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ABSTRACT

This thesis investigates the structural performance of composite box steel-concrete
beams with transverse openings, focusing on how variations in opening size, shape, and
location impact shear strength and deflection. This research provides valuable insights
into optimizing composite beam designs by adjusting opening size, shape, location, (a/d)
ratio, concrete strength, and reinforcement to enhance shear strength and structural
flexibility. The study analyzes beams with square and circular openings of sizes 50x50
mm, 70x70 mm, 90x90 mm, 110x110 mm, and 136x136 mm and examines the effects
of different shear span-to-depth ratios (a/d), concrete compressive strengths, and
longitudinal reinforcement configurations.

The results indicate that increasing the size of transverse openings significantly decreases
shear strength and increases deflection. Changing the opening size from 50x50 mm to
136x136 mm reduces the shear strength by up to 47.7%. Additionally, circular openings
reduce shear strength compared to square openings for smaller sizes (@50, @70, @90,
?110), but for larger openings (136x136 mm), circular opening (@136) increases the
shear strength by 13.25% compared with square opening. The study also found that
beams with openings near the supports perform better in terms of shear strength than
those with openings near the applied load, particularly for larger openings, where the
shear strength decreased by up to 15.9% for openings near the applied load comparing

with openings near the supports.



Shear span-to-depth ratios also significantly affect shear strength, with a decrease in the
(a/d) ratio leading to increased shear strength. For example, reducing the (a/d) ratio from
2.8 to 2 increased the shear strength by up to 20% for smaller openings. Conversely, the
shear strength of beams with large openings was less sensitive to changes in the (a/d)
ratio. Furthermore, increasing the concrete compressive strength from 23.5 MPa to 37.5
MPa increases shear strength of up to 11.71% for openings of 50*50 mm dimensions,
with slightly improved shear strength for other dimensions openings.

Lastly, the study shows that the diameter of reinforcing bars plays a role in shear strength.
Beams with larger reinforcement areas, such as those with (2025 & 2016, As=1384 mm?)
reinforcement, demonstrated increased shear strength compared to beams with (3916,
As=603 mm2) reinforcement. However, the influence of reinforcement was less
pronounced for large openings, where the behavior remained largely unaffected by

changes in reinforcement.
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CHAPTER ONE :INTRODUCTION

2.1 General

Composite beams, combining steel and concrete, are commonly employed in
building and bridge construction. To ensure the composite behavior of these beams,
mechanical shear connectors are utilized [1]. Holes in concrete beams weaken them
and make them bend easier when loaded. The strength of beams around openings
can be enhanced by adding additional steel reinforcement bars. This method aims to
reduce the stresses that build up around the holes, which would improve the beam's
ability to carry loads and reduce bending [2]. Modern buildings require numerous
pipes and ducts for air conditioning, electricity, communication, and data networks
that can be seen in Fig. (1.1)[3]. These services are accommodated through openings
In concrete beams. In general, these openings can weaken the beam. Web openings

in reinforced concrete beams affect the beam's performance in several ways:

¢ Reduced stiffness, leading to increased beam deflection.
e Increased cracking, potentially compromising beam integrity.
e Reduced beam shear capacity, limiting the weight of the beam can support[4].
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2.2 Composite Members

Structural elements combining reinforced concrete and steel (rolled or
fabricated) create composite structural members; this combination illustrates the
concept of composite materials; Composite beams combine different materials, like
when beams are encased in concrete. In contrast to conventional steel design, which
only considers steel strength, composite design relies on the combined strength of
steel and concrete. Including concrete in the design helps save costs by reducing the
amount of steel needed. The concrete also protects the steel from fire and corrosion,

making the beam less likely to buckle [5].

2.3 Composite Box Steel-Concrete Beams

As seen in Figure 1.2 a, the most common composite member in structural
engineering is usually a concrete slab stiffened by a steel 1-beam. However, recent
studies have been investigating an approach that uses a composite member
(composite-encased beam) having an embedded steel I-section in the center of the
concrete section, increasing this bond and causing them to act as one entity, as
depicted in Figure 1.2 b. Hollow concrete beams are frequently employed in tall
reinforced concrete structures for the purpose of reducing member weight. However,
there is a concern that these hollow members may not have enough flexibility to
absorb applied energy. Hence, extensive research is essential to ensure the safety of
these components. Considering this, a unique type of composite section has been
developed for the present investigation, which significantly differs from the sections
studied in the past. This section incorporates a hollow steel structure within the
concrete section, offering additional advantages apart from its structural integrity.
The hollow core in this new design provides a secure pathway for service conduits,
such as electrical and plumbing lines. Figure 1.2 c illustrates these innovative

encased composite beams, also referred to as hollow composite beams. One of the
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main advantages of this section is the cost savings from using less concrete due to
the hollow core, resulting in a lighter structural element. The study employs an ultra-
high-performance concrete (UHPC) mixture, renowned for its superior quality,

though it comes with a relatively high cost [6].
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(c)

(a) Traditional composite beam; (b) Composite encased beam; (c¢) Composite hollow beams (developed in the
present work)

Figure 1.2 Examples explain the types of composite encased beams [6].
2.4 Shear Connector

To work effectively as one cohesive entity, composite action is employed in
connecting prefabricated units like prestressed or precast reinforced concrete, steel
beams, and cast in place concrete. Although there may be an initial dependence
between the steel beam and concrete slab, this relationship does not last forever
because it continuously deteriorates because of repeated use or heavy weights. The
mechanical shear connectors are designed to enhance the composite behavior of the
steel and concrete elements by disregarding the contribution of the natural bond
between them. Shear connectors help distribute horizontal shear forces between the
steel beam and concrete slab, as well as prevent horizontal movement between the
two components. They are also used to prevent the slab from separating vertically
from the steel girder at the contact surface.
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2.5 Beams With Openings

In recent years, the demand for buildings with high ceilings has been steadily
increasing. However, installing ducts and apertures for electro-mechanical systems
within the clear heights underneath reinforced concrete beams is necessary. Most
building systems use ceiling under beams to cover these ducts and pipes; this
covering takes from floor height and creates dead space on each floor, as shown in
Figure 1.3. The height of this area can contribute to the total building height by the
pipes and ducts that pass-through beams, as shown in Figure 1.4. Thus, several
investigators exerted great efforts to study the behavior of such beams and introduce

reliable techniques for analyzing and designing such beams.

Figure 1.1: Service ducts and pipes in beams.
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Figure 1.4: Service ducts and pipes in beams.

Openings that are square, circular, or nearly square can be considered small if their
depth (or diameter) is less than 40% of the total beam depth[7]. If such a situation
occurs, beam activity will likely dominate. Hence, the analysis and design of a beam
with small openings can be approached in a manner like that of a solid beam.
However, openings create interruptions or disruptions in the regular distribution of
forces, resulting in the accumulation of stress and the formation of cracks in the
vicinity of the opening. To avoid potential early failure of the beam, it is necessary
to provide an adequate amount of specific reinforcement around the opening's

perimeter to regulate crack widths, as with any discontinuity [8].

The position and size of any apertures present often influence the deformation and
strength of a beam. By carefully selecting the location, it is possible to create
relatively big gaps in reinforced concrete beam constructions without compromising

their final load-bearing capacity [9]. Nevertheless, even little apertures situated in an
5
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undesirable location might result in a significant reduction in the intensity of the
beam. Therefore, it is essential to meticulously strategize the dimensions and
positioning of the apertures [10]. Nevertheless, the presence of the apertures leads
to interruptions or disruptions in the regular passage of stress, leading to a buildup
of stress and the occurrence of cracks in the opening at an early stage. Hence, it is
necessary to ensure sufficient reinforcement is placed in the opening area to
effectively manage the breadth of cracks and prevent any potential early beam failure
[11].Vertical apertures in reinforced concrete beams are utilized as an alternative to
tiny holes in slabs, particularly in modest structures in both height and size (low-rise
buildings). Frequently, because the forces can be rearranged in the structure, little
openings have no influence on how concrete slabs with their reinforcement behave
[12]. Nevertheless, installing it will occupy valuable space and make the services
more noticeable, which might not be aesthetically convenient. To address this, a
suspended ceiling or specific decorating may be required to make it visually
acceptable. However, to conceal most pipes and ducts, they are often routed via
vertical apertures in beams and remain concealed behind the partitions until they
reach the designated position. This is why vertical openings in reinforced concrete
(RC) beams have been widely utilized [13].

2.6 Reinforced Concrete Beams Behavior with Web Openings

Web holes in beams are often used in practical applications to allow for the
simple passage of environmental services [14]. Consequently, reducing the height
of stories in structures and somewhat decreasing the weight of concrete beams would
enhance the stress on the supporting frame during gravity loading and seismic
excitation, leading to significant cost savings [15]. The apertures may vary in form
and size and are often positioned near the supports where shear forces are most

significant. In concrete beams, openings must be properly located to allow the chords
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have enough area made of concrete that will form the maximum compression block

and deep enough to hold shear reinforcement effectively in case of bending motion.

2.7 Categorization of Openings
2.7.1 Categorization of Openings based on the Shape

Beams may have many forms for transverse apertures, such as irregular,
trapezoidal, triangular, diamond, rectangular, and circular shapes [16], as seen in
Figure 1.5. Circular and rectangular openings are the most prevalent, and many
different forms of apertures exist. Service pipes, including those for electrical
supply, need circular holes. On the other hand, air-conditioning ducts are usually
rectangular and are placed in rectangular slots that go through beams. In some cases,
a rectangular hole's sharp corners are smoothed down to minimize stress
concentration. This helps to enhance the beam's durability by lowering the likelihood

of cracks forming at these corners. This concept is discussed in references [17], [18].

Circular Diamond Trapezoidal
| | Rectangular Triangular Irregular %

Figure 1.5: Opening shapes considered [19].
2.7.2 Categorization of Openings based on the Size

When considering the size of openings, it is necessary to clearly identify small
and big holes. The strength of the beam greatly depends on how big the aperture is.
A web with a square entrance that is one-quarter of the web depth or a circular
aperture that is three-eighths of the web depth does not weaken the strength of the

7
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sample. This is considered a modest opening, while it is classified as a big opening
in other cases [20].

Another criterion for circular apertures is that they are considered tiny if the diameter
of the opening is less than 48% of the depth of the beam web. If such a situation
occurs, beam activity will likely dominate. Therefore, the analysis and design
process for a beam with small openings can be approached similarly to that of a solid
beam[21].

2.7.2.1Small Openings

Based on Somes and Corley [22] an aperture is deemed small if its depth (d)
or diameter (D) is less than or equal to 0.25 times the beam's depth (h), and its width
does not exceed its depth (d), as shown in Figure 1.6. In such cases, as illustrated in
Figure 1.5, beam action is likely to prevail. Consequently, the analysis and design of
a beam with small apertures can be handled in a manner like that of a solid beam.
Small apertures are defined as those that are sufficiently small and strategically
positioned so that a strut-and-tie model (STM) can span over them without the need

for additional horizontal or vertical reinforcement in the chords above and below the

<d T
>

[\ [d<0.25n () [<0.25h h
Z ‘3

openings[23].

Figure 1.6: Description of small openings based on openings’ dimensions.

In this scenario, the notion that a strut-and-tie model can pass through apertures
without needing additional struts or ties in the top or bottom chords implies that

8
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strain distribution across the opening's cross-section is nearly linear, as shown in
1.7a [24]. Nevertheless, openings create interruptions or disruptions in the regular
flow of stresses, resulting in the accumulation of stress and the formation of cracks
in the vicinity of the opening. To regulate fracture widths and avoid early failure of
the beam, it is necessary to provide an adequate amount of specific reinforcement

around the opening's perimeter, like any other kind of discontinuity.

Figure 1.7: Description of large and small openings (Assessment of the validity of
Bernoulli’s hypothesis of plane strain distribution) [23].

2.7.2.2 Large Openings

Like a beam with tiny apertures, big openings may be described as openings
that need more horizontal and vertical supports in the upper and lower sections of
the beam [23]. The validity of Bernoulli's concept about the distribution of plane
strain over the whole cross-section of a big aperture, as shown in 1.7b [23], is
questionable. An opening is considered large if its depth (d) or diameter (D) is
greater than 0.25 times the beam's depth (h), and its length () exceeds its depth (d).
Such openings reduce the beam's strength, resulting in the behavior shown in Figure

1.8, as described by Somes and Corley[22].
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Figure 1.8: large openings description based on structural reaction.

2.7.3 Categorization of Openings based on Type of Failure
2.7.3.1 Pure Bending

When it comes to pure bending, if an aperture is placed entirely inside the
tension zone of a beam, it does not alter how the beam carries the load. This is
because the concrete in that area would have cracked due to bending stress at its
maximum capacity, regardless of the presence of the opening. Mansur and Tan [17]
have shown this concept by providing detailed instances and supporting their
findings with test data. It follows that a beam can withstand maximum moment
unaffected by an opening as long as its minimum compression chord depth h, is
equal to or exceeds a certain limit corresponding to ultimate compressive stress

block depth, occurring when:

A
h, <20y
0.85f.b

1.1)

where A, = tensile reinforcing area;

[, = tensile reinforcing yield strength;

f« = cylindrical concrete compressive strength;
b = the compression area width.

10
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Although the moment of inertia is reduced at a section with an aperture, leading to
earlier onset of fractures, the impact on maximum fracture widths and deflection
under service loads is minimal and can generally be considered negligible in the

design process.

2.7.3.2 Combined Bending and Shear

Shear and bending moments are continuously interconnected in a beam,
except at the inflection point. When a small aperture is introduced in a region
subjected to significant shear and is surrounded by reinforcement (as shown by the
solid lines in Figure 1.9, experimental results documented by [22],[25],[26] The
beam may fail in two distinct ways. The first type of failure resembles that of solid
beams, except the failure plane intersects the center of the aperture (see Figure 1.9a).
The second type occurs when two diagonal cracks develop, with one fracture in each
member connecting the two solid segments of the beam (as illustrated in Figure
1.9b). These failure modes are referred to as beam-type and frame-type failures,

respectively. [27], must be treated separately.

—-|-—----!———/4|—- M -|-—-—|-—----|/———|—

1 1 | | | 1 I | M
1 1 [ | l | 1 |
1 | [ < ! | I I
1 | [ I | I 1 I
1 1 | V. | 1 1 I |
[ e - LA -l—l—-l-—,fq-——a- Vv
——— Failure crack i:ii:i; N Failure crack

(a) Beam-type failure (b) Frame-type failure

Figure 1.9: The two shear failure modes at small openings.

Both in the standard shear design technique and in these circumstances, it might be
assumed that the nominal shear resistance, V,,, is contributed by both the concrete,

V. and the shear reinforcing that crosses the failure plane, V. In other words,

11
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V,=V,.+V, (1.2)

Bending design might be conducted separately using conventional methods and then

integrated with shear design solutions.

2.7.3.3Beam-kind failure

When designing for beam-kind failure, it is possible to assume a 450 inclined failure
plane comparable to a solid beam. This plane passes through the center of the
aperture, as seen in Figure 1.9. According to the ACI Code [28], the shear resistance
V. of the concrete may be determined by considering the available net concrete area,
as stated in [27].

Ve =/Feby(d—d,) (13)

Where:b,, = width of web; d = effective depth; d, = opening diameter.

To determine the shear reinforcement contribution Vg, refer to Figure 1.10. The
stirrups that can resist shear across the failure plane are positioned on the sides of
the aperture within the distance (d,, — d,). Here, d,, represents the distance between
the bottom and top longitudinal rebars, while d, denotes the depth or diameter of
the opening. Therefore,

Ayf yv
S

Vs = (dy — dy) (1.4)

Where: A, = of vertical legs area of stirrups per spacing s; f,,, = stirrups yield strength.

12
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Figure 1.10: Shear resistance, Vs, provided by shear reinforcement at an opening.

To determine the necessary quantity of web reinforcement to support the factored
shear through the center of the aperture, one may use the conventional method by

considering the values of V. and V;. The specified quantity should be confined to a

—dg)

range of (d”T or, ideally, be consolidated on both sides of the aperture. It is

important to properly follow additional limitations that apply to solid beams' typical

shear design process.

2.7.3.4 Frame-kind failure

Frame-kind failure is caused by the development of two separate diagonal
fractures, one on each chord member located below and above the aperture, as seen
in 2.10b. Each structure component exhibits autonomous behavior, much like the
members in a framed construction. Thus, it is necessary to provide separate therapy
for each chord member, as proposed by [27].

To devise an enhancement against this failure mode, we examine the free-body
diagram at the beam opening, as shown in Figure 1.11. The conventional bending
mechanism, which entails the couple made up of compressive and tensile stress

resultants, N,,, , in the members above and below the opening, opposes the applied

13
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factored moment, M,,, locally in the middle of the gap due to global action. By using

the following equations one, can get these stress resultants:

M

(Nyy)e = (df“g) = =iy (1.5)

subject to the constraints given by equation (2.11). In this equation, d represents the
effective beam depth, a is the depth of the equivalent rectangular stress block, and
the subscripts t and b refer to the top and bottom cross members of the opening,

respectively.

AR RR RN TR N S S S S S A AL

0 l = (N,
Adz B 7
(a) Beam and loading C (d a’2) lv)

l - (Nu)b

% (Vu)b

(b) Beam segment A-B

Figure 1.11: Free-body diagram at beam opening.

So, because V;,, (the applied shear) could possibly be proportioned to their cross-

sectional areas between two actors[29]. Therefore,

At + Ab] (1.6)

and
Vdp =V — (R (1.7)

Given the factored shear and axial forces, each member can be designed

independently for shear using the same approach as for traditional solid beams. Axial

14
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compression is applied to the top chord, while axial tension is applied to the bottom

chord.

2.8 Composite beams Benefits [30]:

« The steel and concrete are efficiently used.

« Composite buildings utilize a more cost-effective steel section than traditional
non-composite buildings while maintaining similar span and loading
requirements.

« The necessary weight and depth of the steel beam are decreased. Therefore,
reducing the building depth also increases the structure's headroom.

. Composite beams have greater stiffness, resulting in less deflection than steel
beams.

« Composite beams can span enormous areas without requiring any additional
support columns.

« Composite construction is more efficient than cast-in-situ concrete because it uses
prefabricated and rolled steel elements, resulting in speedier construction.

« Encased steel beams have greater corrosion and fire resistance.

2.9 Aims of Study

The main goals of this research are:

1. Numerical Studying how the current square opening in the shear zone impacts
the behavior of steel-concrete beams with composite encasement and
comparing them with experimental work.

2. Numerical Investigating how the size of the opening affects the shear
resistance of composite encased steel-concrete beams and comparing them

with experimental work.

15



CHAPTER ONE Introduction

3. Numerical exploring methods to strengthen the shear zone in composite
encased steel-concrete beams with square web openings and compare them

with experimental work.

2.10 Thesis Outline

Chapter 1 (Introduction): This chapter provides some background on steel-
concrete composite structures, particularly box steel-concrete beams. Along with an
overview of the study, it describes the use, advantages, and overall performance of

the box steel-concrete heam.

Chapter 2 (Review of Literature): In this chapter, examine several numerical
studies and scientific experiments conducted on horizontal steel-concrete composite

beams.

Chapter 3 (Finite Element Modeling and Formulation): In this chapter, it’s
explored the foundational concepts of the finite element theory by discussing the
connections and material modeling. And focus on concrete and reinforcing steel, the

depiction of steel beams and shear connectors, as well as specimen modeling.

