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Abstract

Openings in reinforced concrete beams, which were before a structural problem, are now necessary for contemporary
construction. These openings enable the seamless integration of HVAC, electrical, and plumbing systems, enhancing
functionality, efficiency, and adaptability, and reducing the disruption of future upgrades. Careful engineering guarantees
structural integrity, which benefits both building users and constructors through these astute design decisions. This study
examines the impact of shear reinforcement and transverse opening height under cyclic loads. This study uses an
experimental setup and finite element analysis (ANSYS 19.2) to examine how a reinforced concrete beam with an
opening behaves. Specifically, we subjected the middle third of the beam's length to cyclic loads, specifically
compression. The test had six beams, unlike the control beam (without opening), and the two main variables were the
height of the opening and the special reinforcement around it provided by stirrups. We divided into two groups. The first
group included three beams with openings at varying heights and without diagonal reinforcement around the openings.
Three beams with openings made up the second group, which also featured diagonal reinforcement around the openings.
The opening sizes used in this study were 300%*100*60 mm, 300*100*100 mm, and 300*100*120 mm. All the beam
specimens have a cross-section of 300*100 mm and a total length of 2000 mm. We tested the beams at two points until
they failed. We have discussed the response by examining the deformation in all beams, the pattern of cracks, the modes
of failure, and the load-deflection curves that result from cyclic loading at the opening, in the middle span, and on the
opposite side of the opening. Results indicated that the load failure of the beams without diagonal reinforcement
decreased by a rate ranging from 85% to 90% of the value of the load failure of the beams with diagonal reinforcement
surrounding the openings. The results also showed that the load failure rate goes down as the opening height goes up,
which corresponds to opening heights of 20%, 30%, and 40% of the beam's height.

Keywords
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1. Introduction

Reinforced concrete is the material of choice for constructing most structures, primarily because of its numerous
advantages [1-5]. Consequently, the study of concrete has been progressively growing throughout the years [6-10]. Much
work has been done on reinforced concrete beam openings in recent years. Beams generally have openings drilled into
them to provide conduits for civil plants like air conditioning, power, and computer networks, We observed that the
opening locations varied between the shear zone and the flexural zone as shown in figure 1 [11]. Prior research has
examined how concrete beams with and without openings, as well as those with openings and reinforcing surrounding
them, behave when subjected to static loads, in addition to strengthening the openings formed during casting using fiber
and metal panels. Examining the cyclic loads on reinforced concrete beams with openings, as well as the geometry of the
reinforcement surrounding the openings, is crucial.
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Fig. 1 Web openings in C beams [11]

Shallow (Ordinary) Beams
This study examines shallow beams, a specific category of reinforced concrete beams with openings. Certain design
regulations, such as the ACI 318M-11 Code [11] and the Egyptian Code (2020) [2], consider a beam to be shallow when:
1- ACI 318M-11 Code [12] 2- Egyptian code (2020) [13]
L,\h>4ora\h>2 L\d>4ora\d>2
The effective span of the beam is indicated by (L), while the clear span is indicated by (Ln). The shear span is represented by (a), and
the height of the beam is indicated by (h).

