirad by law, The user

is tegpansible for checking U suitabilily of producs for Ui inkended use.

Frld sarvce whare pravicad doss net conatihde suparvisery rasponaibility. Suggestions made ay Mazter Buikdaers

NOTE Solutions either oeally or n ariling may ge follzwed, medified or rejecied oy the awner, engineer ar cantractar sincs
thay and not Mastar Bulkiers Soltions, ara responsiba tor camyng cul procedinras sopropasts to A spacihc
application.

Waster Builders Solutions Disclaimer: ihe  TUY  muik

Construction Chemicals LLC

F0. Box 37127 Lubd, UAE

Tat =571 4 BO30A0D

welewe Atar-hitldes-200Hans coman-aa

relates % cortded maragement
zyzem and net to the product
mentcocd on this datashect
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APPINDEX-C
6.4.1 Material Properties

The present study utilized finite element models that encompassed

severa characteristics, asoutlined in Table (5-3). In Appendix C, the material

characteristics for concrete and steel reinforcement were modeled, and the

input data consisted of the modulus of elasticity and Poisson's ratio.
Table 6-1: Material Model Behavior for Steel Section and Stiffeners.

No | Part Type Shape

1 Steel Beam Deformation 3D Solid-Extrusion
2 Concrete Slab Deformation 3D Solid-Extrusion
3 Headed Stud Deformation 3D Solid-Revolution
4 Rebar Longitudinal Deformation 3D Wire-Planer

5 Rebar Transverse Deformation 3D Wire-Planer

6 Top-Bearing plate Deformation 3D Solid-Extrusion
7 Bottom-Support plate Discrete rigid 3D Solid-Extrusion
8 Vertical stiffener plate Deformation 3D Solid-Extrusion

C. lingredientsused in ABAQUS Program
Table C-1: Parametersfor ElementsUsed in F.E. Model for Beam.[67]

Steel Beam
Steel parameter Definition Value
fy Yield stress (N/mm?) 486.67
E, Modulus of elasticity(N/mm?) 200000
U Poisson’s ratio 0.3
Headed Stud (Shear stud connector)
mass density = 7850
modules of elasticity Poisson ratio
200000 0.3
Shear stud parameter Definition Value
[/ Diameter(mm) 10
Lst Overall Length(mm) 50
N; Number of rows 1
Concrete
mass density = 2000
modules of elasticity Poisson ratio
210000 0.2
Concrete Damaged Plasticity

C-1



Appendix-C

dilation eccentricity tb0/fc0 K viscosity
angle parameter
40 0.1 1.1 0.66 0.001
Concrete parameter Definition Value
f'c Compressive strength (N/mm?) 60
£ Modulus of rupture (N/mm?) 6.3
v Poisson ratio 0.3
E, Young’s Modulus (N/mm?) 200000

Reinforcing steel

mass density = 7800

modules of elasticity Poisson ratio
210000 0.3
yield stress plastic strain
460 0
608 0.02
Rigid
mass density = 7850

modules of elasticity

Poisson ratio

210000

0.3

C.

W

24

-~
A

Optional: reduced integration (R),
incompatible mode (1), or modified
(M)

A 4

Number of nodes

Link (1D), plane strain (PE), plane
stress (PS), generaized plane
strain (PEG), two-dimensional
(2D), three-dimensional (3D),
axisymmetric (AX), or
axisymmetric with twist (GAX)

A 4

Continuum stress/displacement
(C), heat transfer or mass diffusion
(DC), heat transfer
convection/diffusion (DCC), or
acoustic (AC)

Figure C-6-1:Elementstypesin ABAQUS.
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strain

Figure C-2: Compressive Stress-Strain Behavior.
C.2 3D Salid Elements

In the realm of Finite Element Analysis (FEA), the choice of a
suitable element type is crucial for accurately modeling the behavior of
materials and structures. When simulating concrete components, a three-
dimensional solid element is often recommended due to its ability to more
faithfully represent the geometry and local stress distribution of the
structure.[68]

The ABAQUS element package provides a comprehensive set of
options, including various three-dimensional solid elements to cater to
diverse simulation needs. Among the elements available in the package are
the 4-node linear tetrahedron, 6-node linear triangular prism, 8-node linear
brick, 10-node quadratic tetrahedron, 15-node quadratic triangular prism,
and 20-node quadratic brick elements. Each of these elements offers unique
advantages and is tailored for different scenarios, allowing engineers to
choose the most suitable element for their specific concrete modeling
requirements.[69]

C-3
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Figure C-3 : 8-node brick element.[69][68]

C.3TrussElement

Using a linear 3D two-node truss element (T3D2) to simulate
reinforcing steel bars in reinforced concrete beams is a common approach in
finite element analysis (FEA). Truss elements are well-suited for modeling
axial forces and are particularly useful when the primary mode of
deformation in a structure is axial elongation or compression.[70]

2

Figure C-5: General view of the Truss element (T3D2), ABAQUS.[68]

C.4Rigid elements

In the three-dimensional quadrilateral (R3D4), In finite element
analysis software packages, rigid elements are used to connect nodes and
enforce specific geometric relationships without introducing deformations.
These elements are commonly employed to model rigid bodies or to
simulate the effects of constraints.

i Rigid
elements

Figure C-6: R3D4 rigid element in ABAQUS.[69]
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