Chapter 4 (Numerical Application and Results): This chapter present the results

and discussions from the finite element analysis.

Chapter 5 (Conclusions and Recommendations): In this chapter, the findings and

recommendations have been gathered for further research.

16



CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

Steel-concrete composite beams are steel beams covered by a reinforced
concrete slab. The slab has been poured with shear connections, as seen in Figure
2.1. In traditional composite buildings, concrete slabs are placed directly on top of
steel beams and are supported by them [31]. These two elements function
autonomously when subjected to loads since there is no link between the concrete
slabs and the steel beam. Any slippage is prevented by including a shear connection
between the concrete slab and steel beams, allowing the steel beam and concrete slab
to function as a unified composite beam. The behavior of a composite beam seems
like that of a Tee beam [32].

Figure 2.1: Composite beam overview [33].

The fundamental principle of a composite beam is because concrete has a higher
strength in compression compared to steel, which is prone to buckling when

subjected to compression. On the other hand, steel has a higher strength in tension

17
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[34]. The benefits of both materials are fully harnessed by utilizing the combined

effect of these two elements, as seen in Figure 2.2.
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Figure 2.2: Typical composite beam shapes [33].

2.2 Literature Reviews

There has been a significant focus on steel-concrete composite structures in
the past few years owing to their complex characteristics and significant use in
engineering projects. Gattesco [35] utilized sophisticated stress-strain constitutive
formulas to examine the nonlinear characteristics of the composite beams. Sebastian
and Mcconnel [36] developed finite element software that utilizes the layering
approach to accurately model composite constructions of steel and concrete
reinforced with steel. Bullo and Marco [37] examined the ductile characteristics of
stud connections in composite beams, which may avoid local connection shear
failure when there is insufficient connection ductility. Many scholars have
recognized the significance of integrating experimental and numerical investigations
in advanced construction engineering design. Numerical simulation tools,
particularly the finite element approach, are crucial in analyzing the mechanical

properties of concrete and steel composite structures [38], [39], [40].
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Nevertheless, conventional composite beams are joined together using steel shear
studs. Unfortunately, these shear studs may occasionally cause stress concentration

and cracking in the composite beam, ultimately reducing its lifespan.

Conversely, the collage method has been extensively used across several disciplines.
Barnes and Mays [41] studied enhancing the strength of concrete beams made of
reinforcement under shear by using externally joined steel plates with adhesive.
Serrano [42] investigated the susceptibility of several testing methods for wood-
adhesive bonding to variations in geometric defects. Jang and Kishi [43] examined
the impact of acid etching on the interface's adhesive strength by modifying the TiNi
fiber surface. Nevertheless, there is a need for more study on the use of adhesives
for joining steel beams and concrete slabs. The significance of such a study lies in
the distinct mechanical characteristics shown by an adhesive junction compared to
a steel shear stud. Before using this new approach, it is essential to ascertain its
dependability. The research investigates a novel composite beam connected by an
adhesive junction between the I-steel and concrete beam. This adhesive connection
securely bonds the steel beam and concrete slab, ensuring seamless and consistent
stress distribution throughout the composite structure's section. Thus, the stress
concentration is absent in the junction of the steel-concrete composite beam. In
addition, the novel connecting technique simplifies the manufacture of the

composite beam and significantly decreases costs.

Zhao and Li [44] investigated the nonlinear mechanical properties and failure
mechanism of a connected steel-concrete composite beam utilizing the finite
element modeling approach. In this study, a 3-D FE model was constructed. This
work uses the finite element technique to examine the cracking and failure process
analysis in steel-concrete composite beams. A model using an advanced 3D finite

element has been developed and used to study the non-linear features of steel-
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concrete composite beams. The accuracy of the computation model was tested in
terms of its predictions and their comparison with the experimental results.
Subsequently, an examination and discussion were conducted on the distributions of
longitudinal strain and the neutral axis. Subsequently, the concrete slab underwent a
cracking process, and the resulting redistributed stresses were then exhibited. The
findings suggest that the composite beam's failure may be attributed to three primary
factors: localized tensile stress causing concrete cracking, compressive stress leading
to concrete crushing, and significant yielding of the steel beam due to the overall

bending moment.
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Figure 2.3: Composite beam model’s geometry [44].
2.2.1 Beam with Opening

Multiple investigations were carried out on reinforced concrete beams, including
holes in their web. Most of these experiments had commonly used circular and
rectangular opening shapes. The prevalence of circular opening geometry may be
attributed to the ease of drilling round holes using core drilling equipment [45].
Therefore, much research in the literature has concentrated on examining the impact

of the position of openings (specifically, their distance to supports), the size of
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openings, and the number of openings on the reinforced concrete beams' behavior
that have one or more transverse openings along their span.

In one of their research, Ashour and Rishi [46] conducted experiments on 16
two-span continuous deep reinforced concrete beams with transverse apertures. The
test criteria included the dimensions and positioning of the web apertures and the
specific specifications for reinforcing the web. The findings of this investigation
indicate that the positioning of apertures significantly influences the kinds of failures
seen in the beams. Mansur et al. [47] A technique for calculating the maximum
capacity of reinforced concrete beams with a single, large, rectangular opening
subjected to concentrated loads was developed. This study was carried out by
Mansur et al.[47] revealed that the allocation of shear forces between the upper and
lower chords and the maximum load at which an RC beam with openings fails
mostly relies on the position and dimensions of the opening(s).

Osman et al. [48] utilized experimental and FE methods to examine the shear
behavior of reinforced concrete (RC) beams with openings. The main variables
studied in this research included the shear span-to-depth ratios (a/d), openings sizes
and position. The beams were divided into three categories based on their shear span-
to-depth ratios. An experimental investigation was conducted on four reinforced
concrete beams: three were solid, and one had openings. They were then subjected
to two-point loading and served as control specimens to validate the accuracy of the
finite element model using ANSYS 14.5 software. ANSYS 14.5 was later used to
analyze a total of 31 specimens, taking into consideration all specified parameters
such as shear span-to-depth ratios (a/d), opening sizes, and positions. During this
research, it was observed that premature failure of beam occurred at those points
where there were openings created in the areas subjected to high shear forces,
especially along the line connecting loading and support point. Besides, a

comparison between the results from nonlinear finite element method (NFEM)

21



Chapter Two

analyses and experimental test results indicated very close agreement between them.
Consequently, from this information, analytical formula has been derived to spring
up a relation for circular void reinforced concrete beams’ shearing strength
prediction. The resulting data was subsequently compared to that gained from a
finite element model. Moreover, the created finite element models may function as

a computational framework for forecasting the performance of reinforced concrete

beams with various configurations of web openings.

Literature Review
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Figure 2.4: Tested Beams Reinforcement Arrangement, Cross-Sectional, and Geometry:

(a) Solid one, (b) Opening beam [48].

Ahmed [49] The effect of several circular openings on the shear force capacity
of reinforced concrete (RC) beams was investigated in this research. Moreover, a

three-dimensional finite element model was constructed to analyze such beams. The
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results suggested that the aperture size was more influential on beam behavior than
the length of shear span. In the same vein, it was found that the number of openings
did not have as much impact on the beam’s performance as did the size of its
aperture. According to the American ACI 318-05 code, it is important to take into
consideration the influence of web holes on the shear strength of reinforced concrete
beams[50].
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Figure 2.5: Numerical Finite element model of concrete beam with meshing details and
the vertical circular shape opening details.

Yamada [51], [52], [53] performed FE studies and experiments on reinforced
concrete (RC) beams having several apertures in the shear spans. The study
examined the effect of longitudinal reinforcement proportions on the beams' failure.
The investigations focused on analyzing several factors, such as the position of
debonding fractures at the tension-reinforcing level, crack widths, and the opening
location. The beams examined and studied had no shear reinforcement, and the
openings were present throughout pouring the concrete. This research highlighted

that the existence of holes has little impact on the strength of the beam. This is
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because the openings enhance the control of the arch mechanism in the beam rather
than the beam mechanism.

Torunbalci [54] conducted nonlinear FE simulations to create an analytical
approach for estimating the load capabilities of reinforced concrete beams having
significant openings. The research examined the effect of web apertures and web
strengthening on the load-carrying capacity of reinforced concrete beams with
openings. The FE analysis predictions were also compared with the experimental
findings, and a high level of concordance between the experimental and numerical
findings was achieved.

The research conducted by Ozkilic et al. [55] focuses on examining the effect
of transverse opening sizes and shear reinforcement proportions on the flexural and
shear behavior of reinforced concrete (RC) beams with two web holes. These
openings are positioned across distinct spans, with a single opening in each half-
span. The research included testing a total of 12 reinforced concrete beams. These
beams had varying opening diameter-to-beam depth ratios, namely 0.47, 0.40, 0.33,
0.27,0.20, and 0.0. Additionally, various shear-strengthening proportions were used.
The beams were subjected to four-point bending until failure. A comparison was
made between beams' rigidities, ductility, load capacities, and energy dissipation
capabilities in both the elastic and plastic behavior ranges.

Additionally, the load capabilities of the beams were compared with the current
analytical shear strength formulas found in the literature. The test findings revealed
that when the diameter of apertures in an RC beam increases, frame-kind shear
failure is much more prominent, regardless of whether the beam has sufficient or
insufficient shear reinforcement. The decrease in load capacity and modulus of
toughness is more significant as the opening diameter increases, particularly when

there is insufficient reinforcement for shear. However, the ductility of shear-
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deficient reinforced concrete beams with openings has a smaller impact than those

with sufficient shear strengthening.
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Figure 2.6: Beam details and test setting up used in [55].

Mastan et al. [56] adjust the design and location of the aperture to improve its
structural performance. The composite steel-concrete beam was studied using
ABAQUS v6.14, considering three shapes: triangle, rectangle, and circle. The
optimal geometry is positioned at several locations between the span's support end
and midpoint. The numerical analysis determined that the circular shape positioned

at one-third of the span was useful in reducing stress concentration and maximizing
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stress resistance. The beams' load-carrying capacity was estimated utilizing an
artificial neural network (ANN) model. The accuracy of the predictions was assessed
utilizing multiple mean square error (MSE) and coefficients of determination (R2).
The MSE and R2 values for all the models were more than 0.09 and 0.94,
respectively. This suggests that artificial neural networks (ANN) are suitable for

analyzing numerical data.

End B (roller )

End A (fixed )

Figure 2.7: Modelling of the utilized composite beam by [56].

Abdulridha et al. [57] examine the flexural characteristics of reinforced concrete
beams with a circular cross-section hole throughout their length. The beams are
supported and subjected to monotonic two-point loads. The commercial finite
element software ABAQUS was utilized to simulate and implement the behavior of
the samples experimentally evaluated in prior research studies. A total of thirteen
RC rectangular beam specimens were examined, with the first being solid and the
other having longitudinal circular holes. The perforation samples were categorized
into three sets, each with a designated aperture diameter of 2.5 cm, 4 cm, and 5 cm.
The distance from the center of the hole to the top section face exhibited variability,
with the hole being either entirely inside the stress block, below it, or partly within
it. The accuracy of the simulated model was confirmed by comparing the obtainable

load deflection data with the implemented data, revealing a strong agreement
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between the two. The simulated models may include the maximum load, the initial
cracking load, its propagation, and the highest deflection observed. It has been
determined that the presence of a longitudinal hole with a diameter-to-beam depth
ratio below 20% at various points from the top cross-sectional surface to the hole's
center leads to a decrease in the maximum load by no more than 5% in comparison
to a solid beam.

Jabbar et al. [58] examined the behavior of four reinforced concrete beams
having a square cross-sectional area. These beams were subjected to three-point
loads until they failed. Three beams were specifically constructed with tiny web
apertures of varying forms: circular, rectangular, and square. The goal of including
a beam without any openings (the control beam) was to facilitate a comparison of
the results. The load-deflection curves were satisfactorily produced for the samples
that were tested. The findings showed that introducing tiny web gaps in reinforced
concrete beams resulted in a marginal decrease in their maximum loads,
corresponding to an increase in the maximum deflection. Furthermore, it was
determined that the beams with circular web holes exhibited superior shear

resistance compared to the other chosen designs.
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Figure 2.8: Details of tested beams with web openings.
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Liang et al. [59] employed the FEM for assessing shear and flexural capacity of
simple composite beams subject to composite bending and shear . An attempt to
develop and validate a finite element model featuring geometric and material
nonlinearity for composite beams using experimental data has been made. The time
that finite element model has been validated, it can be used to find out how
composite action and concrete slab influence shear capacities and moments of
composite beams. This research is considering the impact of shear connectors on the
vertical shear strength of deep composite beams under shear loadings. The supported
composite beam designs that combine with both shear and bending methods should
lead to vertical shear strengths. The models are finally considering the effects from
concrete slabs, composite action, and moment-shear interaction. The proposed
designs offer a systematic and cost-effective design process for simple supported
composite beams.

Jen et al. [60] conducted experimental research on reinforced concrete beams
that included circular transverse holes. A four-point load test was performed to
examine the impact of the opening's size and location on the beam's performance
when subjected to shear and flexural stresses. Furthermore, three supplementary
techniques for the introduction were examined. The beams were assessed based on
their load-displacement responses, mechanical characteristics, deflections, and
failure mechanisms. The presence of an aperture with a diameter that does not
exceed 0.25 times the height of the beam reduces the beam strength by about 20%
when no reinforcements are used at the entrance. The diagonal bar reinforcement
technique successfully enhanced the beam's structural integrity when the opening
size did not exceed one-third of the beam's height. The formula model suggested
accurately predicting the maximum load-bearing capacity of the beam with a

transverse aperture using a cautious approach.
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Figure 2.9: Beam details and testing sketch.

Altemen et al. [61] conducted experimental research on high-strength concrete
(HSC) beams and used the finite element approach for implementation. The
experimental findings were validated utilizing ANSYS software, comparing the
force-displacement relationship, fracture pattern, maximum displacement, and
ultimate load capacity. The program was used to ensure that the same attributes,
materials, geometry, and situations were maintained in the analysis. The verification
procedure between the theoretical program and experimental work strongly
converged the acquired findings. The high level of resemblance in the outputs
indicates a strong correlation between the experimental and numerical results, with
a matching accuracy of 99% in force and 94% in displacement. The variations were
caused by the little disparity between the experimental and theoretical sides, which
the numerical analysis deemed the optimum condition. This research investigated
the behavior of RC beams with both transverse and longitudinal openings. The
primary failure mechanism seen in the beam was flexural failure, despite the
existence of shear fractures. However, the flexural cracks predominantly influenced
the beam's behavior.

Hamzah and Ali [62] examined how the vertical opening affects the shear
strength and behavior of supported reinforced concrete beams. The research
included testing five reinforced concrete (RC) beams, with one beam as a reference
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without any openings, while the other beams had an opening at their mid-shear span.
The factors considered in this study included the orientation of the apertures, the
configuration of the holes, and the specific methods used to replace the
reinforcement that may impede the penetration of the openings. The experimental
findings indicated that a vertical aperture marginally decreased the maximum load-
bearing capability. Furthermore, it has a negligible impact on the augmentation of
the highest deflection under the service loads. However, it has been shown that
square holes have a greater impact on lowering the final load capacity than circular
openings. Regarding the techniques utilized to substitute the obstructed rebars, the
findings indicate that utilizing a stirrup on both sides of the aperture in the
longitudinal direction is sufficient to improve the ductility index and regain the lost
strength. Furthermore, it has been shown that the transverse apertures have a
substantial impact on the maximum load in comparison to the impact of the vertical
opening.

Moatt and Aziz [63] examine the effect of reinforcing self-compacting concrete
(SCC) box beams with steel plates in a localized manner on the torsional strength.
The study focuses on seven hollow core beam specimens with a transverse opening
subjected to pure torsional forces. The seven beam specimens underwent testing and
were constructed with the following dimensions: length=1.8m, width=30cm, and
depth=30cm. Out of the seven samples, six of them had transverse apertures
measuring 10 x10cm. The parameter investigations included examining the effects
of having a transverse opening and the location of the transverse opening at either
one-fourth or one-half of the clear span length of the beams, from either one side or
both sides. The present reinforcing strategy relies on localized steel plates securely
attached to the self-compacting concrete (SCC) utilizing bolts acting as shear
connectors. The experimental findings indicate that the maximum torque was

reduced by 34.7 and 45.3% for the tested samples with transverse apertures located
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at L/4 and L/2, respectively, compared to the reference beam. The torsion moments
of the tested samples, which had transverse openings at L/4 and were reinforced by
one or two face-specific steel plates, were enhanced by 34 and 55.5%, respectively,
compared to the reference samples. The torsional moments increased by
approximately 20 and 24% for the tested samples with a transverse opening at L/2.
Compared to the reference beam, they were further reinforced by one and two-face
localized steel plates. The study concluded that the presence of the transverse

opening decreased torsional capacity, while the approved method contributed to its

enhancement.

Figure 2.10: Localized a) Two-Face Steel Plates; b) One Face Steel Plates.

2.2.2 Beam Strengthening

Renjini and Manasa [64] assessed the efficiency of a beam with reinforced
openings utilizing CFRP when subjected to effect loads. For this numerical
investigation, a total of 3 beams were simulated. One of the beams had a rectangular
post aperture used as a reference beam for comparative purposes. The two remaining
beams were reinforced externally using carbon fiber-reinforced polymer (CFRP)
sheets. These sheets were applied separately, one around the opening and the other

within the opening. The purpose of this reinforcement was to assess the performance
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of the reinforced beam when subjected to an impact load in the ANSYS autodyne
platform. The numerical findings indicate that the load-bearing capability of beams
with apertures is significantly affected by the placement of FRP laminates. Based on
the comprehensive analysis, applying CFRP lamination around the aperture is more
effective in mitigating the impact.

Abtan and Abdul-Jabbar [65] investigated the behavior of eight RC beams.
These beams were divided into two sets. All beams were uniform in size, reinforcing,
concrete kind, and hole diameters. The study was conducted to determine the most
optimal hollow core section and assess the impact of web openings on a hollow core.
The observed load capacity indicated a drop of approximately 2 to 14% in the hollow
core location at the bottom and mid sections, compared to the solid portion. Thus,
the most optimal configuration for the hollow core part is positioned in the middle
of the beam, thereby integrating the beam with both transverse and longitudinal
opening portions. The beam's longitudinal and transverse openings provide distinct
loading data depending on the location of the web opening. The opening provision
decreased by about 20.4% compared to the hollow beam (without transverse
opening) and by approximately 22% compared with the solid beam. The most
favorable configuration for the beam, with both longitudinal and transverse
openings, was achieved once the web opening was positioned in the mid-shear area.
However, the most crucial configuration occurred once the web opening was situated
in the mid-span and near the supports of a similar beam with transverse and
longitudinal openings. The failure modes seen in all beams may be classified into
two basic types: abrupt flexural failure in the compressive area due to crushing of
the concrete cover and flexural-shear failure.