When the overall cross-sectional area of a beam is decreased, its simple beam behavior transitions into one that is
more complex. Multiple research investigations have been conducted on reinforced concrete beams that feature web
openings. A load that is repeatedly applied to a material or structure is called a cyclic load. This type of loading can be
utilized on a substance or structure to simulate the effects of environmental conditions or extended usage. Wind, waves,
and earthquakes are instances of cyclic loads caused by natural factors. Subjecting the structure or material to different
loading levels allows one to analyze the effects of repeated loads. In a similar manner, Darwin, 1984 [14] examined light-
reinforced concrete cyclic behavior. Their study focused on cantilever beams of lightly reinforced concrete, where they
examined cyclic behavior in relation to reinforcement ratio, stirrup capacity, spacing, and a negative to positive
reinforcement ratio. Their findings revealed a correlation between maximum shear stress reduction, concrete strength, and
nominal stirrup capacity, resulting in improved performance under cyclic load. Likewise, Amiri, 2004 [15] Investigated
the impact of circular openings on ultimate strength, flexural strength, and shear strength. They examined the concrete's
strength, opening position, and reinforcement placement around the opening. They accomplished this for both regular and
high-strength concrete, using a reference beam devoid of any openings. They inspected symmetrical, concentrated loads.
Their findings revealed that at large opening diameters, the ultimate strength decreased, and the cracking pattern changed
as a mode of failure. Similarly, Amiri, 2011 [16] an investigation was conducted to analyze the effects of openings on the
behavior of concrete beams without additional reinforcement in the opening zone using the Finite Element Method
(FEM). The results of this study indicate that the ultimate load capacity of RC rectangular section beams is not affected
by the performance of beams with circular openings that have a diameter smaller than 0.48 times the depth of the beam
web (D). However, if a circular opening with a diameter greater than 0.48D is included, the ultimate load capacity of the
RC rectangular section beams is reduced by at least 26%. Likewise, Latha, 2017 [17] studied the behavior of reinforced
concrete beams with openings. The program ANSYS 10.0, which uses the finite element method, has been applied to
simulate the behavior of simply supported reinforced concrete beams. These beams include circular openings of different
sizes, and the simulation is conducted in three dimensions using a nonlinear finite element method. Rectangular beams
made of reinforced concrete that have circular openings with a diameter less than 44% of the beam's depth (D) do not
affect the ultimate load capacity. However, if the diameter of the circular openings exceeds 44% of D, it reduces the
ultimate load capacity by at least 34.29%. Likewise, Kamonna, 2020 [18] The study entails conducting an experimental
investigation into the use of near-surface mounted steel bars to provide support to a deep beam constructed with
reinforced concrete and including openings. Thirteen reinforced concrete deep beams with simple support are currently
undergoing testing using a two-point load as part of an experimental activity. As a result of the tests, specimens with
square openings near the loading points, square openings along the load path, and rectangular openings had final loads
that were 49%, 56%, and 70% lower than those without these openings in the beam. Bai, 2013 [19] this study looks into
how FRP-confined concrete with a high rupture strain reacts to cyclic axial compression and how to model it. It is the first
study to do so. The combined impact of loading cycles and the compressive stress-strain curve of the envelope is initially
analyzed by presenting experimental findings. Evidence shows that a cyclic stress-strain model can reliably predict the
test results. The suggested cyclic stress-strain model is created by combining an existing cycle stress-strain model, which
predicts the unloading and reloading pathways, with an existing monotonic stress-strain model, which predicts the
envelope curve. This cyclic stress-strain model can simulate the response of large rupture-strain FRP-jacketed RC
columns to seismic loads. Similarly, Biao Li, 2017 [20] an empirical study was conducted to examine the stress-strain
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characteristics of steel fiber-reinforced concrete under uniaxial cyclic compression. An increase in the volume fraction of
steel fiber can result in a significant reduction in the buildup of plastic strain and an increase in the ratio of elastic
stiffness. However, the fiber aspect ratio has the same impact. Medic, 2018 [21] Conducted an empirical investigation on
the behavior of reinforced concrete beams under cyclic loading. Specific results from the studies indicated that a restricted
zone at the bottom of the beam concentrated major cracks. The length of the zone is equivalent to the height of the beam's
cross-section. The hysteresis damping was calculated for specific loading phases. The SAP 2000 program was used to
simulate beams with various constitutive laws for concrete and reinforcement, as well as variable cross-section
definitions. Similarly, Rita Giao, 2019 [22] achieved a parametric study of reinforced concrete beams critical zones under
cyclic loads to evaluate the gravity load on them by a non-linear numerical model. The numerical findings are evaluated
based on the overall hysteresis response, total energy dissipation, and equivalent viscous damping ratio. This numerical