Suresh and Prabhavathy [66] the study examined the use of steel plates and steel
fibers to enhance the opening areas in reinforced concrete beams subjected to two-

point loading tests. The test specimens had a cross-section of 15x30 cm and a length
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of 2 meters. The experimental program involved testing 14 reinforced concrete
beams, including two without openings (one without fibers and one reinforced with
fibers), four with openings of varying sizes in the shear zone, four steel fiber-
reinforced concrete beams with openings of varying sizes in the shear zone, and four
steel fiber-reinforced concrete beams with openings of varying sizes in the shear
zone that were further reinforced with steel plates. The control beam was a solid
beam with no openings. The investigation focused on analyzing the behavior of
concrete beams with and without openings under maximum load, paying particular
attention to cracking patterns and deflection. Beams with duct openings in the shear
zone experienced a 55% to 70% reduction in load-bearing capacity. The
experimental results showed that reinforcing the duct openings with steel fibers
improved both the load-bearing capacity and ductility of the beams. Additionally,
strengthening the duct openings in steel fiber-reinforced concrete beams with 0.4 cm
thick steel plates further enhanced the load-bearing capacity and significantly
increased the beam's deflection before failure. Reinforcing the beam with steel plates
also delayed crack initiation.

Morsya and Barima [67] a comprehensive experimental study was conducted to
investigate the effect of openings on the performance of reinforced concrete beams
with and without reinforcement. The total number of samples tested in two series
was 24 considering the number of openings in their behavior. The consideration
pointed out the orientation, aspect ratio as well as shape of openings which had the
same area for both shear and bending zones. The influence of different strengthening
techniques applied to these voids on reinforced concrete (RC) beams is also
investigated here. These include internal strengthening techniques such as internal
steel reinforcement, internally placed fiber-strengthened bars or near surface
mounted FRP laminate reinforcement (N.S.M). Externally connected strengthening

techniques like FRP strips externally bonded and/or steel boxes were also examined.
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All specimens were subjected to three-point loading. The effective beam length was
1.5m.

Additionally, all samples were intended to fail due to flexure before shear.
According to the experimental data, the first set of tests revealed that circular
apertures had the smallest decrease in the load capacity of the beam in comparison
to square and rectangular openings, if all the openings had the same area. The second
set of experiments demonstrated the impact of reinforcing the apertures on the
beams' behavior. The application of externally connected CFRP enhances the beams'
strength and ductility, although to varying degrees compared to other reinforcement

methods.

Meleka [68] an experimental test program was conducted on fourteen reinforced
concrete (RC) beams with major holes. These beams were reinforced by adding extra
layers of externally connected steel plates or CFRP plates through different methods.
The beams were then subjected to a four-point bending test. The study explored the
behavior of tested samples both with and without reinforcement, to evaluate different
techniques and materials for increasing shear and flexural strength of beams with
varying opening locations. The study reveals that CFRP plates are more effective

than steel plates in terms of reinforcement.
2.3 Concluding Remark

2.3.1 Summery of Literature Review

The review focuses on various studies that investigate the impact of transverse
openings on the structural performance of beams, particularly in composite box
steel-concrete beams. Multiple strategies for enhancing beam performance with
transverse openings are examined, focusing on the shear strength and structural

behavior under various loading conditions.
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1-

Reinforcement with CFRP Sheets: Renjini and Manasa[64] explored the use
of Carbon Fiber-Reinforced Polymer (CFRP) sheets to reinforce beams with
openings. Their numerical analysis revealed that applying CFRP around the
aperture significantly improved load-bearing capacity and mitigated the
effects of impact loads. This emphasizes the importance of the positioning of
FRP laminates for enhancing beam strength.

Optimal Configuration of Hollow Core Sections: Abtan and Abdul-
Jabbar[65] examined the influence of web openings in reinforced concrete
(RC) beams with hollow cores. They observed a reduction in load capacity,
with optimal performance achieved when openings were located in the middle
of the beam. Their study also highlights the importance of the position of web
openings in minimizing strength loss, with an average reduction of 20.4% for
hollow beams compared to solid ones.

Steel Fibers and Plates for Enhancement: Suresh and Prabhavathy[66]
investigated the use of steel fibers and steel plates to improve the strength of
beams with openings under two-point loading. Their findings indicate that
using steel plates around the openings increased the load-bearing capacity and
delayed crack initiation, while the addition of steel fibers enhanced ductility.
Impact of Opening Shape and Orientation: Morsya and Barima[67]
conducted an experimental study on RC beams, examining the effects of
different opening shapes (circular, square, and rectangular) on shear and
flexural behavior. Circular openings were found to have the least impact on
load capacity. Various strengthening techniques, such as FRP strips and steel
boxes, were also analyzed, with CFRP enhancing strength and ductility.
CFRP vs. Steel Plates: Meleka[68] compared the effectiveness of externally

connected CFRP plates and steel plates in reinforcing RC beams with major

35



Chapter Two Literature Review

openings. The study concluded that CFRP plates offered better shear and

flexural strength compared to steel plates.

Overall, the literature suggests that the introduction of transverse openings in beams
reduces load capacity and affects overall performance. However, the application of
reinforcement materials such as CFRP, steel fibers, and plates can mitigate these
effects, particularly when strategically placed around or within openings. These
findings guide the numerical analysis of composite box steel-concrete beams,

focusing on enhancing shear strength through appropriate reinforcement techniques.

2.3.2 Current Study Coverage

The current study aims to numerically analyze the shear strength of steel and
concrete composite beams with a hollow steel box along the beam encased with
concrete with transverse openings of different dimensions and shapes, as well as
studying other variables that were not covered in previous studies, such as the
locations of the openings, the ratio of shear length to effective depth, the compressive

strength of concrete, and the percentage of reinforcing steel in the tension.
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MODELINGN

3.1 Introduction

When it comes to numerical formulation and modeling, the key is turning
complicated real-world situations into mathematical equations that can work with
them. This is essential for modern scientific research and engineering advancements.
By using numerical methods, experts can simulate, study, and forecast how things
behave in various systems, like fluid dynamics, structural mechanics, economic
markets, and biological processes.

Numerical formulation is essentially the process of converting physical laws,
empirical data, and governing principles into mathematical equations. The equations
are the foundation of computational models, allowing researchers to study how
systems behave under different circumstances. By choosing the right numerical
techniques and algorithms, these models can offer valuable insights into complex

phenomena that are difficult or impossible to analyze using traditional methods.

When numerical models are created, the start is by defining the problem and figuring
out the equations that govern it. This usually means we have to simplify things to
make the problem easier to solve. Then break down the continuous system into
smaller, discrete pieces or nodes. This is important for using numerical methods like

finite element techniques, which work on these smaller chunks of the system.

Upon discretizing the equations of the system, the sequenced solving through
computational algorithms should be used. The types of algorithms used vary based
on the complexity of the problem and the level of accuracy required, ranging from
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basic iterative solvers to advanced optimization routines. Validation and verification
are crucial during this process to ensure the accuracy of the numerical model by

comparing simulated results with experimental data or analytical solutions.

Numerical formulation and modeling are not just for theoretical research; they have
many real-world uses across various fields. For example, in engineering, simulations
help design structures, improve manufacturing processes, and make mechanical
systems more efficient. In the natural sciences, models aid in studying ecosystems,
climate patterns, and the behavior of particles. And in finance, numerical methods

are essential for assessing risks, optimizing portfolios, and pricing options.

There are many different software programs that can be used for nonlinear analysis,
such as ANSYS, ABAQUS, and ADINA. In this study, the shear behavior of
composite steel-concrete beams with transverse openings will be examined using
ABAQUS/Standard through nonlinear finite element analysis and extended finite

element analysis [69].
3.2 ABAQUS Finite Element Analysis

ABAQUS Finite Element Analysis (FEA) is a powerful computational tool that
Is commonly used in engineering, research, and manufacturing industries to simulate
and analyze the behavior of structures and systems in different conditions.
Developed by Dassault Systéemes, Abaqus is widely utilized to predict the
performance of components or products in real-world situations [70].
ABAQUS (FEA) utilizes the finite element method (FEM) to solve partial
differential equations that control the behavior of intricate systems. The FEM breaks
down the system into smaller elements, making it easier to approximate the system's
behavior using mathematical models for each element. With Abaqus, users can

develop detailed finite element models of structures, components, or materials by
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considering factors like geometry, material properties, boundary conditions, and

loading conditions [71].

After creating a model, ABAQUS enables users to investigate how the system
behaves by solving the equations obtained from the finite element discretization.
This examination can offer understanding into different mechanical phenomena such
as stress distribution, deformation, heat transfer, fluid flow, and structural reaction

to dynamic loads [72].

ABAQUS has a diverse set of analysis features, such as linear and nonlinear static
analysis, dynamic analysis, thermal analysis, coupled-field analysis, and
optimization. Moreover, it has a vast array of post-processing tools for visualizing
and interpreting simulation results, which helps users gain a better understanding of

the system's behavior [73].

In general, ABAQUS Finite Element Analysis allows engineers and researchers to
model and analyze intricate systems accurately and efficiently. This tool helps them

make informed design choices, improve performance, and reduce risks [74].
3.3 ABAQUS Finite Element Procedure

Performing finite element analysis using the ABAQUS software requires
following a series of steps (see the Figure 3.1). Below is a comprehensive
explanation of the ABAQUS finite element procedure:

1- Preprocessing: which includes setting up the model geometry, specifying
material properties, adding boundary conditions, and creating a mesh. In
ABAQUES, you can build the model using the graphical interface
(ABAQUS/CAE) or by scripting with input files (ABAQUS/Standard or
ABAQUS/Explicit). Meshing is important as it breaks down the geometry into
smaller elements, influencing the accuracy and efficiency of the analysis.
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Figure 3.1: ABAQUS finite element procedure.

2- Analysis: involves determining the type of analysis (such as static, dynamic,

nonlinear, etc.), setting up loads and constraints, choosing solution controls,
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and specifying output requests. It is important to have a good understanding
of the physics of the problem being simulated and what the desired results are.
Solution: With the setup complete, ABAQUS solves the finite element
equations to obtain the numerical solution. Depending on the type of analysis
and complexity of the model, this step may involve solving linear or nonlinear
equations iteratively using numerical methods like the finite element method.
Postprocessing: After obtaining the solution, postprocessing involves
analyzing and interpreting the results. ABAQUS provides various tools for
visualizing results, such as contour plots, graphs, animations, and reports.
Engineers can evaluate the performance of the model, assess the response of
the structure to applied loads, and extract useful engineering data.

Iterative Analysis: In many cases, the analysis may not converge or may
yield unexpected results. In such situations, iterative analysis becomes
necessary. Engineers revisit the preprocessing, analysis setup, or material
properties to refine the model and improve convergence.

Verification and Validation: Before drawing conclusions from the analysis,
it's essential to verify and validate the results. Verification ensures that the
numerical solution accurately represents the mathematical model, while
validation confirms that the model accurately represents the physical system

being simulated.

Overall, the ABAQUS finite element procedure is a systematic approach to

simulating the behavior of engineering structures under various conditions,

enabling engineers to optimize designs, predict performance, and make informed

decisions.
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3.3.1 Material and Geometry Modeling

Material and geometry modeling in ABAQUS are critical steps in creating

accurate simulations of engineering structures. Here's an overview of both aspects:

3.3.1.1 Part Modeling

Part modeling in ABAQUS involves creating or importing the geometric
representation of the individual components or parts that make up the entire structure

to be analyzed. Here's an overview of the part modeling process in ABAQUS:
1- Geometry Creation:

* ABAQUS provides tools within its graphical user interface (ABAQUS/CAE) for
creating geometric models directly. Users can define basic geometric entities such
as points, lines, curves, surfaces, and volumes to construct the desired part

geometry as shown in Figures(3.2,3.3,3.4,3.5 and 3.6).

» Geometric operations like extrusion, sweeping, lofting, and revolve can be used to

create complex shapes and features within the part model.
2- Importing Geometry:

« Alternatively, users can import part geometry from CAD software using standard
file formats such as IGES, STEP, or Parasolid. This allows for seamless integration

of existing CAD models into the ABAQUS environment for analysis.

« Imported geometry can undergo further editing or manipulation within ABAQUS
to prepare it for finite element analysis.

3-Geometry Editing:

* ABAQUS offers a range of editing tools to modify imported or created geometry
as needed. Users can perform operations such as filleting, chamfering, splitting, and
merging to refine the part geometry for analysis.
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» Geometry editing capabilities in ABAQUS enable users to adjust and modifications

to the part model to accurately represent the physical component being analyzed.
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Figure 3.2: Details of Geometry and specifications of the first sample CB beam.
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Figure 3.3: Geometry creation.

Figure 3.4: Concrete beam geometry in CB model.
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Beam with small transverse opening geometry model

Figure 3.5: Concrete beam geometry in BW1 model.

Beam with large transverse opening geometry model

Figure 3.6: Concrete beam geometry in BW2 model.

Reinforcement rebar and steel geometry model

Figure 3.7: Reinforcement and steel geometry in CB model.
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3.3.1.2 Properties of Materials Modeling

Material modeling is important in ABAQUS because it helps engineers simulate
how different materials behave when they are under different types of stress. Here

are some important properties and features of material modeling in ABAQUS:
1- Concrete Properties

When working with ABAQUS, creating a concrete model requires specifying
the material characteristics and choosing appropriate models to accurately replicate
its response to different loads. Key concrete properties usually consist of variables
like stiffness, Poisson's ratio, mass density, compression resistance, and tensile
strength. These attributes may differ depending on factors like the specific mix used
and the curing process.

ABAQUS provides a variety of material models that can accurately simulate the
behavior of concrete. These models range from simple linear elastic models to more
complex nonlinear models that consider concrete's response to stress and strain, as
well as factors like cracking and damage. Among these models, the concrete
damaged plasticity model is frequently used to study behavior under different
loading scenarios. Additionally, models like the concrete smeared crack model are

used to simulate concrete cracking and tensile failure.

Concrete behaves in a nonlinear manner because of cracking and crushing,
characteristics that ABAQUS material models can represent with stress-strain
relationships. Nonlinear models enable the simulation of the intricate behavior of
concrete when subjected to both monotonic and cyclic loading. This material is
susceptible to cracking, spalling, and ultimately failing when exposed to excessive

loads or unfavorable conditions.
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With the ABAQUS material models, engineers can accurately simulate concrete
damage and failure by including criteria for crack initiation, propagation, and
concrete crushing. By specifying concrete properties and choosing the right material
models in ABAQUS, engineers can effectively analyze, design, and optimize

concrete structures in different engineering scenarios.

I. Elastic Property of Concrete

The elastic properties of concrete refer to its ability to deform reversibly under
applied stress within the linear elastic range. In ABAQUS, these properties are

typically characterized by Density and two main parameters shown in Table (3-1):

Table (3-1): Elastic properties of concrete.

Density : : :
Type (ton/mm3) Youngs Modulus (MPa) Poisson's Ratio
Isotropic 2400 23500 0.2

I1.Concrete Damage Plasticity (CDP)
The Concrete Damage Plasticity (CDP) model in ABAQUS is a commonly used

method for simulating how concrete structures behave under different types of loads.
By incorporating both plasticity and damage mechanisms, this model can accurately
represent concrete's non-linear response, which includes that the deformations are
not reversible after formation of the cracks. The connections among tension and
deformation are given by compulsive mathematical expressions, while the material
parameters are established by means of different experiments. The (CDP) model can
predict when cracks will start to form and how they will spread under different types
of loads, making it a valuable tool for analyzing the stability of buildings, bridges,
and other concrete structures. ABAQUS provides resources for checking and
confirming the accuracy of this model. In ABAQUS, Concrete Damage Plasticity
(CDP) depends on a lot of things that determine how it reacts to different loads.
Some of the main parameters that are often used in (CDP) are mentioned below:
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A. Concrete Plasticity Parameters
a) Dilation angle (¥)

The angle of inclination of the failure surface towards the hydrostatic axis, measured
in the meridian plane, plays a crucial role in determining the material's behavior.
When this angle is small, the material tends to exhibit brittle behavior, whereas
higher values of this angle indicate behavior closer to ductile. Experimental
observations from four-point loaded beam tests indicate that this parameter typically
falls within the range of 20° to 45°, although some researchers suggest values
between 30° and 55°. In ABAQUS, the default value for this parameter under
compound stress is 36°. This angle is often equated to the dilation angle vy, which
can be seen as the internal friction angle of concrete. In concrete modeling, v is
typically set between 25° to 40° or higher depending on the compressive strength of
the concrete. In the context of the thesis, the inclination angle was observed to range
between 31° and 45°.

b) Eccentricity (€)

The plastic potential eccentricity is a small positive parameter that indicates how
quickly the plastic potential hyperbola approaches its asymptote. Along the
hydrostatic axis, it represents the distance between the vertex of the hyperbola and
the intersection of the hyperbola's asymptotes (the center of the hyperbola). The
eccentricity can also be interpreted as a ratio of tensile strength to compressive
strength. In the Concrete Damage Plasticity (CDP) model, a value of € = 0.1 is
commonly recommended [75]. Additionally, in the meridional plane, the surface is
represented as a straight line when € = 0, following the strength hypothesis of

Drucker-Prager. In this thesis, a value of € = 0.1 was utilized.
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Figure 3.8: Hyperbolic surface of plastic potential in meridional plane [75].

¢) fbo/fc, Parameter

The parameter cbo/cco, or fho/fco, represents the ratio of the strength of concrete
under biaxial compression to its strength under uniaxial compression. This provides
an understanding of how the material performs under different types of loading. In
ABAQUS, this ratio is commonly used to describe how the material reacts to biaxial
compression. The default value provided in the ABAQUS user manual for this ratio
Is fho/fco = 1.16, indicating that the concrete's strength under biaxial compression is
around 1.16 times greater than its strength under uniaxial compression, as shown in
Figure (3.9).

In ABAQUS, the value of fbo/fc is set to 1.16, which is likely based on empirical
correlations. This value is a trusted default for simulating concrete behavior under
biaxial compression. Users have the option to tweak this parameter to better match

their material properties or experimental data for more precise simulations [76].
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Figure 3.9: Strength of concrete under biaxial stress in the CDP model [75].

d) K. Parameter

Kc is a parameter that can be defined as the quotient of distances between the
hydrostatic axis and the compression meridian. To that there is a tension meridian
lying in the deviatoric cross-section. This Figure (3.9) illustrates how it determines

what shape the deviatoric cross-sections of the failure surface will take.

When Kc is greater than 0.5, it indicates that the compression meridian is closer to
the hydrostatic axis than the tension meridian. As Kc approaches 1, the deviatoric
cross-section becomes more circular, resembling the classic Drucker—Prager

strength hypothesis where the failure surface is a circle.

Experimental results, as reported by Majewski, indicate that for a mean normal stress
of zero, Kc is approximately 0.6 and tends to increase slightly with decreasing mean
stress. However, the Concrete Damage Plasticity (CDP) model recommends

assuming Kc = 2/3 as a default value.
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The shape described by Kc = 2/3 is like the strength criterion formulated by William
and Warnke, which consists of a combination of three mutually tangent ellipses. This
criterion is a theoretical-experimental approach based on triaxial stress test results
and provides a representation of the failure surface under various stress conditions
[76].