investigation revealed that the applied load trajectory influences the hysteresis behavior. Likewise, Liu, 2020 [23] This
research looks at what happens to the flexural performance of reinforced concrete (RC) beams in metro stations when
there are multiple transverse web openings, both when the loads are static and when they are cycling. Five beams, each
with a varying number of web openings, are manufactured and subjected to static and cyclic loads. This enables
simulation of real-world operations in unfavorable situations. The findings indicate that the presence of the openings
reduces the load-carrying capacity, flexibility, rigidity, and ability to dissipate energy of the reinforced concrete beams.
Furthermore, the findings indicate that the corners of the openings are the beams' most vulnerable sections. Additionally,
Ribeiro, 2020 [24] Do a full analysis of the numerical and experimental tests of an I-beam made of concrete that is being
bent under cyclic loads. The Concrete Damaged Plasticity Model (CDP) was utilized in the Abaqus finite element
program to simulate the cyclic bending test. The experimental data were used to evaluate various constitutive models for
concrete. The results confirm the well-constructed numerical model's efficacy in accurately simulating the cyclic loading
bending test. Furthermore, the suggested global damage estimates illustrate the consistency between computational and
experimental models. Similarly, Chiu, 2024 [25] The study examined the reinforcement techniques employed in a
reinforced concrete beam with a circular opening in the plastic hinge area, which is subject to cyclic loading. Most of the
stirrups around the beam opening, without any additional reinforcement, developed yield conditions and were unable to
bear the lateral force at a drift ratio of 4%. Crack propagation around the reinforced opening was smaller than that
observed throughout the entire specimen. Several previous studies have examined the strengthening of openings by
utilizing Carbon fiber-reinforced polymer and steel plates in the presence of loads. Among these investigations: Ahmed,
2012 [26] Examines reinforced concrete beams that have gaps in their web. Analyzing and designing reinforced concrete
(RC) beams that have transverse web openings. Additionally, it is advisable to enhance the strength of the reinforced
concrete (RC) beams by using externally bonded Fiber Reinforced Polymer (FRP) materials and steel plates. In another
study, Rania salih, 2020 [27] Researchers have investigated a Reinforced Concrete Beam with Openings Strengthened
Using Fiber-Reinforced Polymer Sheets under Cyclic Load. The addition of fiber-reinforced polymer sheets significantly
improves the cyclic behavior of reinforced concrete beams, resulting in an increase in maximum strength and ultimate
displacement to approximately 66.67% and 77.14%, respectively. On the other hand, Agag, 2020 [28] Performed an
experimental evaluation of several methods for strengthening reinforced concrete beams with openings. Different
techniques were utilized to strengthen the area around the opening, either by using externally bonded sheets of carbon
fiber-reinforced polymers (CFRP) or by reinforcing the interior with diagonal or additional steel bars placed at the top and
bottom positions before the casting process. The addition of internal reinforcements to the beam resulted in a greater
ultimate load compared to the beam without any openings. Similarly, Alansary, 2022 [29] studied the behavior an
analysis of the shear behavior of reinforced concrete beams with a web opening near the supports. The improvement in
the structural performance of these beams resulting from the reinforcement of the openings with external carbon fiber-
reinforced polymer (CFRP) sheets was evaluated. The experimental findings indicated that the inclusion of sizable
openings decreased the shear strength of reinforced concrete beams by as much as 35% when compared to a solid beam.
Furthermore, compared to beams of the same design without CFRP, reinforcing the web opening with CFRP sheets
resulted in a 21% and 28% enhancement in shear capacity. Additionally, Khalf, 2023 [30] this study investigates the
numerical modeling of reinforced concrete (RC) beams using the ANSYS-standard finite element analysis software. It
also proposes reinforcement methods in case it becomes necessary to drill rectangular or circular openings within the
beam's shear zones under different applied service load levels. Carbon atoms primarily compose carbon fibers. The
strengthened reinforced polymer opening significantly improved the overall structural behavior of the beams. Irrespective
of the initial shape, the service load reaches around 40% of the maximum design strength and does not impact the bearing
capacities of the reinforced opening RC beams. From the previous literature, it was evident that some studies examined
the effects of cyclic loads on both compression and tension, specifically focusing on cyclic loads under compression.
These studies also examined beams with or without openings and beam openings with or without additional
reinforcement. Therefore, we initiated this study to examine cyclic loads in a single direction (i.e., compression), while
maintaining a constant beam opening location and length. We adjusted the opening height as a percentage of the beam
height with or without diagonal reinforcement. This is due to insufficient research linking the opening height with
different shape reinforcement around opening under cyclic loads to concrete behavior.
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2. Experimental Program

2.1 Material Properties

The concrete mix was used to cast all specimens for the experimental work, with a water-cement ratio of 0.50, achieving a
cube compressive strength of 35 MPa after 28 days. Regarding the reinforcement steel, the longitudinal steel was high-
tensile. Figure 2 shows a steel tensile testing machine. It was used for bottom and top reinforcement, while the transverse
reinforcement was normal mild steel, and the stirrups were placed at 150 mm intervals.

2.2 Description of Specimens

The experimental program involved casting seven reinforced concrete beams with a cross-section measuring
100mmx300mm and a total length of 2000mm. Figure 4. Three high-tensile steel bars, each measuring 10 mm in
diameter, served as the primary reinforcement at the bottom of each beam, while two other high-tensile steel bars, also
measuring 10 mm in diameter, served as the top reinforcement. Additionally, we fitted 6mm stirrups to all beams, spacing
them 150mm apart, and placed two longitudinal reinforcements with a diameter of 8mm at both the top and bottom
sections of the opening. The top and bottom cords of the opening featured 6mm stirrups, spaced 100 mm apart. Figure 5
illustrates the addition of diagonal reinforcement around beam openings No. (B21, B22, and B23). We installed three
linear variable differential transformers (LVDTSs) to measure the deformation at three different locations: the mid-span,
the opening, and the opposite side of the opening. Table 1 outlines the categorization of the specimens into three groups.
Throughout the testing phase, we subjected all beams to two-point loading, as shown in Figure 4. We simultaneously
constructed concrete cubes with dimensions of 150x150x150mm and conducted compressive strength tests on the loaded
specimens, as illustrated in Figure 3. Control group consists of one beam without opening (the control beam). The group
(1) consists of three beams with varying height openings (i.e., 20, 30, and 40% of the beam height), without diagonal
reinforcement, and subjected to cyclic load. The group (2) includes three beams with varying height openings, (i.e., 20,
30, and 40% of the beam height), with diagonal reinforcement, and subjected to cyclic load.
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Testing machine
¥

Testing machine

Fig. 2 Steel testing machine Fig. 3 Cube testing machine

300

Fig. 4 Details of specimens and setup
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3. Nonlinear Finite Element Analysis

This section's goal is to verify the validity of the material models and finite elements by simulating the numerous
Dregions taken into consideration in the current work using the ANSYS 19.2 software environment. The validation is
completed by comparing the load-deflection curves from the analysis to those from the experimental tests.

3.1 ANSYS Theoretical Background and basic Equations
ANSYS was selected to be employed in this study as it proved its reliability worldwide. The ANSYS FEM code has
extensive capabilities, including linear and nonlinear arrays governed by constitutive laws with multiple solvers. The
structure's displacement and stress fields are analyzed by ANSYS. Its analytical approach follows nonlinear analysis,
which incorporates linear approximation and gradual application of loads per increment. This is executed iteratively until
convergence occurs [32]. Theoretically, ANSYS is based on FE, where FE is a numerical approach capable of solving
partial-differential equations, which represent the reinforced concrete beams, as elements of a continuous field.

Equation wise, this field is represented by finite nodal quantities, where its formulation is based on the principle
of virtual work variation [33], which is characterized by a volume “V “that is bounded by a surface that is represented by
the following derivation [32]:

sU®© = sw® (1)
Where:
SU®: virtual strain energy
SW®: virtual work of external forces on §U®
SW®: expressed by a matrix notation, as follows:

sUO=[ [ [ seTadv 2

WO [ [ s¥ITdsS (3)
Where:
de: Strains vector induced by vector of virtual displacement “ " where:
d: used at virtual displacements
o . stress vector
T : surface force/area matrix
The displacement function is related to the nodal displacements d by a shape function:

Ys=Nsd (4)
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Where:
Ns: shape function matrix evaluated at the surface S at traction “7"”
However, strains are linked to nodal displacements:

€= Bd (5)
Stresses are related to strains, as follows

o = De (6)
Where:
B : strain displacement matrix
D: element material matrix
Substituting equation (4) into (6), the following equation was derived:

8d"(J [,/ B"DBAV)d = &d" [ [  N{TdS (7
Where:
J J,J BTDBAV: element stiffness matrix K
[J s NITdS : surface loads vector "f;”.
Equation (7) is finite element discretization basic equation, which is rewritten, as follows:

Kd= fs (8)
The detailed formulation is presented in [32] However, in order to determine displacement vector “d”, by ANSYS [32].