Figure 3.10: Deviatoric cross section of failure surface in CDP model [75].

e) Viscosity Parameter (1)

The viscosity parameter, also known as the relaxation time (p), is a key factor in
complex material models that show stiffness reduction and strain softening. These
models can face problems with convergence, especially when modeling materials
experiencing significant deformation or damage. One common method to tackle
convergence issues is through constitutive equation regularization. This technique

involves adjusting the material's tangent stiffness to ensure convergence, particularly
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during small time steps. By ensuring the tangent stiffness becomes positive during
these small-time increments, the regularization method helps stabilize the solution
process. When working with visco-plastic materials, it is common to choose a
regularization parameter that is a small fraction of the maximum load values. By
using smaller values for this parameter, the rate of convergence in the softening stage
of the material model can be improved without greatly affecting the accuracy of the
results. In the ABAQUS/Standard software, the viscosity parameter is typically set
to zero as the default, which means that no viscoelastic regularization is applied
automatically. To improve convergence and stability, it is necessary to assign a non-
zero value for the viscosity parameter, usually a small one; a value of n1=0.00023-
0.00055 was selected to aid in convergence and guarantee the reliability of the
results. The (CDP) model stands out for its clear physical interpretations of
parameters, giving it a definite edge. The ABAQUS manual details the functions of
these parameters and the mathematical methods for defining stress boundaries in
three-dimensional space. The model also calculates concrete performance under
uniaxial stress, with default parameters shown in Table (3-2) for ABAQUS program

users to assess its performance under compound stress.

Table (3-2): Default parameter of CDP model under compound stress.

Parameter Default VValue Used in Present Study
Eccentricity 0.1 0.1
Dilation angle 36 31-45
JE 1.16 1.16
feo
K. 0.667 0.667
Viscosity Parameter 0 0.0002-0.00065
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B) Concrete Compressive Behavior

When concrete is under pressure from being squeezed in one direction, it goes
through different stages of reaction. First, it bends without permanently changing
shape, then it starts to bend more and more easily until it reaches a limit. After that,
It starts to act in a way that isn't perfectly predictable, with the resistance increasing
quickly as it gets squeezed more. Once it reaches its maximum ability to resist being
squished, it starts to show signs of damage like small cracks. If the pressure keeps
increasing, the concrete will eventually break apart completely, which can look like
it's being crushed, breaking into pieces, or splitting apart.

After a failure occurs, the material might start to soften after reaching its peak,
leading to a quick drop in strength because of cracks spreading and the release of
elastic energy. It is essential to comprehend these stages to guarantee the longevity
and safety of concrete buildings when subjected to different types of loads. The
conversion of uniaxial stress-strain curves to stress against plastic strain curves is
assumed. (This conversion is performed automatically by ABAQUS from the user-

provided stress versus “inelastic” strain data, as explained below.) So,
__(apl Dl
o, = O'C(SC , &, ,H,fi) (3.1)

As depicted in Figure (3.11), whenever the concrete specimen is unloaded from any
point on the curve of strain softening, there is a reduction in its reaction when
remaining under stress. This suggests that even though unloading is done, still elastic
properties have partly been lost or decreased. The decrease in elastic strength
depends on two parameters d. which are believed to depend upon plastic strains,

temperature, as well as other environmental factors:

d. =d.(%,6,f), 0<d.<1 (3.2)
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If E, represents the initial (undamaged) elastic stiffness of the material, the stress-

strain relationship under uniaxial compression loading can be expressed as:
~pl
g, = (1 —do)Eo(e. — &) (33)

It’s defined the “effective” compressive cohesion stresses as:
o,

= ¢

(1 - dc)
The effective cohesion stresses determine the size of the yield (or failure) surface
[75].

G = Eo(e. — &) (3.4)
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Figure 3.11: Response of concrete to uniaxial loading in compression [75].

And used to describe both tensile and compressive response. Writing the Saenz
relation in terms of equivalent uniaxial strain (Elwi and Murray, 1979) yields as
shown in in Table (3-3) for compressive strength of concrete (23.5 MPa) , Table
(3-4) for compressive strength (30 MPa) and Table (3-5) for compressive strength
(37.5 MPa).
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Table (3-3): Concrete compressive behavior for 23.5 MPa

Numerical Formulation and Modeling

Yield stress (MPa) Inelastic strain
7.731917764 0
13.32711463 0.000255157
17.43222093 0.000509742
20.31181232 0.000815494
22.17673224 0.001160577
23.21735256 0.001549577

23.53 0.001967921
23.37240335 0.002304833
22.9322917 0.002660137
22.27904039 0.003022791
21.47959747 0.003387856
20.55939882 0.003764218
19.58119093 0.004141124
12.66731646 0.006919383
8.096980003 0.009639848
5.461811629 0.012260433
3.896412156 0.014804094
2.886751573 0.017368381
2.220021489 0.019902625

Table (3-4): Concrete compressive behavior for 30 MPa

Yield stress (MPa) Inelastic strain
10.46904244 0
16.91199884 0.000177776
22.0273261 0.000354356
25.76097949 0.000582373
28.21703659 0.000855552
29.58976003 0.001177515

30 0.001534633
29.64632808 0.001927871
28.70276345 0.002350925
27.37705645 0.002786523

25.8451503 0.00322553
24.1812339 0.003676566
22.51047321 0.004125568
13.68193299 0.006943517
8.579330804 0.009661731
5.771370302 0.012275808
4.127789334 0.014814654
3.070968596 0.017375706
2.372074661 0.019907855
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Table (3-5): Concrete compressive behavior for 37.5 MPa

Yield stress (MPa) Inelastic strain
13.9222989 0
21.30534706 0.000107431
27.48596485 0.000225132
32.13639864 0.00039402
35.23961427 0.000612707
36.98074215 0.000884656
37.5 0.00119708
36.84753961 0.001632249
35.18253555 0.002110099
32.96350711 0.002604698
30.53217602 0.003101674
28.02317259 0.003608848
25.62131097 0.004109799
15.03413354 0.006952646
9.383005677 0.009668992
6.338315008 0.012279778
4.560814204 0.014816537
3.414091866 0.017376379
2.651829781 0.019907863

C) Concrete Tensile Behavior

When concrete is stretched in one direction, it goes through a series of changes. At
first, it stretches elastically in a straight line, following Hooke's Law, until it reaches
the point where it can no longer hold the stress,ot, which is when tiny cracks start
to form within the material. After this, the relationship between stress and strain
weakens, showing a decrease in both stiffness and strength as the cracks spread. This
weakening response causes localized strain within the concrete and eventually leads
to a complete breakdown. Understanding this process (from stretching without
damage to the start of cracks and then to weakening) is essential for assessing how
well concrete structures can handle being stretched.

Uniaxial stress-strain curves can be transformed into plastic strain curves against
stress. (This automatic conversion is performed by ABAQUS, using user-defined

stress versus “inelastic” strain data as described below.) Therefore,
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o, = o, (e, €7, 6, 1) (3.5)
It is indicated through Figure (3.12) that unloading a concrete specimen with respect
to any point upon the stress-strain curves’ strain softening branch results in a
weakened unloading response; it is as though the material’s elastic stiffness were
somehow impaired (or diminished). Two damage variables d,. define this
deterioration process of elastic stiffness depending on plastic strains, temperature,

and other field variables:
d. = d.(e,0,f); 0<d.,<1 (3.6)

If E, represents the initial (undamaged) elastic stiffness of the material, the stress-

strain relationship under uniaxial compression loading can be expressed as:

~pl
It’s defined the “effective” compressive cohesion stresses as:
_ Ot ~pl
Oy = m = EO(Et - Sf ) (38)
t

The effective cohesion stresses determine the size of the yield (or failure) surface
[75].

Figure 3.12: Response of concrete to uniaxial loading in tension [75].
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And to describe tensile behavior used The Hordijk's model (Hordijk 1991) as shown
in Table (3-5).

Table (3-6): Concrete tensile behavior displacement type

Yield stress (MPa) Displacement
0.8 0
0.65759257 0.066
0.482602261 0.173
0.423992592 0.22
0.33792481 0.308
0.305810165 0.35
0.279619784 0.39
0.257107662 0.43
0.233328396 0.48

Concrete properties of elastic and concrete damage plasticity (CDP) parameters and
for compressive and tension behavior can be entered into the ABAQUS to simulate
concrete behavior as shown in the figures (3.13, 3.14, 3.15 and 3.16 ).

——nameng

Concrete Damaged Plasticity

General | Mechanical JThermal Electrical/Magnetic  Other

. D o g
Elastic - -
Plasticity » Hyperelastic
Type: | Isol Damage for Ductile Metals » Hyperfoam
(O Use ter Damage for Traction Separation Laws > Low Density Foam
Damage for Fiber-Reinforced Composites » Hypoelastic
Number o . - .
Damage for Elastomers 4 Porous Elastic
Meoduli tir Deformation Plasticity Viscoelastic
[_] No cor Damping
— Expansion
[_] Noten ) .
Brittle Cracking
Data
Eos
Y Viscosity
- -P' Super Elasticity

Figure 3.13: Definition of elastic properties in Abaqus software.
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Figure 3.14: Definition of elastic properties in Abaqus software.
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Figure 3.15: Selection of the CDP model to define the plastic properties of concrete.
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Figure 3.16: Homogeneous distribution of concrete properties.

2-Steel Properties

When running simulations in ABAQUS, it is crucial to accurately input steel

properties to predict how steel structures will respond to different types of stress.
These properties include the elastic modulus, which dictates how stiff the material
IS, and the yield strength, which shows when the material starts to deform plastically.
The ultimate tensile strength shows the maximum stress the steel can handle before
breaking, while the yield stress ratio reveals how the material behaves under tension
versus compression. Steel also undergoes strain hardening in the plastic zone, with
the plastic strain hardening modulus playing a key role. Ductility indicates how
much a material can deform before breaking, measuring its ability to withstand
plastic deformation.
In predicting how steel will respond to changes in temperature, it is important to
consider its thermal properties, such as thermal expansion coefficient and
conductivity. These properties are determined through material testing and
specifications and are essential for accurately simulating the behavior of steel in
ABAQUS. By incorporating these inputs, engineers can ensure the reliability and
effectiveness of steel structures in various engineering scenarios as shown in Figures
(3.14,3.15and 3.16).
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I. Elastic Property of Steel

In ABAQUS, the elastic properties of steel are essential for accurately modeling

its mechanical behavior in finite element analysis (FEA). These properties describe
how steel deforms elastically under applied loads and are crucial for predicting the
response of steel structures and components. The primary elastic properties of steel
typically defined in ABAQUS include:
These elastic properties are fundamental inputs for defining the material behavior of
steel in ABAQUS simulations. They are often derived from material testing data or
specified based on standard material properties for common steel grades as shown
in Table (3-7).

Table (3-7): Elastic material properties for Steel

Densit youngs isson'
Material Type il /mmé ) Modulus POFIQZ?(;I > Position
(MPa)
) diagonal reinforcement and
@6 rebar | Isotropic 7800 200000 0.3 ]
stirrups
) longitudinal reinforcement
@10 rebar | Isotropic 7800 200000 0.3
for top
) longitudinal reinforcement
@25 rebar | Isotropic 7800 200000 0.3
for bottom
steel box | Isotropic 7800 210000 Isotropic | longitudinal incased beam

I1. Plastic Property of Steel

In ABAQUS simulations, accurately representing the plastic behavior of steel is
crucial for predicting how structures deform under mechanical loads. Important
plastic properties include the yield strength, which indicates when plastic
deformation begins, and the plastic strain hardening modulus, which shows how

steel hardens as it deforms. Other parameters like strain at failure and ductility are
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also important for understanding how steel deforms before failing. These properties
are essential for accurate nonlinear analyses in ABAQUS, allowing engineers to
simulate the behavior of steel structures in different conditions as shown in Figure
(3.17) and Table (3-8).

Stress

Perfectly plastic

» Strain

Figure 3.17: Perfectly plastic behavior [77].

Table (3-8): Plastic material properties for Steel

Material Yield stress (MPa) Plastic strain
?6 rebar 379 0
@10 rebar 416 0
@25 rebar 585 0
steel box 280 0
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Figure 3.18: Material properties definition menu in Abaqus software.
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Figure 3.20: Homogeneous distribution of concrete properties.

3.3.1.3 Assembly of Modeling

When working in ABAQUS, assembling models requires putting together

different parts to create complex structures. To start, parts need to be formed, which

can be achieved using ABAQUS's tools or by importing designs from CAD

software. Each part embodies a specific element of the assembly and may vary in

materials, characteristics, and shapes as shown in the figure 3.9. After creating the

part geometries, they are then arranged and adjusted in relation to one another to

create the final assembly. ABAQUS offers a range of tools and capabilities to

simplify this assembly process, enabling users to accurately specify connections,
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interfaces, and interactions between the parts. These can involve constraints such as

contact, coupling, or tie constraints to simulate the interactions between the parts.

Figure 3.21: Assembly of modeling parts.

3.3.1.4 Meshing of Modeling
Meshing in ABAQUS is a key step in finite element analysis (FEA) that is

essential for accurately representing complex geometries and predicting structural
behavior under different loads. The mesh generation process then takes place,
offering automatic, manual, and controlled meshing options to divide the geometry
into finite elements. Quality checks are important after mesh generation to ensure
that elements meet specific criteria for accuracy and reliability. Mesh refinement
may be needed for complex models to improve solution accuracy. ABAQUS also
offers visualization tools for users to examine and assess mesh quality and
distribution.

For engineers to achieve accurate and reliable analysis results for their designs, it is

crucial that they have a deep understanding and effectively use meshing techniques.

I. Shell Elements

Shell components have a thickness that is far less than both their length and width.
Thin or thick shell FE analysis can be performed on shell structures. Classical
Kirchhoff theory describes thin shells while Reissner-Mindlin theory regulates

kinematics of thick shells.

63



Chapter Three Numerical Formulation and Modeling

As of now, for the purpose of modelling, the preferred type of element to use is a
thick one for the RC beam. This is because it is approximated by employing a shell
model and using a non-zero thickness. By doing so, it can represent physical
attributes of the beam more accurately. The chosen section is homogeneous along
the length of the beam and described in terms of shell thickness, Poisson’s ratio,
layers of rebar, and material models for steel and concrete. The thicknesses of these
elements are variable according to Poisson’s ratio v that have been established, and
thus also changeable according to finite element analysis results. The conventional
shell model can be constructed using either triangular or quadrilateral elements, but
guadrilateral shell elements are preferred because they better reflect bending
behavior. Figure 3.22 shows an example of the selected elements for the shell model.
Moreover, there are two kinds of interpolation functions that can be utilized in shell
elements: linear and quadratic, resulting in S4 and S8 elements, respectively, having
four and eight nodes. These analyses make use of the quadratic elements because, in
essence, the RC beam is mainly subject to bending. Such behavior can be better
portrayed using the quadratic element thereby making them yield more precise

results than the linear ones.

2D
Linear 4 nodes

Quadratic 8 nodes

Figure 3.22: Illustration of chosen elements for the shell [78].
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1. Solid Elements

It seems like you're talking about choosing solid elements for building a 3D finite
elements (FE) model, particularly with ABAQUS/CAE. Solid elements like C3D8
and C3D20 are often selected because they are cost-effective when modeling

intricate structures.

When choosing between linear (C3D8) and quadratic (C3D20) interpolation
functions, it all comes down to what you need for your analysis. Linear interpolation
elements are easier to work with and faster to compute, but they may struggle to
accurately represent more complex deformations or strain fields. This could be a

problem, especially when dealing with coarse mesh or intricate deformation patterns.

Quadratic interpolation elements (C3D20) provide more accurate results, especially
in capturing linear strain fields, and are highly useful for bending-related issues.
Nonetheless, they require more computational resources because of their added

complexity.

When choosing between these options, it's important to think about the trade-off
between speed and precision. Linear interpolation elements might be enough for
basic calculations or when resources are scarce. But for intricate problems requiring
high accuracy, quadratic interpolation elements could be needed even though they

require more computational power.

Furthermore, techniques for refining meshes can address certain restrictions of using
linear interpolation elements by enhancing the accuracy of the model's geometry
representation. Nonetheless, this method also leads to higher computational costs. It
is crucial to find a suitable equilibrium that considers the needs and limitations of
the analysis as shown in Figure 3.23.
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I I Y I |
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Figure 3.23: Illustration of chosen elements for the solid model [78].

When dealing with bending issues, first-order iso-parametric elements tend to
face shear locking too. They cannot give an appropriate solution for bending
because the linear interpolation function doesn’t show it well, in this way making
them stiff. Using reduced integration, however, helps to avoid such problems,
though it enables fake singular modes. In contrast, second order iso-parametric
elements are free from shear locking, as has already been indicated their its linear
strain field can accurately depict thin finite-element buildings being bent in any
manner around a point. The distinction between what is represented by linearity
and parabolic forms is exemplified in Fig. (3.24)[78].
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(a) C3D20 Element Type (b) C3D8 Element Type

Figure 3.24: Illustration of first- and second-order interpolation function of solid

elements [78].

I11. Truss Elements

In a 3D finite element (FE) model of reinforced concrete (RC) structures, solid
elements are commonly used to represent the concrete areas. Truss elements are
also included to simulate the presence of reinforcing bars (rebars). Truss elements
are one-dimensional (1D) and can be oriented in any direction in 3D space. Each
truss element has one node at each end and can only transmit axial forces. These
elements have three translational degrees of freedom (DOF) per node (usually
referred to as Dx, Dy, and Dz), which represent movement along the x, y, and z

axes, respectively. See Figure 3.25 for a visual representation.

Truss elements in structural modeling are given a cross-sectional area equal to
the reinforcing bar they represent, and steel material characteristics are assigned
to them based on the properties of the reinforcing steel. In applications involving
reinforced concrete, truss elements are often employed to incorporate
reinforcement bars into the concrete model. Their performance relies heavily on
how the surrounding concrete behaves, as they transfer forces within the concrete
structure. This method ensures an accurate depiction of the bond between

concrete and reinforcing steel in structural assessments [78].
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Figure 3.25: Example of truss element randomly oriented in a 3D space [78].

The meshes used for the concrete part are 8-node linear brick of C3D8R type, which
Is a three-dimensional 8-node mesh with a grain size of 2.5 cm as shown in the Figure
3.26, 4-node of S4R type for steel box mesh with a grain size of 2.5 cm according to
Figure 3.27 and the meshes used for the reinforcements are truss mesh with a grain

size of 5 cm and 2-node linear truss of T3D2 type as shown in Figure 3.28 and 3.29.
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Figure 3.26: Meshing of the concrete section.
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Figure 3.27: Meshing of the steel box section.
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Figure 3.28: Meshing of the rebar reinforcement section.
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Figure 3.29: Type of meshing in the rebar reinforcement section.

3.3.2 Boundary and Constraint Conditions

When ABAQUS is used for finite element analysis, it is important to consider
boundary and constraint conditions that affect how structures behave in different
environments. Boundary conditions specify how loads or displacements are applied
to model surfaces, reflecting actual loading situations. Constraints, on the other
hand, limit the movement of nodes or elements within the structure. These conditions
are set up using the ABAQUS/CAE interface, where users can select specific regions
and define the necessary conditions for an accurate simulation setup and reliable

analysis results.