3.2 Material Properties and FE Modeling

Compressive uni-axial stress-strain behavior has an elasto-plastic work hardening model has been used to simulate
compressive uni-axial stress-strain behavior, with a perfectly plastic response ending at the point of crashing. Meanwhile,
a stress stiffening model has been used to simulate concrete under tension. Up until the first crack, the initial modulus of
elasticity is applied. The propagation of cracks is then taken into consideration using a smeared crack model. For steel,
linear hardening up to the steel ultimate strength (fu) was employed after an elastic behavior up to the steel yield stress
(fy). Fig. (6) and Fig. (7) Show the stress-strain curve for concrete and steel reinforcement respectively. SOLID®65, a solid
element with eight nodes, is used in the FE platform to describe plain concrete. For 3D modeling of solids with or without
reinforcing bars (rebar), SOLID65 is utilized. Like concrete, the solid can fracture in tension and be crushed in
compression as shown in Fig. (8). the bearing plates are modeled using SOLID 185. A two-node-defined LINK 180
element is utilized to model the steel bars is shown in Fig. (9).
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Fig. 6 Simplified compressive uniaxial Fig. 7 Stress strain curve for steel Stress-strain
Curve for concrete [31] reinforcement [13]
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Fig. 8 Concrete SOLIDG65 [32] Fig. 9 3-D reinforcement LINK 180 [32]
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3.3 Numerical Simulation of the Specimen Loading

The model was run to replicate the specimens under loading after the discretization procedure. On the other hand, Figure
10 illustrates the geometry of the beams, while Figures 11 and 12 show the results. Showcase the diagonal bar and non-
diagonal bar reinforcement for the beams, exposing three specimens (without diagonal bar arround opening) and three
specimens (with diagonal bar arround opening) to cyclic load. The cyclic loading protocol was to apply a very small
vertical displacement that incrementally increased to 0.50 mm until reaching the point of failure. This systematic
approach to loading was selected to represent the progressive beam response to cyclic loading.

I— ANSYS | e ANSYS

R19.2

024

:50

Fig.10 Discretized specimen

e

(T IS

enings

o

Fig.12 Beam reinforcement with diagonal bar srroundirng' op

4. Results and Discussion

We acquired, investigated, and graphically presented the experimental and finite element results. Table 2 illustrates the
failure modes, load failure, and maximum deflection for the tested specimens at the mid-span, opening, and opposite
opening. In Figure 13, you can see the failure load estimates for Group 1 (without diagonal reinforcement around
openings) and Group 2 (with diagonal reinforcement around openings). These estimates come from both experiments and
finite element analyses. When diagonal reinforcement was placed around the opening, the beams' behavior improved.

Table 2 Experimental and FE analyzed results

. Deflection (mm) due to static and cyclic loads .
Load failure : Reinforcement
Beam . . Opposite to Mode .
(KN) At mid span At opening . . surrounding
No. opening failure .
Exp. | FEA | Exp. | FEA | Exp. | FEA | Exp. | FEA pening
BO 110 115 5.00 4.50 4.20 3.90 4.20 3.90 flexural Without opening
B11 | 100 | 105 | 750 | 7.80 | 740 | 7.90 | 5.80 560 | Sn€aral | \yvinout diagonal
opening
B12 68 72 710 | 680 | 660 | 630 | 540 570 | SN€arat | \yunout diagonal
opening
B13 | 60 63 | 620 | 60 | 610 | 60 | ago | *00 | Shearat |y .ot diagonal
opening
B21 110 108 | 11.00 | 8.00 9.00 | 7.00 7.00 550 | Snearat With diagonal
opening
B22 80 77 8.00 7.10 780 | 6.40 5.90 500 | Shearat With diagonal
opening
B23 | 70 70 | 630 | 450 | 550 | 400 | 400 | 300 | Shearat b\ iagonal
opening
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Fig. 13 compares the beams failure load without and with a diagonal.

4.1 Cracks Pattern

Specimens B0

Figure 14 show the cracking history of specimen BO (without opening), subjected to cyclic loads. The first crack, a
flexural crack with a load level of 56 KN, occurred at midspan. Under increased loading, the cracks moved away from the
center and spread diagonally towards the supports, thereby passing the characteristics to the beam. Crushing occurred at
load levels of 110 KN for experimental, 115 KN for finite element. Cyclic loading leads to fatigue failure in materials,
where repeated stress cycles cause progressive damage and ultimately cracking. This is particularly common in materials
like concrete.

Specimens B 11 and B 21

First cracks appeared in the corners of the top opening under a load of 31 KN and 37 KN, respectively, when we made an
opening in the beam at a height equivalent to 20% of the beams height as shown in figure 15-a and 16-a. With increasing
loading, cracks spread in the middle of the beams and near the supports, and the concentration of cracks around the
opening increased until the beams reached a failure load of 100 KN and 110 KN in the experiment, and 105 KN and 108
KN for finite element. In the case of an opening with a height equivalent to 20% of the beam height and without diagonal
reinforcement around the opening, the failure load decreased by 10% from the load of the control beam. In the case of
beams equipped with diagonal reinforcement around the openings, the failure load decreased by 3% of the control beam
load.

Specimens B12 and B22

When the height of the opening increased from 20% to 30% of the height of the beam, the initial cracks appeared at a
lower load of 21 KN and 26 KN, and the beam collapsed at a load of 68 KN and 80 KN for experimental, and 72 KN and
77 KN for finite elements. The cracks dispersed throughout the beam and centered around the opening, as depicted in
Figures 15-b and 15-b. It is worth noting that when the beam is without diagonal reinforcement, the failure load decreases
by 11%.

Specimens B13 and B23

Figures 15-c and 16-c show the cracks that occurred on beams with openings at a height equivalent to 40% of the beam’s
height when subjected to cyclic loads. The first cracks appeared around the opening at loads of 19 KN and 23 KN,
respectively, and the cracks began to spread and increase in concentration around the opening until the beam reached the
failure at load 60 KN, 70 KN for experimental and 63 KN, 70 KN for finite element. Cracks appeared at the support and
the middle of the beam and were concentrated around the openings. It is important to mention that without diagonal
reinforcement in the beam, there is a 13% decrease in the failure load.
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Fig.15 Cracks in beams without diagonal reinforcement
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Fig. 16 Cracks in beams with diagonal reinforcement

4.2 Deformation Shape

The control beam (i.e., B0O), without openings, experienced the most deformation in the mid-span. As the height of the
opening increased, the deformation of beams (i.e., B11, B12, and B13) without diagonal reinforcement around openings
approached the shear zone. Beams (i.e., B21, B22, and B23) with diagonal reinforcement surrounding the openings
showed an evenly distributed deformation. Figure 17 illustrates this, with the blue tint indicating the maximum
deformation caused by the cyclic load in the beam.
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Fig.17 Deformation for tested specimens
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4.3 Load Deflection Curves

Through the analysis of beam deflection, it is apparent that the beams without diagonal reinforcement surrounding the
openings showed a lower failure load compared to the beams with diagonal reinforcement surrounding the openings.
Moreover, the failure load decreases as the height of the opening increases. In the case of a control beam (without
openings), the failure occurred due to flexural stress. However, in beams with openings, the failure mode shifted to the
shear zone as the height of the opening varied. The failure load of beams B11, B12, and B13 (i.e. without diagonal
reinforcement around the opening) is observed to be decreased by 6%, 12%, and 14%, respectively, in comparison to the
failure load of the beams B21, B22, and B23 (i.e. with diagonal reinforcement surrounding the opening). Figures 18 a, b,
c and d show the deflection curves at the mid-span for specimens BO (i.e. control beam), B11, B12, and B13 (i.e. without
diagonal reinforcement around the opening) and specimens B21, B22, and B23 (i.e. with diagonal reinforcement around
the opening) which are subjected to cyclic load. The average deflection values obtained from both experimental and finite
element analysis for all beams in the mid-span are 7.65, 6.95, 6.10, 9.50, 7.55, and 5.40 mm, respectively. Similarly,
Figures 19 a, b, c and d show the deflection curves at the opening for specimens B11, B12, and B13 (i.e. without diagonal
reinforcement surrounding the opening) and specimens B21, B22, and B23 (i.e. with diagonal reinforcement surrounding
the opening) which are subjected to cyclic load. The average deflection values obtained from both experimental and finite
element analysis for all beams in the mid-span are 7.65, 6.45, 6.05, 8.00, 7.10, and 4.75 mm, respectively. Additionally,
Figures 20 a, b, ¢ and d show the deflection curves at the opposite to the opening for specimens B11, B12, and B13 (i.e.
without diagonal reinforcement surrounding the opening) and specimens B21, B22, and B23 (i.e. with diagonal
reinforcement surrounding the opening) which are subjected to cyclic load. The average deflection values obtained from
both experimental and finite element analysis for all beams in the mid-span are 5.70, 5.55, 4.40, 6.25, 5.45, and 3.50 mm,
respectively.