3.3.2.1 Boundary Conditions

Boundary conditions in ABAQUS are crucial specifications that determine how
a finite element model interacts with its external environment. They include
directives like forces, displacements, velocities, temperatures, or other physical

quantities applied to the model's boundaries or surfaces. Engineers use these
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conditions to simulate real-world loading scenarios, such as structural loads or
environmental effects, to accurately represent the system being analyzed. These
boundary conditions are essential in predicting the model's behavior and obtaining
valuable insights into structural, thermal, or fluid dynamics within ABAQUS
simulations. The loading and boundary conditions used in this research are presented
in this section. The two lower parts are completely bound according to Figure 3.30,
and the load is applied to the upper two parts of the model according to Figures 3.31
and 3.32.
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Figure 3.30: Boundary conditions of the lower parts of the model.
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Figure 3.31: Boundary conditions of model.
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Figure 3.32: Load applied to the upper part of the model.
3.3.2.2 Constraint and Interaction Conditions

When using ABAQUS, constraints and interactions play essential roles in
controlling the behavior and connections in finite element models. Constraints limit
the movement of nodes or elements, either by fixing specific areas or by linking
components together. These constraints are vital for accurately depicting real-world
limitations, like fixed supports or connected interfaces, which help maintain the
stability and integrity of the analysis. On the other hand, interaction conditions
simulate how different sections of the structure interact with each other or with the
environment.

Contact interactions in ABAQUS allow engineers to mimic friction, separation, or
adherence between surfaces, as well as enforce tie constraints to ensure
displacements between connected regions are compatible. By specifying constraint

and interaction conditions, engineers can accurately model complex behaviors and
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phenomena, facilitating realistic simulations of mechanical, thermal, or multi-

physics systems as shown in Figures ( 3.33, 3.34, 3.35 and 3.36).
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Figure 3.33: Using the Embedded Region constraint between rebars and concrete.

Module: [Z Interaction |  Maodek: [~ 01 B

v| Step: l: Initial v

E # Constraint Manager

= E E [ # Constraint Manager X
- % Name Type

Type " Constraint-1 Tie

%E Name
- EE T | - | - S

.Qﬂ ¢ Constraint-2
int-3

c

Tie - Create Constraint-3 Equation
Equation Constraint Constraint-4 Embedded region

2 thr::rt:int| Constraint-4 Embedded region @

g

i _@ Create... Edit... Copy... Rename... Delete... Dismiss
_‘E‘ E Create... Edit... Copy... Rename... Delete... Dismiss L)

e o e VaTe A R
# ey Pl o
¢ —
= E

= =

){w
+15

ovz) 4

Figure 3.34: Using the Tie constraint between upper surface of concrete and load plates,

and between bottom surface and support plats.
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Figure 3.35: Input of contact properties interaction between inside surface of concrete

and steel box.
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Figure 3.36: Using the contact interaction between inside surface of concrete and steel

box.
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3.3.3 Output Analysis

When using ABAQUS, analyzing output involves looking at and making sense
of the results from finite element simulations. This includes visualizing the data,
finding details like displacements and stresses, and processing the information to
draw useful conclusions. Comparing the results to real-world data or theoretical
solutions helps ensure they are accurate, and sensitivity analysis shows how the
system reacts to changes in parameters. The goal of output analysis in ABAQUS is
to gain insights into the behavior of complex systems, which in turn guides decisions

and improvements in engineering.

3.3.3.1 Step Field

In ABAQUS, a step represents a unique phase or stage in a finite element
analysis. Each step corresponds to a particular loading condition, boundary
condition, or material behavior that is applied to the model during the simulation.
Steps are defined in order and can involve different actions like applying loads,
displacements, temperature changes, or modifying material properties.

Usually, a simulation consists of several stages, each depicting a specific aspect of
structural response or material performance. For instance, in a structural
examination, the stages could involve an initial phase for setting boundary
conditions, followed by subsequent phases where forces or displacements are
gradually applied. Similarly, in a material simulation, the stages could indicate
various levels of material deformation, like elastic loading, plastic deformation, and
eventual failure. The Step module in ABAQUS offers tools for defining, managing,
and analyzing each step of the simulation process. Users can choose the type of
analysis, set boundary conditions, specify loadings, and adjust other parameters for

each step. This organization allows for accurate simulation of complex behaviors
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and loading conditions, leading to a thorough understanding of the system's

response.

The type of solution is considered statically and considering large deformations as

shown in Figure 3.21.
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Figure 3.37: Determine the solution type static.

3.3.3.2 Output Field and History

The output field and history are connected parts of the finite element analysis
process, important for extracting and analyzing simulation results over time or
specific intervals. The Output field includes tools for visualizing, extracting, and
processing data produced during simulations. Users can view different quantities
like deformations, stresses, strains, and displacements, understanding the simulated
system's behavior. With post-processing methods, users can find more quantities or
examine specific parts of the simulation results.

History in the simulation context refers to the changing values of certain parameters
over time. For instance, users may want to monitor how stress or displacement
changes at nodes or elements throughout the simulation. ABAQUS offers features
to specify and keep track of such historical data, enabling users to gather information
at set intervals or specific time points. By merging the output field with historical

data, users can efficiently study the evolution of different parameters throughout the
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simulation duration. This allows for a deeper understanding of temporary behaviors,
dynamic reactions, and the development of deformation and stress patterns.
Moreover, historical results help in comparing with real data or analytical forecasts,
which assist in confirming and checking simulation outcomes. In general, the output
section and historical results within ABAQUS are essential for examining and
understanding finite element simulations, allowing users to obtain important

insights, and understanding the behavior of complicated systems being studied.

3.3.3.3 Job Field

The job field encompasses the management and execution of finite element
analysis tasks. It serves as the framework for setting up, submitting, monitoring, and
post-processing simulation jobs. Key functionalities of the job field include:

1. Model Setup: Users define the geometry, material properties, boundary
conditions, loads, and other parameters necessary for the simulation within the
job environment. This involves creating or importing the finite element model
and specifying the analysis type (e.g., static, dynamic, thermal, etc.).

2. Job Submission: Once the model setup is complete, users submit the job for
analysis. ABAQUS then performs the calculations based on the specified
parameters and settings. Users can submit multiple jobs simultaneously for
efficient use of computational resources.

3. Job Monitoring: During the analysis, users can monitor the progress of the job,
including its status, computational progress, and any potential errors or warnings.
This allows users to intervene if necessary and ensures the successful completion
of the simulation.

4. Results Post-Processing: After the job has finished running, users can access

and analyze the simulation results within the job environment. This involves
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visualizing the results, extracting relevant data, and performing further analysis
or interpretation as needed.

5. Job Management: The job field also includes features for managing simulation
jobs, such as organizing them into projects or folders, renaming, copying,

deleting, or archiving completed jobs for future reference.

3.3.4 Results Post Processing

Results post-processing involves two main aspects: results analysis and

visualization through figures and tables.

1. Results Analysis: This aspect entails examining and interpreting the simulation
outcomes to gain insights into the behavior of the analyzed system. It involves
extracting relevant data from the simulation results, such as displacements,
stresses, strains, reaction forces, etc. Users can analyze this data to understand
the performance and response of the structure or material under various loading
conditions. Analysis may include calculating derived quantities, comparing
results against design criteria or standards, identifying critical areas or failure
modes, and drawing conclusions about the system's behavior.

2. Figures and Tables: ABAQUS provides tools for visualizing simulation results
through figures and tables. Figures can display graphical representations of data,
such as contour plots, stress-strain curves, displacement plots, and mode shapes.
These visualizations help users to intuitively understand the distribution and
variation of different quantities across the model. Tables present numerical data

in a structured format, allowing for detailed analysis and comparison.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter compares numerical simulations with test data on composite box
steel-concrete beams having transverse openings. Understanding the correct
working of such beams requires that you study the load-deflection curves as well as
crack patterns.

Additionally, the chapter aims to examine into the analysis of various variables that
influence the behavior of such beams. This analysis likely involves investigating
factors such as material properties, geometry, loading conditions, and construction
techniques. The ultimate goals appear to be determining the yield and ultimate loads

of the beams and assessing the deflection at the ultimate load point.

It is necessary to provide detailed descriptions about the methodologies utilized in
numerical simulations (those carried out with the usage of ABAQUS / Standard
2019) and in experiments to ensure that there is clarity and rigor. Moreover, for the
study to be credible, it would be worthwhile to highlight any shortcomings or

uncertainties inherent within any of them.
4.2 Modeling Verification

Modeling verification is a crucial step in the development of reliable
computational models, ensuring that the numerical model accurately represents the
underlying theoretical formulation. In structural engineering, where simulations are
often used to predict the behavior of materials and components under various loading
conditions, verification ensures that the model is solving the equations correctly, free

from numerical errors.
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Verification differs from validation in that it does not focus on comparing numerical
results with experimental data but rather on confirming the mathematical and
algorithmic accuracy of the simulation. This involves testing the model under
controlled conditions, such as simplified loading scenarios or analytical benchmarks,
where the expected outcomes are known. Any discrepancies between the numerical
results and theoretical expectations can then be attributed to issues like mesh

sensitivity, time-stepping errors, or incorrect implementation of material models.

In this study, the process of modeling verification will be conducted by examining
key factors such as mesh independence, time step convergence, and algorithmic
stability. Various model parameters will be systematically adjusted to ensure that the
results are robust and independent of numerical artifacts. This verification process
Is essential to establish confidence in the model before it can be used for more
complex simulations or further validation against experimental results. Through
rigorous testing and refinement, the verified model can be relied upon for accurate

predictions in structural analysis.

4.2.1 Modelling Details

The study developed in this thesis is adopted to the behavior of Strengthening
Techniques for Web Opening Shear Span of Composite Encased Steel-Concrete
Beams [79]. The specimens were divided into three groups to make comparisons
between these specimens in terms of the type of failure, maximum load failure,
deflections, and cracks.
4.2.1.1 The First Group

Consisted of three beams of composite encased steel-concrete, one of them is a solid
beam and two others with square transverse web openings that were fabricated in

steel section in the shear zone by embedded cork material. To make comparison
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between the solid beam (CB), composite encased steel-concrete beam with small
(50x50mm) square openings (BW1) at center of shear zone, and encased steel-
concrete beam with large (136x136) square openings (BW?2) at center of shear zone,

as shown in Figure (4.1).
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Figure 4.1: Details of experimental encased composite beams group 1.
4.2.1.2 The Second Group

Investigates the effect of the strengthening technique by using the extruded encasing

transversely (EET), which consisted of steel sections with a thickness of (2mm)
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welded around square opening. The dimensions of the steel section welded depend
on the dimensions of the transverse square opening with respect to the small opening
dimension of the welded steel section which is (50x50) mm and extends to the end
of the beam width (70) mm. On the other hand, with respect to the large opening
dimension of the welded steel section, it is (136x136) mm and extends to the end of

the beam width (70) mm, as shown in Figure (4.2).
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Figure 4.2: Details of experimental encased composite beams, group 2.

4.2.1.3 The Third Group

Studies the reinforcement arrangement strengthening method, which includes
adding diagonal bars at each side of the web opening to increase load-carrying
capacity for composite encased steel-concrete beams with small and large square
openings, and results comparison between beams strengthened and control beams as
shown in Figure (4.3).
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Figure 4.3: Details of experimental encased composite beams group 3.
4.2.2 Convergence Details

In structural engineering, the convergence between numerical simulations and
experimental results is critical for validating computational models. Numerical
methods, such as finite element analysis (FEA), are widely used to simulate the
behavior of structural components under various loading conditions. However, the
accuracy of these simulations depends significantly on the selection of material and
model parameters. Two key parameters influencing the accuracy of numerical
simulations, particularly in problems involving plasticity and viscous flow, are the
dilation angle and viscosity parameter.

In this convergence study, aims to investigate the effects of varying the dilation angle
and viscosity parameter on the accuracy of numerical models compared to
experimental results. By systematically adjusting these parameters, we seek to
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achieve closer alignment between the simulated load-deformation curves and those
obtained experimentally, ensuring that the numerical model accurately captures both
material and structural behavior. This study will provide insights into the sensitivity
of the model to these parameters and offer guidance for achieving reliable numerical

predictions.
4.2.2.1 Dilation Angle

The dilation angle affects the volume change of a material when subjected to shear
deformation, influencing the prediction of failure mechanisms such as cracking and
yielding. When simulate the seven models to make comparison (CB, BW1, BW2,
C1S1, C1S2, R1S1, R1S2) used deferent dilation angles to converge curves of
numerical analysis and experimental work as follows ( for CB beam try dilation
angles 31 and 39 and used 45 for more convergence, BW1 and BW2 beams try
dilation angles 31 and 39 and used 36 for more convergence, C1S1 beam try dilation
angles 31 and 36 and used 33 for more convergence, C1S2 beam try dilation angles
27 and 36 and used 33 for more convergence, R1S1 beam try dilation angles 31 and
36 and used 38 for more convergence and R1S2 beam try dilation angles 27 and 34
and used 31 for more convergence ), as shown in the Figures (4.4, 4.5, 4.6, 4.7, 4.8,
4.9 and 4.10) for try values of dilation angles and Figures (4.18, 4.19 and 4.20) of
the used values of dilation angles for more convergence of curves between numerical

analysis and experimental work.
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Figure 4.4: Load Deflection curves of CB model in change of dilation angle parameter.
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Figure 4.5: Load Deflection curves of BW1 model in change of dilation angle parameter.
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Figure 4.6: Load Deflection curves of BW2 model in change of dilation angle parameter.
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Figure 4.7: Load Deflection curves of C1S1 model in change of dilation angle parameter.
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Figure 4.8: Load Deflection curves of C1S2 model in change of dilation angle parameter.
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Figure 4.9: Load Deflection curves of R1S1 model in change of dilation angle parameter.
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Figure 4.10: Load Deflection curves of R1S2 model in change of dilation angle parameter.
4.2.2.2 Viscosity Parameter

The viscosity parameter controls the rate-dependent behavior of materials,
particularly in dynamic and high-strain rate analyses, ensuring stability in numerical
simulations, in this study try and use deferent viscosity parameters to get more
accurate convergence between curve of numerical simulations and experimental
work for the specimens (CB, BW1, BW2, C1S1, C1S2, R1S1, R1S2) as follows (for
CB beam try viscosity parameters 0.00012 and 0.00055 and used 0.00023 for more
convergence, BW1 beam try viscosity parameters 0.00012 and 0.00055 and used
0.00065 for more convergence, BW2 beam try viscosity parameters 0.00012 and
0.00055 and used 0.000375 for more convergence, C1S1 beam try viscosity
parameters 0.00012 and 0.00055 and used 0.0007 for more convergence, C1S2 beam
try viscosity parameters 0.00009 and 0.00035 and used 0.0002 for more
convergence, R1S1 beam try viscosity parameters 0.00012 and 0.00035 and used
0.00055 for more convergence and R1S2 beam try viscosity parameters 0.00012 and
0.00055 and used 0.000375 for more convergence ), as shown in the Figures (4.11,
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4.12, 4.13, 4.14, 415, 4.16 and 4.17) for try values of viscosity parameters and

Figures (4.18, 4.19 and 4.20) of the used values of viscosity parameters for more

convergence of curves between numerical analysis and experimental work.

CB Viscosity Parametrer 0.00012

CB Viscosity Parametrer 0.00055
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Figure 4.11: Load Deflection curves of CB model in change of viscosity parameter.
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Figure 4.12: Load Deflection curves of BW1 model in change of viscosity parameter.
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Figure 4.13: Load Deflection curves of BW2 model in change of viscosity parameter.
C1S1 Viscosity Parametrer 0.00012 C1S1 Viscosity Parametrer 0.00055
350 4 350 4
300 300
250 250
< 200 < 200
© ©
§ 150 § 150
100 100
50 50
0 > 0 >
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Deflection (mm) Deflection (mm)
——Theoretical Experimental ——Theoretical Experimental

Figure 4.14: Load Deflection curves of C1S1 model in change of viscosity parameter.
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Figure 4.15: Load Deflection curves of C1S2 model in change of viscosity parameter.
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Figure 4.16: Load Deflection curves of R1S1 model in change of viscosity parameter.
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Figure 4.17: Load Deflection curves of R1S2 model in change of viscosity parameter.

4.3 Verification of Finite Element Models

The experimental and numerical comparison values produced by finite element
analysis in this study for 7 specimens devided into three groups are [(G1:CB, CW1,
CW?2), (G2:C1S1, C1S2), and (G3:R1S1, R1S2)] in terms of maximum deflection
and the load capacity of shear are listed in Tables (4-1), load-deflection curve figures
(4.4), (4.5), and (4.6), and mode failure in figures (4.7),(4.8), and (4.9).

Table (4-1): The ultimate load and deflection of the verification results.

. Py Exp.: Py, Num. Py, Exp. Ay EXD. Ay Num. Ay Exp.
Group Specimens P Ao
(KN)) (KN) u Num. (mm) (mm) u Num.
CB 295.4 295.75 0.998 14.734 12.26 1.201
Group 1 BW1 320 309.94 1.032 15.779 14.36 1.098
BW?2 153.9 159.13 0.967 15.98 16.14 0.99
Ci1s1 307 303.311 1.012 16.57 14.255 1.162
Group 2
C1S2 127 136.92 0.927 16.36 16.72 0.978
R1S1 367 373.55 0.982 13.709 13.96 0.982
Group 3
R1S2 143.4 149.96 0.956 16.27 16.83 0.966
Mean 0.982 1.054
Standard Deviation 0.036 0.098
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A-CB Beam Curve B-BW1 Beam Curve
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Figure 4.18: Load-Deflection curves theoretical and experimental comparisons of
encased composite beams group 1.
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A-C1S1 Beam Curve B-C1S2 Beam Curve
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Figure 4.19: Load-Deflection curves theoretical and experimental comparisons of
encased composite beams group 2.
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Figure 4.20: Load-Deflection curves theoretical and experimental comparisons of
encased composite beams group 3.
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1-CB Beam Mode Failure Comparison
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Figure 4.21: Theoretical and experimental comparisons of mode failure in encased
composite beams group 1.
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1-C1S1 Beam Mode Failure Comparison
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Figure 4.22: Theoretical and experimental comparisons of mode failure in encased
composite beams group 2.
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2-R1S2 Beam Mode Failure Comparison
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Figure 4.23: Theoretical and experimental comparisons of mode failure in encased
composite beams group 3.

4.4 Parametric Study

The primary objective of this study is to investigate the effects of several critical
parameters that have been insufficiently covered in previous research, or to expand
upon those studies, ductility, stiffness, deflection, and shear strength of composite
steel box-concrete beams with transverse openings. The parameters considered in
this study include the shear span to effective depth ratio, tensile steel rebar diameter,
compressive strength of concrete, as well as the location, shape, and dimensions of
the openings. The finite element method (FEM) was employed and developed using
the general commercial software ABAQUS. The parametric study results obtained
by the finite element modeling include the yield load (Py) for the whole composite
beam, the ultimate shear load (Pu), and the ultimate vertical mid-span deflection
(Auw). Detailed information on the studied can be found in Table (4-2).