Load Vs Deflection (EXP) Load Vs Deflection (FEA)

— BO-FEA

120

-
~
S

g

74

7
72

)
S

Load(KN)
Load(KN)

Load(KN)
Load(KN)

00 10 20 30 40 50 60 70 80 90 100 110 120 0.0 1.0 20 3.0 40 50 60 7.0 80
Deflection (at mid span)-mm Deflection (at mid span)-mm

(b)

Load Vs Deflection (EXP) Load Vs Deflection (FEA)

Load(KN)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 0.0 . 3.0 40 50 6.0 7.0 8.0 9.0
Deflection (at mid span)-mm Deflection (at mid span)-mm

253|Page


https://zkdx.ch/

Zhongguo Kuangye Daxue Xuebao

Load Vs Deflection (EXP) 70 Load Vs Deflection (FEA)

Load(KN)

Load(KN)

Load(KN)

20 30 40 50 6.0 70 0.0 10 20 30

4.0 50 6.0 70
Deflection(at mid span)-mm

Deflection(at mid span)-mm

(d)

Fig. 18 Load versus deflection at mid span
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Fig. 20 Load versus deflection at opposite to the opening

5. Conclusions

This study examines the behavior of reinforced concrete beams with openings subjected to cyclic loads. The existence of
openings in beams reduces the efficiency of the beam, hence decreasing the ultimate load capacity. The experimental
results indicated that the failure load of a control beam under cyclic loads was 110 KN, while the failure load of a finite
element analysis beam was 115 KN (i.e., 104%). The results were as follows: When we considered beams with openings
and without diagonal reinforcement surrounding the opening, we found that the failure load decreased to 100 KN (i.e.,
decreased by 10% in the experiment) and 105 KN (i.e., decreased by 9% in the finite element analysis), respectively. A
beam's failure load decreased to 68 KN when its opening was 30% of its height (i.e., decreased by 39%, experimental)
and 72 KN (i.e., decreased by 38%, finite element). We determined the failure load for a beam with an opening of 40% of
the beam height to be 60 KN (i.e., decreased by 45%, experimental) and 63 KN (i.e., decreased by 45%, finite element),
compared to the control beam. On the other hand, the results showed, the beams with openings and with diagonal
reinforcement surrounding the opening, when a beam with an opening equivalent to 20% of beam height was considered,
the failure load decreased to 110 KN (i.e., decreased by 0%, experimental) and 108 KN (i.e., decreased by 6%, finite
element). Likewise, A beam's failure load decreased to 80 KN when its opening is 30% of its height (i.e., decreased by
28%, experimental) and 77 KN (i.e., decreased by 33%, finite element). The failure load for a beam with an opening that
is 40% of the beam height was determined to be 70 KN (i.e., decreased by 37%, experimental) and 70 KN (i.e., decreased
by 40%, finite element), compared to the control beam. The results show that there is only a 10% difference between the
failure loads found using experimental and finite element analysis. The results showed that beams without openings
collapsed in the flexural region, whereas beams with openings collapsed in the shear zone. Cracks in beams without
openings disperse throughout the entire beam. In contrast, the beams with openings and without diagonal reinforcement
around the opening experienced cracks around the openings. In the case of beams with openings and equipped with
diagonal reinforcement around the opening, the cracks did not concentrate around the opening only but rather spread at
the support and in the mid-span, where their concentration increased as the height of the opening increased. For beams
without openings, the deformation distributes uniformly in the middle area. The deformation shifts towards the opening
and increases with the increasing height of the opening. The results indicate that the inclusion of inclined diagonal
reinforcement around the opening enhances the performance of concrete beams by 15%.
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