The abbreviations refers assigned based on the first word of each parameter, for
example, the size of the openings was used as BOS and B refer to Beam used for all
abbreviations and the shape of the openings was circular used BOD and D refer to

diameter of opening, while the abbreviation BOL is refer to the location of openings,
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BAD abbreviation refer to the ratio (a/d), BFC abbreviation refer to the compressive

strength of concrete (f.) and the abbreviation BDB refer to diameter of reinforced

bars.
Table (4-2): Model’s details for the composite beams.
e || 50 oping | | g | Rt
ID Shape (MPa)
(mm) (mm) (mm)
BW1 50*50
BOS1 70%70 Center of
Group 1 [ BOS2 9090 Square 24| 235 3025
BOS3 | 110*110 shear span
BW?2 136*136
BOD1 ®50
BOD?2 @70
Group2 [Bop3 | @90 | Circular | CENterof 1. 1 235 3925
BODA 3110 shear span
BOD5 0136
BOL1 | 50%50
BOL2 | 70*70
BOL3 | 90*90 126(a/5)
BOL4 | 110*110 Near loads
Group 3 BOLS | 136™136 Square 24| 235 3025
BOL6 | 50*50 '
BOL7 | 70*70 126(a/5)
BOL8 | 90*90 Near
BOLY9 | 110*110 supports
BOL10 | 136*136
BAD1 | 50%50
BAD2 | 70*70
BAD3 90*90 2
BAD4 | 110*110
Group 4 | BADS | 136*136 | gqqre | Centerof 235 3025
BAD6 | 50*50 shear span
BAD7 | 70*70
BADS8 90*90 2.8
BAD9 | 110*110
BAD10 | 136*136
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BFC1 50*50
BFC2 70*70
BFC3 90*90 30
BFC4 | 110*110

Group 5 BFCS | 136™136 Square Center of 24 3025
BFC6 50*50 shear span '
BFC7 70*70
BFC8 90*90 375
BFC9 | 110*110
BFC10 | 136*136
BDB1 50*50
BDB2 70*70
BDB3 | 90*90 3016
BDB4 | 110*110

Group 6 BDB5 | 136*136 Center of 24 235
BDB6 | 50*50 Square | shear span
BDB7 70*70
BDB8 | 90*90 2016&2(25
BDB9 | 110*110
BDB10 | 136*136

4.5 Ductility Index

An index of ductility for the curved composite beam models was estimated as a

ductility index ratio. Ductility index pA is defined as the ratio of maximum mid-span

displacement over the first yield displacement of beams. The first yield displacement

Ay corresponds to the load-deflection curve and maximum displacement Au, Figure

(4.24). Thus, it would be more suitable if ductility ratio can also be used as an

additional criterion alongside strength criteria for predicting a curved composite

steel-concrete beam behavior.[80]

Ductility is a measure of a material's ability to undergo significant plastic

deformation before rupture or breaking.
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Figure 4.24: Definition of displacement—ductility ratio.[80]

4.6 Ultimate Shear Load and Ultimate Deflection

The ultimate shear force that a structural element, for instance, a beam, can
withstand before it fails in shear is referred to as the ultimate shear load. This load
Is essential for maintaining the structural integrity of the element under different
loading conditions. The ultimate shear load for a composite simply supported beam
involves looking at both the contributions made by steel and concrete sections.
Usually, the ultimate shear load equation for a composite simply supported beam
incorporates both concrete slab and steel section (like an I-beam or steel box) for

composite action considerations.
4.7 Initial stiffness

Initial stiffness was calculated based on the load-deflection curve by dividing
the maximum vyield load (Py) by the yield deflection (Ay) in the case of initial

stiffness. The equations used are shown below:

Initial stiff = =Y 4.5
nllaslness—Ay (4.5)
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Stiffness calculation is carried out according to the N. Priestley study[81].

In the context of composite steel-concrete beams, initial stiffness plays a vital role
in determining the structural performance under service loads. The stiffness of such
composite beams is influenced by several factors, including the material properties
of steel and concrete, the bond between them, and the presence of transverse
openings. The introduction of transverse openings, often necessary for mechanical
or utility passage, can significantly alter the stiffness by reducing the effective cross-

sectional area and increasing stress concentrations around the openings.

Understanding the initial stiffness of beams, particularly those with transverse
openings, is essential for predicting their behavior under various loading conditions.
It not only impacts the load-deflection relationship but also provides insights into
the load-carrying capacity, deflection limits, and potential failure modes. Hence,
accurately quantifying the initial stiffness is a key step in the numerical and

experimental analysis of composite beams with openings.
4.8 Energy Absorption Capacity

Energy absorption capacity is a fundamental property of structural elements,
reflecting their ability to withstand and dissipate energy during loading, particularly
under dynamic or impact conditions. It is crucial for understanding how structures
behave when subjected to sudden or high-intensity forces, such as seismic events,
blasts, or accidental impacts. A structure's energy absorption capacity can be
visualized as the area under its load-deflection curve, representing the amount of
energy it can absorb before failure.

In composite steel-concrete beams, energy absorption capacity is of particular
interest due to the combined action of materials with different mechanical properties.

Steel offers high ductility and tensile strength, while concrete provides compressive
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strength. Together, they form a composite system that can distribute loads

efficiently, enhancing the structure's ability to absorb and dissipate energy.

However, the presence of transverse openings, often introduced for utility or
mechanical services, can significantly influence a beam's energy absorption
capacity. These openings create stress concentrations and reduce the overall stiffness
and strength of the beam, potentially lowering its ability to absorb energy.
Understanding the effect of opening size, shape, and location on energy absorption
Is critical for ensuring the structural integrity and safety of composite beams under

dynamic loading conditions.
4.9 Openings Size Parameter
4.9.1 Effect of Opening Size on Ultimate Shear Strength

In this investigation, an attempt was made to study the shear strength of
composite box steel-concrete beams having a transverse square opening. The
simulate of modeling have been determining the shear strength of composite beams
that have five (50*50mm and 70*70mm, 90x90 mm, 110x110mm, and
136x136mm) dimensions of transverse openings. All details of composite beams are
illustrated in Figure 4.26. The dimension, shape, and location of the opening's center
were changed. The composite beam's cross section and reinforcement ratio in the
beam were kept the same. The constant 23.5 MPa concrete compressive strength was
used in all the beams. An increase in the size of the openings resulted in a decrease
in the ultimate shear strength, as shown in Table (4-3) and Figure 4.25. All varied
distributions of transverse openings with a dimension of 50*50mm were shown to
have a higher ultimate shear strength than other hollow beams. The ultimate shear
strength of the composite beam rises as the dimension of the opening is reduced.

And Figure 4.27 shows the mode failure of composite beams.
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Table (4-3): Model’s Results for Group 1 of the composite beams.

opening | Shear Load L(I)a ds(k?\?)r Deflection | Deflection IunCJ:e)l(ty Stiffness | Absorption
(mm) (kN) (mm) (mm) (KN/mm) | (KN.mm)
BW1 309 190 14.4 4.1 35 46 3239
(50x50)
BOS1 286 170 18.9 4 47 43 4258
(70x70)
BOS2 259.40 170 17.6 5 3.5 34 3452
(90x90)
BOS3 230.15 150 18.6 5 3.7 30 3306
(110x110)
BW2 161.60 90 17.5 3.1 5.6 29 2238
(136x136)
Group 1 Openings Size Parameter Beams
- BW1 — BOS1 - BOS2 BOS3 — BW2
SSO_A
300 1 //4,————
= 200 1 7
= ] L~
(a]
S 150 1 e
- _ —
]
100
50
0 — —— e
0 2 4 6 8 10 12 14 16 18 20 22

DEFLECTION (mm)

Figure 4.25: Load Deflection Curve of Opening Size Parameter in Group 1.
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Figure 4.26: Details of Beams of Opening Size Parameter in Group 1

104



Chapter Four Results and Discussions

DAMAGEC
(Avg: 100%)

0.988
0.906
0.824
0.741
0.659
0.577
0.494
0.412
0.329
0.247
0.165
0.082
0.000

DAMAGEC

0.988

0.906

0742

0.660 E
0.578

o

0.332 (T

0.250

0.168

0.086

0.004 BOS1 Beam Mode Failure

DAMAGEC
(Avg: 100%)

:

206

824
DAMAGEC
(Avg: 100%)

792
0.984
0.902
0.820
0.738
0.656
0.574
0.492
0.410
0.328
0.246
0.164
0.082
0.000

BW1 Beam Mode Failure

660
578
496
414
332

OCO00000000000

004 BOS2 Beam Mode Failure

BOS3 Beam Mode Failure

DAMAGEC ,
(Avg: 100%) q»

BW2 Beam Mode Failure

Figure 4.27: Mode Failure of Opening Size Parameter in Group 1.

105



Chapter Four Results and Discussions

This study investigates how different sizes of transverse openings affect the
structural behavior of composite simply supported beams under shear forces. The
research analyzed beams with two transverse openings of size ranging from 50x50
mm to 136x%136 mm and measured ultimate shear strength capacities and deflections.
Among all the beams that were studied, beam BW1 had the smallest openings but
exhibited higher shear load capacity as well as lower deflection, reflecting it has high
strength as well as stiffness. However, as for the other beam types that were
examined in this study, the trend was just opposite since beam BOS1’s shear strength
capacity dropped by 7.4% relative to BW1, whose size was much smaller. That trend
continued through beam BOS2, whose shear strength capacity was found to be
16.1% lower than BW1, while beam BOS3 recorded a fall off rate of 25.5% based
on BW1 data. It is evident from this research that, through its greatest opening size,
when compared with BW1, there was much lower support for shear strength in BW2,
being about 47.7%. The finding also shows that larger opening sizes result in higher
deflection levels. Overall, these findings show how the size of an opening increases

with load bearing ability and flexibility of composite beams.

Shear strength carrying capacity reduces significantly as the sizes of openings
increase while deflection rises. Several effects come into play: bigger openings
minimize an effective cross-sectional area for counteracting shear forces, thus
compromising a beam’s web, hence leading to an overall decrease in its shear
strength. Moreover, the beam’s moment of inertia is reduced as more openings are
made on it, making it more pliable, hence deflecting is larger under loading. At the
same time, greater flexibility along with localized stress concentrations at the
openings damages the integrity of beams. Therefore, these observations show that
opening size has substantial effects on beam behavior, requiring proper design to

optimize load carrying power against deformation.
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4.9.2 Effect of Opening Size on Initial Stiffness

The present analysis evaluated the influence of different sizes of transverse
holes on the initial stiffness of composite beams. The initial stiffness of five beams
having (50x50) mm, (70x70) mm, (90x90) mm, (110%110) mm and (136x%136) mm
size transverse openings was investigated. The results indicated that there was a
consistent decrease in the initial stiffness with an increase in the size of the opening.
In particular, the initial stiffness reduced by about 6.52% from beam BW1 (50 x 50
mm) to beam BOS1 (70 x 70 mm), as well as 26.09%, 34.78%, and 36.96% from
beam BOSL1 to beam BOS2 (90 x 90 mm), from beam BOS2 to beam BOS3 (110 x
110 mm), and finally from beam BOS3 to beam BW2 (136 x 136 mm). Such findings
have shown that the initial stiffness of a beam may be greatly diminished by larger
transverse openings hence revealing how opening sizes affect structural behavior.
This study, therefore, highlights the need for opening dimensions consideration in
beam design to achieve adequate stiffness and structural safety. Figure 4.28 shows
the distribution of initial stiffness between beam models and the effect of the

transverse opening size on the initial stiffness.

GROUP 1 OPENINGS SIZE PARAMETER BEAMS
B BW1 EBOS1 EIBOS2 BOS3 BW?2
50
40
30 29
30 ===
20

10

Initial Stiffness (kN/mm)

Figure 4.28: Initial Stiffness of Opening Size Parameter in Group 1.
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4.8.1 Effect of Opening Size on Energy Absorption Capacity

This parameter examines characteristics of energy absorption in composite
beams of different sizes transverse openings. Five beams were analyzed, each having
varying dimensions of openings: BW1 (50x50 mm); BOS1 (70x70 mm); BOS2
(90x90 mm); BOS3 (110110 mm); and BW2 (136x136 mm). The energy
absorption values observed were, respectively, 3239 kN.mm for BW1; 4258 kN.mm
for BOS1; 3452 kN.mm for BOS2; 3306 kN.mm for BOS3; and 2238 KN.mm for
BW?2. The results showed a mixed performance trend: Beam BW1 to BOS1
exhibited a 23.93% increase in energy absorption while there was an 6.17%. increase
when comparing BW1 to BOS2, followed by a little increase of 2.03% from BW1
to BOS2, whereas from BW1 to BW?2 it had its highest decrease of 30.90%. These
findings indicate how the increased opening sizes affect the energy absorption
capacity of composite beams, suggesting that smaller openings may slightly enhance
energy absorption, but large ones tend to cause serious impairment on their structural

capability. As shown in Figure 4.29.

Group 1 Openings Size Parameter Beams
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2238

2000

1000

Energy absorption (kN.mm)

EBW1 mBOS1 EBOS2 BOS3 BW2

Figure 4.29: Energy absorption of Opening Size Parameter in Group 1.
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4.9 Opening Shape Parameter
4.9.1 Effect of Opening Shape on Ultimate Shear Strength

The purpose of this investigation is to evaluate how the size and shape of round
holes affect the way beams work by analyzing five different types of models having
round openings size that vary. (BOD1, BOD2, BOD3, BOD4, and BODS5) are some
of them. The diameter for the circular openings varies from (50 mm) until about (136
mm). The aim herein lies on understanding how an increase in circular opening
dimensions influences the shear behavior of beams as well as other structural
attributes like deflection at its peak value or respective stiffness. Performance
features helped us communicate opening dimensions, which we compared in these
models such that strength-flexibility trade-offs used for design improvement were
realized within them. Ultimate shear strength, maximum deflection, initial stiffness,
and energy absorption have all been evaluated for each beam model included in these
results, as presented below in Figure 4.32 and Table (4-4). These analyses throw
light on how size and shape of circular openings affect structural performance of
beams, thus enhancing our understanding of difficulties tied with designing beams

to include openings while providing guidelines for enhancing performance in actual

usage.
Table (4-4): Model’s Results for Group 2 of the composite beams.
Beam with | Ultimate . Ultimate Yild - Initial Energy
opening | Shear Load I:)Is dS(rll?\?)r Deflection | Deflection Dlu nc(;:el)l(ty Stiffness | Absorption
(mm) (KN) (mm) (mm) (KN/mm) | (kN.mm)
BOD1 293 165 14.4 3.6 4.0 46 3120
(#50)
BOD2 258 150 14.3 3.4 4.2 44 2795
(970)
BOD3 226.10 130 15.65 3.2 4.9 41 2700
(990)
BOD4 201.60 120 14.80 3.2 4.6 38 2321
(9110)
BODS 186.25 95 16 2.8 5.7 34 2423
(9136)
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Figure 4.30: Details of Beams of Opening Shape Parameter in Group 2.
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Figure 4.31: Mode Failure of Opening Shape Parameter in Group 2.
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Group 2 Openings Shape Parameter Beams
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Figure 4.32: Load Deflection Curve of Opening Shape Parameter in Group 2.

This parameter investigation examines how the circular transverse openings
influence the final shear load and deflection features of composite simple supports
beams. With growing diameters in circular punches, shear load capacity trends
downward consistently. A 50 mm opening in beam BOD1 provides ultimate shear
strength of 293 kN implying less or no effect by smaller openings. However, it is
observed that when the diameter is raised to 70 mm on beam BOD2, shearing
strength tends to drop by approximately 11.95 percentage points at 258 kN. This
behavior continues in beam BOD3 where shearing capacity decreases further to
about 22.83 percent reaching 226.1 kN when enlarged up to 90 mm across. On beam
BOD4 whose diameter stands at 110 mm shearing force falls again by 17.39 percent
at 201.6 kN while on beam BODS5 with the widest opening measuring 136 mm
minimum value of shear force recorded was 186.25 kN which is a decreased of

around 26.09 percent when compared to the 50mm diameter opening BOD1 beam.
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Larger openings are normally associated with greater deflection since there can be

seen here the joint action of reducing section strength and stiffness.

In contrast to square openings of similar dimensions, circular openings usually result
in smaller shear capacity reductions as well as deflections. Except for the large
opening, the circular has a higher shear strength than the square, which is mainly
because it causes a uniform stress distribution and less local stress concentration and
the presence of the encased steel box inside the beam along its length, which affects

the shear strength and stress distribution.
4.9.2 Effect of Opening Shape on Initial stiffness

The initial stiffness of beams varies depending on the proportion of round holes
which have different diameters. For this analysis, five different kinds of beams were
used with round holes that had diameters varying between 50 mm and 136 mm. The
results indicated a definite trend whereas the size of the holes increased, stiffness
decreased in an initial manner. It was observed that for the beam BOD1 (50 mm) to
beam BOD2 (60 mm) there was a drop in initial stiffness of about 4.35%, for beam
BOD1 (50 mm) to beam BOD3 (75 mm) it was 10.87%, from beam BOD1 (50 mm)
to beam BOD4 (90 mm) it was 17.39% and from beam BOD1 (50 mm) to beam
BOD5 (136 mm) there was an approximate reduction of 26.09%.

Moreover, beams structural behavior is greatly influenced by the shape of openings
on them because stress tends to be unevenly distributed in comparison with
rectangular or square openings although they do spur some stress concentrations that
diminish stiffness. Since large round openings make these stress concentrations
larger; this results into a notable decrease in beams’ capability to resist initial loads.
Hence, when designing beams, one must focus on both size and shape as such larger

more circular openings can really damage their structure functionally. As such, it is
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necessary to carefully consider these elements if required stiffness is to be achieved

besides keeping structure soundness intact. As shown in the figure 4.33.

GROUP 2 OPENINGS SHAPE PARAMETER
BEAMS
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Figure 4.33: Initial Stiffness of Opening Shape Parameter in Group 2.

4.9.3 Effect of Opening Shape on Energy Absorption Capacity

This parameter investigates the impact of round hole size and shape on energy
absorption of beams by examining five different models with varying hole
diameters: BOD1 (50 mm), BOD2 (70 mm), BOD3 (90 mm), BOD4 (110 mm) and
BOD5 (136 mm). The recorded energy absorption values were 3120 kN.mm for
BOD1, 2795 kN.mm for BOD2, 2700 kN.mm for BOD3, 2321 kN.mm for BOD4
and 2423 kN.mm for BODS?. It is apparent from the results that as the diameter of
the round holes increases, so does the decrease in beam energy absorption capacity.
Specifically, an energy absorption decreases of 10.43% was observed in BOD2
relative to that of BOD1 whereas BOD3 shows a decrease of 13.48% with respect
to BOD1; on its part, BOD4 exhibited an 25.61% drop compared to BOD1 while
there was a marginal 22.33% reduction between BOD5 and BOD1 hole sizes.

These findings reveal how hole shape significantly affects beam performance.

Increased sized round holes results to diminished energies absorption ability by

114



Chapter Four Results and Discussions

beams thus indicating structural integrity loss as hole size increases. It further goes
ahead to point out that when designing beams for optimal performance; it is very
important to consider both opening sizes and forms since there will be reduced
energies’ absorption. This study suggests that even though bigger openings can bring
down structural strength understanding their effects is helpful in achieving balance
between design requirements and structural capabilities. Figure 4.34 show the effect

of size and shape of transverse openings on energy absorption of beams.
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Figure 4.34: Energy absorption of Opening Shape Parameter in Group 2.

4.10 Opening Location Parameter
4.10.1 Effect Opening Location on Ultimate Shear Strength

The existence of the opening through the beam and in transvers axis in the beam
significantly lowers the compression and tensile strengths, which lowers the flexural
and shear resistance. This study aims to examine the optimum position that give a
better shear force. Ten composite beams; with square two openings (50*50, 70*70,
90*90, 110*110 and 136*136mm), near the loads by (a/5) equal to 126 mm (BOL1,
BOL2, BOL3, BOL4 and BOL5), and beams with square two openings (50*50,
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70*70, 90*90, 110*110 and 136*136mm) near supports by (a/5) equal to 126 mm
(BOL6, BOL7, BOL8, BOL9 and BOL10). Results and explanations of the
dimension of openings and locations are shown in Table (4-2). And the results
presented below Figure 4.35 and Table (4-5).

Table (4-5): Model’s Results for Group 3 of the composite beams.

Beam with | Ultimate | Ultimate Yild " Initial Energy

opening | Shear Load I:)Ig dS(II”I(eNa)r Deflection | Deflection Dlu nc(;:al)'(ty Stiffness | Absorption

(mm) (kN) (mm) (mm) (KN/mm) | (KN.mm)

BOL1 275 180 18.9 45 42 40 4100

(50%50)

BOL2 242 140 18.75 36 52 39 3608

(70x70)

BOL3 221 100 18.7 24 78 42 3301

(90%90)

BOL4 198 100 17.65 3.2 55 31 2652
(110x110)

BOLS 135 75 16.25 3.2 51 23 1695
(136x136)

BOL6 299 190 13.65 44 37 43 3649

(50%50)

BOL7 253 160 175 42 42 38 3475

(70x70)

BOLS 238 110 16 24 6.7 46 2854

(90%90)

BOLS 217 125 18.8 42 45 30 3121
(110x110)

BOL10 159 88 17.7 3.2 55 28 2161
(136x136)
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Figure 4.35: Load Deflection Curve of Opening Shape Parameter in Group 3.
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An analysis of ultimate shear load in beams with square transverse openings shows
that there is a pattern were placing the openings nearer to the supports increases the
ultimate shear load more than when they are positioned nearer to the loads. Shear
load in beams with 50x50 mm openings increase by approximately 6.55% when they
are located closer to the supports. This trend continues for beams of similar
conditions having 70x70 mm openings, where shear load increases by about 4.55%.
On the other hand, when the size of opening increased to 90x90 mm, there was a
significant increase in shear load of 7.69% if these were close to the support
compared with load. In terms of 110x110 mm openings, there are even greater
increases since an ultimate shear now rises by about 9.60%. While positioning the
openings near supports cause increases most significant changing in ultimate shear
loads observed at largest opening cases 136136 mm would lead to increase in
ultimate shear with support side positioning resulting to 17.78%. Hence it can be
said that placing openings near supports as opposed to placing them near load

enhances beam's ability to resist shear forces depending on their size.

According to the analysis, it was found that beams with openings placed close to the
supports bear larger ultimate shear loads than those with openings positioned close
to acting loads, especially in terms of increase in shear load which was more
pronounced in terms of size of openings from 6.55% for beams having openings
sized 50 mm by 50 mm to 17.78% for beams having openings sized 136 mm by 136
mm. Scientifically speaking, these findings relate to shear force distributions within
the beam since shear forces are greatest towards its supports. Such regions
consequently expectance disruption in load path leading to higher stresses
concentration thereby causing significant decreases in shear capacity. When placed
near applied loads on the other hand where there are less shear forces more shear

strength is retained by beam thereby enabling it to sustain even heavier ultimate
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shear loads compared to those having openings located elsewhere. This indicates the
need for consideration of where transversal openings are incorporated when
designing beams for instance under high amount of shearing stresses-based

structures should pay careful attention on their placement too.
4.10.2 Effect of Opening Location on Initial stiffness

The analysis presented herein evaluates how the location of transverse openings
affects the initial stiffness of composite beams. Ten beams with square openings
measuring either 50x50 mm, 70x70 mm, 90x90 mm, 110110 mm or 136%136 mm
was considered; in this case, the openings were positioned either closer to the loads
or closer to the supports. The results show that beam stiffness is greatly influenced
by where they are located. This is evidenced by the fact that beams whose openings
were near their supports generally had a higher initial stiffness than those whose
openings were located adjacent to their loads. Specifically, increases in stiffness of
6.98% (BOL6 compared to BOL1), 8.70% (BOL8 compared to BOL3), and 17.86%
(BOL10 compared to BOL5), were observed for beams whose openings were
located close to their supporting ends. In some cases, however, it resulted into slight
decrease in stiffness as shown by decline of 2.56% (BOL7 compared with BOL2)
and -3.23 % (BOL9 as opposed to BOL4) when they were at support location.
Therefore, such information highlights the significance of proper layout planning for
maximum structural performance hence opening placement near support sides often
results into increased initial beam rigidness. As shown in Figures 4.36, it can be
concluded that regardless of the location of the opening, the transverse opening area
can be increased by 325% while holding the initial stiffness constant.

119



Chapter Four Results and Discussions
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Figure 4.36: Initial Stiffness of Opening Location Parameter in Group 2.

4.8.3 Effect of Opening Location on Energy Absorption Capacity

These finding studies the effect that location of the opening has on the capacity for
energy absorption in composite beams having square traverse spaces. Two different
configurations were examined: beams with open ends nearer loads (from BOL1 —
BOLY5) and those with their ends adjacent to the anchorages (from BOL6 - BOL10).
The diameters of the holes were kept constant at either 50mm or 70mm. The
recorded energy absorption values ranged from 4100 kN.mm for BOL1 to
1695kN.mm for BOLS5 as well as 3649kN.mm for BOL6 up until 2161kN.mm for
BOL10. In general, a consistent trend was observed where beams with openings
closer to the supports tended to absorb relatively higher energy compared to those
with openings closer to the loading points. From BOL1 to BOL6 there was an
increase in energy absorption by 11% while it increased by 3.69% from BOL2 to
BOL7 and 13.54% when considering BOL3-BOLS; further, we observe a decrease
In energy absorption by 15.03% and 21.56% when considering BOL4-BOL9 and
BOL5-BOL10 respectively. Therefore, further investigations show that placing

openings (holes) closer to the supporting structures enhances the energy absorption
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capabilities of these beams for small and medium openings while for large openings,
placing them closer to the supports reduces the energy absorption. As shown in Fig.
4.37.
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Figure 4.37: Energy absorption of Opening Location Parameter in Group 3.

4.11 Shear Span-to-Depth Ratio (a/d) Parameter

4.11.1 Effect of (a/d) Ratio on Ultimate Shear Strength

Ten shear span-to-depth ratios (a/d) of 2 and 2.8 were considered to inspect section
shear resistance and understand various stress distribution modes. Specimens
(BAD1, BAD2, BAD3, BAD4, and BAD5) with transverse openings (50*50, 70*70,
90*90, 110*110, and 136*136 mm) had an (a/d) ratio of 2, while specimens (BADS,
BAD7,BADS, BAD9, and BAD10) with transverse openings (50*50, 70*70, 90*90,
110*110, and 136*136 mm) had an (a/d) ratio of 2.8. Table (4-2) provides the
geometric descriptions of the adopted specimen sets, and Table (4-6) presents the
related results analysis. The analysis in Table (4-6) indicates that varying the shear
span alters the stress distribution modes, with (a/d) ratios of 2, 2.4 and 2.8,

respectively. Figures 4.38 show the load-deflection response for specimens with
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different shear spans. However, as the (a/d) ratio increases, the shear strength

decreases.
Table (4-6): Model’s Results for Group 4 of the composite beams.
Beam with | Ultimate : Ultimate Yild - Initial Energy
opening | Shear Load I:)Igds(tﬁ)r Deflection | Deflection Dlu nc(;:el)l(ty Stiffness | Absorption
(mm) (KN) (mm) (mm) (KN/mm) | (kN.mm)
BAD1 333 210 16 4 4.0 53 4049
(50x50)
BAD2 307 185 19 3.6 5.3 51 4653
(70x70)
BAD3 278 150 18.2 2.8 6.5 54 4093
(90x90)
BAD4 233 140 15.85 3.6 4.4 39 2812
(110x110)
BADS 158 80 16.6 2.4 6.9 33 2088
(136x136)
BW1 309 190 14.4 4.1 3.5 46 3239
(50x50)
BOS1 286 170 18.9 4 47 43 4258
(70x70)
BOS2 259.40 170 17.6 5 3.5 34 3452
(90x90)
BOS3 230.15 150 18.6 5 3.7 30 3306
(110x110)
BW2 161.60 90 175 3.1 5.6 29 2238
(136x136)
BADG6 266 165 13.2 4 3.3 41 2576
(50x50)
BAD7 256 140 16.3 3.6 45 39 3143
(70x70)
BADS 247 125 18.35 3.25 5.6 38 3508
(90x90)
BAD9 218 110 18.6 3.6 5.2 31 3080
(110x110)
BAD10 157 75 16.25 2.8 5.8 27 1969
(136x136)
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Group 4 Shear Span to Effective Depth (a/d) Ratio (2.8)
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Figure 4.38: Load Deflection Curve of Opening Shape Parameter in Group 4.

When beams have different shear span-to-depth ratios (a/d) of 2, 2.4 and 2.8,
analyses of the final shear load show that there is a decrease in shear capacity
whenever the (a/d) ratio is increased. For the case of beams with small transverse
openings (50x50 mm), a rise from a/d=2 to a/d=2.4 causes about 7.21% decrease in
ultimate shear loads indicating that longer shear spans greatly affect the resistance
of beams against shear forces. For larger openings such as 70x70 mm and 90x%90
mm openings, however, ultimate shear loads only decrease by 21% and 6.69%

respectively when compared to the larger ratio for the same opening size.

Parallelly, at last if the opening size is increased further up to about 110 on 110 mm,
then it results into a little reduction of approximately 1.22% on ultimate shear load
and 2.23% for 136 by136 mm sizes. From this trend, we can say that an increase in

(a/d) ratio has less influence on shear strength as span length increases because size
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of more significant voids will have already compromised stability of beams and
therefore impacts due to span length would be negligible. Overall findings are true;
narrow-beamed situations are more sensitive to span-depth changes leading to

greater reductions when considering the greatest load-bearing capacities.

And for increasing the ratio from a/d=2.4 to a/d=2.8 for the case of beams with small
transverse openings (50x50 mm), the height causes a decrease in the ultimate shear
loads by about 13.92%. For larger openings such as 70x70 mm and 90x90 mm
openings, the ultimate shear loads are reduced by only 10.49% and 4.78%
respectively, at last if the opening size is increased further up to about 110 on 110
mm, then it results into a reduction of approximately 5.28% on ultimate shear load
and little reduction of 2.85% for 136 by136 mm sizes when compared to the larger

ratio for the same opening size.

Through an examination of how increased shear spans reduce stress on and cause
failure in beams, we find the scientific rationale behind these outcomes.
Furthermore, smaller openings increase stress concentration while being more
influenced by alterations of (a/d) ratio; in contrast, larger ones have already affected

inbuilt beam structure hence there is no change when span-length is raised.
4.11.2 Effect of Shear Span to Effective Depth on Initial stiffness

This parameter centers around shear span-to-depth ratio (a/d) force of composite
beams on initial stiffness. Beams with multiple transverse openings such as 50x50
mm, 70x70 mm, 90x90 mm, 110x110 mm and 136x%136 mm. were studied under
two different ratios of a/d: 2 and 2.8. The experimental results showed that increase
in (a/d) resulted in reduced initial stiffness. Thus when compared to those where
a/d=2, beams having (a/d=2.8) had their stiffness decreased by 18.18% to
29.63%.For instance, BAD6 (a/d=2.8) presented lower beam rigidity than BAD1
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(a/d=2) by 22.64%, BAD7 declined stiffness against BAD2 by 23.53%, BADS on
its part dropped it relative to BAD3 by 29.63%, BAD9 lost this property compared
to BAD4 by 20.51% while on the other hand; BAD10 showed higher than this ratio
about BADS5 by18.18%. This consistent reduction in stiffness with a higher (a/d)
ratio suggests that increasing the shear span relative to the depth of the beam results
in greater flexibility and reduced resistance to initial loads. The findings underscore
the importance of considering the shear span-to-depth ratio in beam design, as a
higher ratio can lead to decreased structural stiffness and performance. The Figures
4.39 shows the effect shear span to effective depth on initial stiffness. It can be
concluded from the results that the transverse opening area increases by up to 324%
while maintaining the same initial stiffness. Also, in large transverse openings, the

initial stiffness value decreases by 60% compared to small openings.
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Figure 4.39: Initial Stiffness of Shear Span to Effective Depth Parameter in Group 4.

4.8.4 Effect of Shear Span to Depth Ratio on Energy Absorption Capacity

Through this analysis, the role of shear span-to-depth ratios (a/d) in the energy
absorption for composite beams whose transverse openings differ has been
examined. Two shear span-to-depth ratios were analyzed: 2 and 2.8. The two beam
groups were compared according to their energy absorption capabilities; BAD1 to
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BAD?S representing the beams with a ratio of 2 while BAD6 to BAD10 stands for
those with 2.8 ratio. It can be observed that increase in shear span-to-depth ratio
decreases energy absorption. In fact, for beams having a ratio of 2, energy absorption
Is higher than that of those having a ratio of 2.8. For example, Beam BAD1 (a/d) =
2 absorbs 36.38% more energy than Beam BADG6 (a/d) =2.8 while Beam BAD2
shows a 32.45% increase compared to Beam BAD7. The downward trend in energy
absorption is also seen in BAD3 which absorbs 14.29% more energy than BADS,
While BAD4 with an absorption that was 8.7% lower than BAD9’s value
respectively. The least decreasing between them is seen between BAD5 and BAD10
with just 5.7% decrease. These findings provide evidence that the shear span-to-
depth ratio affects negatively on beams’ ability to resist towards shear forces thereby
impacting their structural performance, and the Figures 4.40 show the effect of Shear

Span to Effective Depth Ratio on Energy Absorption Capacity.

Group 4 Shear Span to Effective Depth Group 4 Shear Span to Effective Depth
(a/d) Ratio (2) Parameter Beam (a/d) Ratio (2.8) Parameter Beam

5000 4929 4000 3549 3645

4427 3318

3080

4000 3000

3000
2000
2000

1000 1000

0 0

Energy absorption (kN.mm)
Energy absorption (kN.mm)

EBAD1 EBAD2 WBAD3 WBAD4 M BADS BAD6 MW BAD7 [CIBAD8 EBADS EBAD10

(@) Energy absorption of Beams Shear (b) Energy absorption of Beams Shear
Span to Effective Depth (a/d) Ratio (2) Span to Effective Depth (a/d) Ratio (2.8)
Figure 4.40: Energy absorption of Shear Span to Effective Depth Ratio Parameter in Group 4.
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4.12 Compressive Strength of Concrete Parameter
4.12.1 Effect of Compressive Strength of Concrete on Ultimate Shear Strength

Different compressive strength of concrete condition is considered to inspect their
effect on shear strength, ductility of the developed composite beam. Dimension,
shape of openings and its location are geometry details of adopted specimens which
are explained in the Table (4-2), Ten compressive strength of concrete (f.) of 30
and 37.5 MPa were considered to inspect section shear resistance and understand
various stress distribution modes. Specimens (BFC1, BFC2, BFC3, BFC4, and
BFC5) with transverse openings (50*50, 70*70, 90*90, 110*110, and 136*136 mm)
had an (f) of 30 MPa, while specimens (BFC6, BFC7, BFC8, BFC9, and BFC10)
with transverse openings (50*50, 70*70, 90*90, 110*110, and 136*136 mm) had an
(f.) of 37.5 MPa, Specimens in the first group (BW1, BOS1, BOS2, BOS3, and
BW?2) with the same transverse opening dimensions and compressive strength of
concrete (f) of 23.5 MPa were added for comparison. While Table (4-7) exhibits
the related results. Figures 4.41 clearly depicts the various aspects of compressive

strength of concrete on shear strength-deflection response.

Table (4-7): Model’s Results for Group 5 of the composite beams.

Ultimate

Beam with | Ultimate Yild Shear Yild Ductilit Initial Energy
opening | Shear Load Load (kN) Deflection | Deflection In dexy Stiffness | Absorption
(mm) (KN) (mm) (mm) (KN/mm) | (kN.mm)
BW1 309 190 14.4 4.1 35 46 3239
(50x50)
BOS1 286 170 18.9 4 4.7 43 4258
(70x70)
BOS2 259.40 170 17.6 5 35 34 3452
(90x90)
BOS3 230.15 150 18.6 5 3.7 30 3306
(110x110)
BW2 161.60 90 17.5 3.1 5.6 29 2238
(136x136)
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BFC1 332 210 14 4.2 3.3 50 3374
(50x50)
BFC2 304 185 13.7 3.8 3.6 49 3078
(70x70)
BFC3 280 165 16.8 3.6 4.7 46 3676
(90x90)
BFC4 240 145 14.55 3.6 4.0 40 2639
(110x110)
BFC5 162 88 12.65 2.4 5.3 37 1527
(136x136)
BFC6 350 220 13.3 4.2 3.2 52 3317
(50x50)
BFC7 312 210 14.7 4.2 3.5 50 3437
(70x70)
BFC8 284 190 16.35 4.2 3.9 45 3596
(90x90)
BFC9 244 135 14.65 3.2 4.6 42 2696
(110x110)
BFC10 168 95 11.7 2.8 4.2 34 1444
(136x136)
Group 5 Compressive Strength =23.5 MPa Parameter Beams
—BW1 ——BOS1 ——BOS2 BOS3 ——BW?2
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(a) Load-Deflection Curves of Beams with Compressive Strength =23.5 MPa
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Group 5 Compressive Strength =30 MPa Parameter Beams
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(b) Load-Deflection Curves of Beams with Compressive Strength =30 MPa
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(c) Load-Deflection Curves of Beams with Compressive Strength =37.5 MPa

Figure 4.41: Load Deflection Curve of Opening Shape Parameter in Group 5.
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The relationship between ultimate shear load and compressive strength of composite
beams can be demonstrated when beams with 23.5 MPa concrete are compared with
those with 30 MPa concrete. The results show an increase of about 6.93% in shear
load for beams with 50 x 50 mm openings, while the shear capacity of beams with
70 x 70 mm openings increases by about 5.92%. Beams with 90 x 90 mm openings
show a 7.36% improvement, while those with openings up to 110 x 110 mm increase
by 4.10%. Even those with the largest possible openings (136 x 136 mm) will see a

very slight increase in shear strength, estimated at about 0.25%.

While if beams with 23.5 MPa concrete are compared with those with 37.5 MPa
concrete, there is an increase of about 11.7% in shear load for beams with 50 x 50
mm openings. The shear capacity of beams with 70 x 70 mm openings increases by
about 8.33%. Beams with 90 x 90 mm openings show an improvement of 8.66%,
while beams with openings up to 110 x 110 mm increase by 5.68%. Even beams
with the largest possible openings (136 x 136 mm) will see a slight increase in shear

strength, estimated at about 3.81%.

These increases can be attributed to greater material strength provided by higher
compression concrete that enhances the beam’s ability to resist shear forces acting
upon it. Specifically, improved shear resistance results from superior strength and
lower crack widths from use of high compressive strength concrete enabling better
load distribution and consequently improved structural performance, as illustrated
in Table (4-7). Also, the presence of the term (\/E) in the V. equation affects V,
and will increase with increasing compressive strength of concrete. It can see that
taking into consideration all the variables that affect the ultimate shear strength, the
shear strength of large openings is half the shear strength of large openings. Also,
when changing the compressive strength of concrete from 23.5 MPa to 30 MPa, the

shear strength is affected relatively little.
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4.12.2 Effect of Compressive Strength of Concrete on Initial stiffness

The aim of this parameter is to evaluate how the compressive strength of concrete
affects the initial stiffness of composite beams. Two different compressive forces
were applied in testing ten beams with different sizes of cross-sectional openings
such as 50x50mm, 70x70mm, 90x90mm, 110x110mm and 136x136mm. The
analysis revealed varying effects of compressive strength on the stiffness of the
beam. When comparing 30 MPa beams (BFC1-BFC5) with 37.5 MPa beams (BFC6-
BFC10), when it comes to the effect of concrete compressive strength on initial
stiffness, the 37.5 MPa beams recorded an increase of 3.85% (BFC6 vs. BFC1) and
2% (BFC7 vs. BFC2) while there was a decrease of 2.17% (BFCS8 vs. BFC3) and an
increase of 4.76% (BFC9 vs. BFC4) and 8.11% (BFC10 vs. BFC5). It should be
noted that although higher concrete compressive strength typically increases initial
stiffness as shown in this experiment; it is important to note that this varies across
different contexts. As shown in Figure 4.42. From results show that the initial

stiffness is slightly affected by the compressive strength of the concrete.

GROUP 5 COMPRESSIVE STRENGTH GROUP 5 COMPRESSIVE STRENGTH
=30 MPA PARAMETER BEAM =37.5 MPA PARAMETER BEAM
’E‘ EIBFC1 EBFC2 EIBFC3 EIBFC4 BFC5 E BFC6 EIBFC7 BFC8 EIBFC9 BFC10
E 6 P 60 52
E 50 d = [
= 40 @
a Q40
§ w -
o= =
s 20 & 20
rﬁu 10 ©
£ o T 0
(@) Initial Stiffness of Beams Compressive (b) Initial Stiffness of Beams Compressive
Strength =30 MPa Strength =37.5 MPa

Figure 4.42: Initial Stiffness of Compressive Strength of Concrete Parameter in Group 5.
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4.12.3 Effect of Compressive Strength of Concrete on Energy Absorption
Capacity

This parameter investigates how concrete compressive strength affects the energy
absorption of composite beams with different transversal openings. Two levels of
compressive strengths were examined: 30 MPa and 37.5 MPa. The values of energy
absorption for beams having a strength of 30MPa (BFC1 to BFC5) were compared
with those having a strength of 37.5 MPa (BFC6 to BFC10). The findings indicate
that as the compressive strength increases, so does energy absorption. Specifically,
beam BFCL1 (37.5MPa) absorbs 1.69% more energy than beam BFC6 (30MPa) does;
beam BFCT7 has an increase over beam BFC2 by 10.45% while beam BFC3 is better
than beam BFC8 by 2.18% in terms of energy absorption capacity. More significant
variations are seen with two beams: BFC9 absorbs 2.11% additional powers than
BFC4 does while BFC5 consumes 5.44% higher than the amount consumed by BFC
10 respectively. These findings imply that stronger concrete absorbs loads better
than weaker ones which means less damage under loading conditions leading to
increased lifespan, making it more attractive choice in civil engineering applications.
As Shown in the Figures 4.43. And, from results show that the energy absorption is

slightly affected by the compressive strength of the concrete.
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Group 5 Compressive Strength =30 Group 5 Compressive Strength =37.5
MPa Parameter Beam MPa Parameter Beam
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Figure 4.43: Energy absorption of Compressive Strength of Concrete Parameter in Group 5.

4.13 Tensile Reinforcement Parameter
4.13.1 Effect of Tensile Reinforcement on Ultimate Shear Strength

There are many mechanical effects of shear strength including: shear stress, dowel
action, arch action, aggregate interlock, and residual tensile stress. In this study, the
diameter of bars which its effect on dowel action behavior was the subject of interest
In this section of the paper. Table (4-8) explains the related results, While the Table
(4-2). Indicates the dimension, shape of openings and its location are geometry
details of adopted specimens and explains shear span to effective depth (a/d) and the
compressive strength of concrete. Use two typers of longitudinal rebar reinforcement
of (3916, As=603 mm?) and (2025&2@16, As=1384 mm?) were considered to
inspect section shear resistance and understand various stress distribution modes.
Specimens (BDB1, BDB2, BDB3, BDB4, and BDB5) with transverse openings
(50*50, 70*70, 90*90, 110*110, and 136*136 mm) had a longitudinal rebar
reinforcement of (3916, As=603 mm?), while specimens (BDB6, BDB7, BDBS,
BDB9, and BDB10) with transverse openings (50*50, 70*70, 90*90, 110*110, and
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136*136 mm) had a longitudinal rebar reinforcement of (2016&2@25, As=1384

mm?). As shown in Figures 4.44, the various aspects of the longitudinal rebar

reinforcement on shear strength-deflection response are evident.

Table (4-8): Model’s Results for Group 6 of the composite beams.

Ultimate

Beam with | Ultimate Yild Shear Yild Ductilit Initial Energy

opening | Shear Load Load (KN) Deflection | Deflection In dexy Stiffness | Absorption

(mm) (kN) (mm) (mm) (KN/mm) | (KN.mm)

BDB1 274 165 14 44 32 38 2627

(50x50)

BDB2 250 165 171 6 29 28 3037

(70x70)

BDB3 232 140 19.70 5.2 38 27 3413

(90%90)

BDB4 194 115 22.75 5.2 44 22 3391
(110x110)

BDBS 142 75 18.10 3.2 57 23 1960
(136x136)

BDB6 293 175 14.75 42 35 42 3156

(50x50)

BDBY 270 145 16.65 3.9 43 37 3352

(70x70)

BDB8 246 140 16.40 4 41 35 3004

(90%90)

BDB9Y 207 110 21.10 36 59 31 3414
(110x110)

BDB10 148 86 17.75 36 49 24 2069
(136x136)
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Figure 4.44: Load Deflection Curve of Opening Shape Parameter in Group 6.

136



Chapter Four Results and Discussions

Two types of longitudinal reinforcement bars (3¢16) and (2025 and 2¢16) were
compared for ultimate shear loads in beams and it was observed that there is a steady
rise with the latter configuration. For instance, beams strengthened by two 25 mm
diameter reinforcing bars and two 16 mm diameter ones had their shear capacities
increased remarkably for all sizes of transverse openings. In the case of beams with
50 mm openings, the shear load went up by approximately 6.48%. The increase in
shear strength for beams with 70 mm openings was about 7.41%. Similarly, beams
fitted to 90 mm wide openings had their shear force raised by 5.69% while those
with 110 mm wide holes experienced an improvement of 6.28%. Even the biggest
holes at 136 mmx136 mm yielded a gain of around 4.17% more load resistance when
examined through the lens of a traditional reinforcement scheme (2025&2@16). This
illustrates that more effective and larger longitudinal reinforcement provided by
(2025&2@16) improves load transfer leading to increased shear resistance which

helps to mitigate the chances of shear failure.

The larger cross-sectional area of the reinforcement makes it more effective in
transferring a load and capable of resisting greater shearing forces. It also reduces
shear cracking and increases ductility as compared to the (2025&2@16) type. This
study hence shows that such reinforcement arrangements are significant for
improving the shear behavior of composite beam designs, especially those with

different shapes of cross sections.
4.13.2 Effect of Tensile Reinforcement on Initial stiffness

This parameter looks at the way different longitudinal rebar reinforcements affect
composite beams’ initial stiffness, which were tested through respective transverse
openings of varying sizes on beams with two types of longitudinal reinforcement:
(3016) and (2016 & 2(¢25). Results show that BDB6 beam was stiffer than BDB1
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beam by 9.52%, while BDB7 beam was stiffer than BDB2 by 24.32%. It was also
observed that BDB8 beam was stiffer than BDB3 beam by 22.86%, and BDB9 was
stiffer than BDB4 by 29.03%. The least stiff between them all was BDB10 as it had
a percentage increase of 4.17% when compared to BDB5. These are indications that
the greater amount and size of longitudinal reinforcement influence beams’ stiffness,
particularly for beams whose initial stiffness is lower; thus, selection of suitable
configuration for reinforcement should be prioritized for achieving optimal

structural performance. As shown in the Figures 4.45.

GROUP 6 DIAMETER OF BAR 3016 GROUP 6 DIAMETER OF BAR
PARAMETER BEAM 202582016 PARAMETER BEAM

= BDB1 EBDB2 EIBDB3 BDB4 EIBDB5 — EIBDB6 EIBDB7 = BDB8 EBDB9 EBDB10

40 50

30 40

30
20
20
10
10

Initial Stiffness (kN/mm)
Initial Stiffness (kN/mm

0

(@) Initial Stiffness of Beams with Diameter
of Bar (3916)

(b) Initial Stiffness of Beams with Diameter
of Bar (2016&2025)

Figure 4.45: Initial Stiffness of Tensile Reinforcement Parameter in Group 6.

4.13.3 Effect of Tensile Reinforcement on Energy Absorption Capacity

This parameter evaluates how longitudinal rebar reinforcement affects composite
beam energy absorption having different transverse open spaces. Two types of
reinforcement were studied: (3@16) and (2025 & 2@16). The energies absorbed by
beams having (3016) reinforcements (BDB1 to BDB5) were compared with those
of beams having (2025 & 2¢16) reinforcements (BDB6 to BDB10). The results
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showed that beams with (2025 & 2@16) reinforcements usually have higher energy
absorption. For example, Beam BDB6 that is fortified using (2025 & 2¢16) absorbs
16.76% more energy than the one made up of (3916) (BDB1). On the other hand,
beam BDB7 shows an increase of 9.4% over beam BDB2 while beam BDB3 exhibits
an improvement of 11.98% compared to beam BDBS8. A slight rise was noted for
beam BDB9 which absorbs 0.67% more energy than beam BDB4 and for beam
BDB10 that has a percentage change of 5.27% against its counterpart BDB5.Lastly,
these find out that larger and extra-long reinforcement significantly improves the
capacity to absorb energy to facilitate better structural performance and resistance to

shear forces. As shown in Figure 4.46.

Group 6 Diameter of Bar 3¢916 Group 6 Diameter of Bar 2(25&2()16
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Figure 4.46: Energy absorption of Tensile Reinforcement Parameter in Group 6.
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5.1 Conclusions

The current numerical study investigates the behavior of composite box steel-
concrete beams using the Abaqus program for finite element analysis (FEM). By
comparing the numerical results with previous experimental data, the structural
behavior of the composite box steel-concrete beam models can be reasonably
predicted. Several factors significantly influence the overall behavior of the beam at

failure, and these effects can be summarized as follows:
1. Effect of Opening Size on Shear Strength and Deflection

Increasing the size of transverse openings significantly reduces the shear
strength and alters the deflection behavior. For beams with 50x50 mm
openings, increasing the size to 70x70 mm resulted in a slight reduction in
shear strength, while increasing to 90x90 mm caused a 16.1% decrease. A
further increase to 110x110 mm led to a 25.5% reduction, and for 136x136
mm openings, the shear strength dropped by 47.7%. Additionally, smaller
openings demonstrate approximately double the ultimate shear strength

compared to larger openings.

2. Effect of Opening Shape

The shape of the transverse openings effects the shear strength and stiffness.
For square openings changed to circular openings, the shear strength slightly
decreased for dimensions of 50 mm and 70 mm, while reductions of 12.8%
and 12.4% were observed for openings of 90 mm and 110 mm, respectively.

However, for 136 mm openings, circular openings increased shear strength by
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13.25%. Circular openings also exhibit superior initial stiffness compared to
square openings, but for energy absorption, square openings perform better,
except in the case of large openings, where circular shapes provide an

advantage.

3. Effect of Opening Location

The location of transverse openings affects shear strength and deflection.
Openings positioned closer to the applied loads (at a/5=126 mm) result in a
slight reduction in shear strength for openings of 50x50 mm, 70x70 mm,
90x90 mm, and 110x110 mm, with a more significant decrease of 15.9% for
136%136 mm openings. It can be concluded that openings located near the
supports exhibit better shear strength performance compared to those

positioned closer to the loads.
4. Effect of (a/d) Ratio on Shear Strength

An increase in the (a/d) ratio corresponds to a decrease in shear strength.
Specifically, the difference in shear strength between the highest and lowest
(a/d) ratios is 20.1% for 50x50 mm openings, 16.6% for 70x70 mm openings,
11.15% for 9090 mm openings, 6.45% for 110x110 mm openings, and only
a slight reduction for 136x136 mm openings. When increasing the (a/d) ratio
from 2 to 2.8, the shear strength decreases by 20% for small openings, while
large openings remain unaffected by changes in the (a/d) ratio. For small
openings, the transverse opening area can be increased by 324% without
compromising initial stiffness. In contrast, large openings reduce initial

stiffness by 60% compared to small openings.
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5. Effect of Concrete Compressive Strength

Increasing the concrete compressive strength results in a slight improvement
in shear strength. For beams with compressive strength of 30 MPa and square
openings of 50x50 mm, shear strength slightly increased compared to beams
with a compressive strength of 23.5 MPa. Raising the compressive strength to
37.5 MPa increased shear strength by 11.71% for 50x50 mm openings, with
smaller increases for openings of 70x70 mm, 90x90 mm, 110x110 mm, and
136x136 mm. It can be concluded that the transverse opening area can be

expanded by up to 200% while maintaining concrete compressive strength.

6. Effect of Reinforcement Bar Diameter on Shear Strength

The diameter of reinforcing bars has a limited effect on the shear strength of
beams with large openings. For beams with square openings of 50x50 mm
and reinforcement of 2025+2@16 (As=1384 mm?), shear strength is slightly
higher than for beams with 3@16 (As=603 mm2), regardless of opening size.
For large openings, the shear strength is less dependent on longitudinal
reinforcement. By increasing reinforcement steel by 230%, the transverse
opening area can be increased by 100% without reducing shear strength.
Additionally, for large openings, the initial stiffness does not depend on dowel

action.

5.2 Recommendations
Here are points to be considered for making recommendations for future work:

1) The main aim of this study was to investigate a new structural element —

composite encased steel-concrete beams with web openings in the shear zone — by
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means of numerical analysis of its shear behavior. This new type of member should
be examined in future research by using flexure tests on it (experimentally and
numerically).

2) The tests were done using two-point loading during this investigation.
Various loading conditions like distributed loads, cyclic loads and others must be
investigated in the future studies (experimentally and numerically).

3) This work only dwelt on transverse square openings within the shear zone
and then longitudinal opening through a hollow box made from steel. Other than
these inside/outside stiffness designs can be adopted in later studies or research
works with respect to composite encased steel-concrete beams that possess openings
in their flexural zone or have multiple ones.

4) It is recommended that using different kinds of concrete including high-
strength concrete as a way of advancing knowledge about their behavior may form

part of future studies in the area.
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APPENDIX A

Composite beam (solid beam)

Table (A-1): Information the composite beams.

Compressive Strength (MPa) ( fc') 25

Effective Depth (mm) (d) 261.5
Beam Width (mm) ( b) 200 Yield Stress of Steel Bars (MPa) (fy) | 414
Overall beam depth (mm) ( H) 300 Modulus of EI(T\SA?;;)BE;:)SEEI Bars 200000
Concrete Modulus of Elasticity | 23500 Ultimate Concrete Strain (gcu) 0.0035
(MPa) (Ec)
0.85. fc' 19.55 overhang length (m) 0.15
safety factor (yb)= 1.3 Load gap (m) 0.54
Span Length (m) (L) = 1.8 Shear span (m) (a) 0.63
Steel Density (KN/m3) (ys)= 78.5 Concrete Density (KN/m3) (yc) 24
depth flange concrete (mm) (t1)= 80 depth web concrete (hwc) 140
width web concrete (mm) (t3)= 75 diameter steel bar (mm) (or) 25
area of steel box (mmz2) (Asbox)= diameter of the stirrups (mm) (os) 6
yield stress of steel box (Fybox)= 220 cover (mm) 20
width of flange steel box (mm) (b 50 steel area (mm2) (Asr)
thickness of flange steel box (t)= 2 (3.14/4) (m/4) 0.785
depth of steel box (hbox)= 140 compressive bar (mm) 10
thickness of web steel box (tws)= 2 spacing between stirrups (mm) (s) 150
thickness steel box (tw)= 2 yield stress of stirrups (fy) 380
modulus elasticity box (Es)= 210000 buckling coefficient (kv) 5
d= h-cover-ds-dy/2 = 261.5

Avox= (b bOX*t)*2 + (hbox-t-t)*(tws)*2

Selection of tensile steel area (Ay)

Apox= 744 mm?2



Select ( 3¢25 ) Mild steel bar Ay = 1471.875 mm2

From equilibrium we found depth of neutral axis bwe bfs bwe
compressive forces = tensile forces . hfe e
( Comp. force of concrete ) + ( Comp. force of steel box ) Ffhwa fhbox
. . ' a4 t
= (tensile force of steel box )+ ( tensile force of steel hfc

reinforcement )

(0.85fc"b.a) + ( Aspox*FYynox ) = ( Asbox*Fybox ) + ( Asr*fyr)

a =143.3779412 mm

C=al/p , p=0.85 C= 168.6799308

C1=0.85*fc™*[b.t1 + 2 (c-t1).t3] =622.6672794

arm = 128.6799308

Mnl = Cl*arm =80.12478242 KN.m (from compressive force of concrete part)
C2= A*fypox = [2.t.( C - 11 ) + b pox.t]*Fynox = 100.0383391

arm = 44.3399654

Mn2 = C2*arm = 4.435696494 kN.m (from compressive force of steel box part)
T1 = As*fy =609.35625

Mn3 = T1*( d-c ) =56.56048929 kN.m (from tensile force due to steel bar)

T2 = A*fypox = [b*t + 2{ (hpox + t1) - € }*t J*fypox = 133.1616609

arm = 25.6600346

Mn4 = T2*arm =3.416932826 (from tensile force due to steel box part)



Mn= Mn1 + Mn2 + Mn3 + Mn4 + Mn5 = 153.4868212
Strength for dead load

W = [(Ac*YC) + (Abox*Y's)], W= 1.498404
Mgeas= (W*L"2)/8 = 0.60685362 kN.m

Area of 2 ¢ 10 = 157 (Steel bars in compressive zone)
C3 =As fy = 64.998

arm C- ( 20+6+10/2) = 0.137679931

Mn5=C4 * arm C4 = 8.948920142

Mnet = 152.8799676 kN.m

Mnet=(P/2)*2 (P/2*a  — P =(Mnet*2)/a =485.3332304 kN

Shear strength
Shear strength for steel box

clear span h =hbox-(2*tw) = 136
area of box Aw=2*h*tw =Aw= 544
if h/tw <= 1.10 (kv*E/fy)"0.5

68 < 75.99342077 socv =1

Viox = 0.6*fign* Aw*cv = 71.808
shear strength for steel box

As (3925 )mm, As= 1471.875



pw=As/bd pw=0.028142925

Shear strength for stirrups

lever arm z =0.9*d = 235.35

area of stirrups = Av=2*(3.14/4)(0s)"2 = 56.52

Vs = (d/s)(Av)(Fy), Vs =37.442616

Shear strength for concrete
(0.16\fc) bw d = 41.84

Ve = least of { (0.16V(fc™ )+17 pw ) bw d = 66.861875
(0.16N(fc™ )+17 pw ) bw d = 75.835

Vn =Vc + Vs + Vo =151.090616

Vu=Vn =151.090616

Vu =P/2

P=Vu*2 =302.181232 KN

Comparison between P flexural and P shear
P flexural = 485.3332304 kN

P shear = 302.181232 kN
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