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ABSTRACT

Coupling beams significantly influence the performance of coupled shear wall systems under
lateral forces. To ensure adequate behavior under lateral load-induced deformations and stresses,
coupling beams are typically reinforced with complex reinforcement configurations, such as
diagonal bars and confinement reinforcement. However, these reinforcement schemes can
complicate construction. In slender coupling beams with an aspect ratio of approximately 3.0, the
shallow angle of the diagonal reinforcement (less than 20 degrees) relative to the beam's
longitudinal axis raises questions about the effectiveness of this reinforcement. This study
investigates the impact of utilizing tensile strain-hardening high-performance fiber-reinforced
concrete (HPFRC) in coupling beams. A nonlinear static analysis using the Applied Element
Method was conducted to assess the behavior of coupling beams with HPFRC. The analysis was
validated using previously tested specimens. A parametric study was performed, considering
factors such as the material type (HPFRC vs. regular concrete), the longitudinal reinforcement
ratio in coupling beams, the incorporation of HPFRC within the coupled walls, the presence of
diagonal reinforcement with or without confining stirrups, the coupling beam's aspect ratio, and
the fiber ratio. The results indicated that the use of HPFRC enhances the beam's capacity and
provides superior energy dissipation compared to traditional reinforced concrete.



CHAPTER 1: INTRODUCTION

High rise buildings exposed to lateral forces as inertia forces resulted from ground
shaking must have systems to resist shear forces and bending moments acting on the
building. Shear walls have been the most common system used to construct high rise
buildings in addition to frames systems. However, frames systems have less efficiency
for buildings that are taller than 10-storeys. Therefore, the determination of the required
system to resist such loads depends on the number of storeys.

Shear walls have been used to develop the lateral stiffness efficiency under
earthquake loading. The individual walls can be more efficient if they are connected by
a coupling beam as shown in Figure (1-1). The coupled shear walls produce larger lateral
stiffness and strength. Therefore, to dissipate the required energy, coupling beams must
be rigid and ductile.

Under lateral load, shear is resisted by the wall units while overturning moment is
resisted by individual flexure in the wall units, M1 and M2, and the couple from axial
forces developed in the wall units. However, coupling beams are hard to construct due to
the necessity of diagonal reinforcement as shown in Figure (1-2). Therefore, a
substitutional method to construct these coupling beams without using diagonal
reinforcement is needed.

Previous studies focused on investigating high-performance fiber-reinforced
concrete (HPFRC). This material shows a compression behavior and cracking under
uniaxial tension similar to confined concrete. [1].

Figure (1-1): Coupled shear walls [2]
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Figure (1-2): Diagonal reinforcement in coupling beams [3]

1.1. Thesis Objective

The goal of this study is to assess the effect of using of HPFRC to construct
coupling beams in a multi-storey reinforced concrete structure under gravity and seismic
load, designed according to the Egyptian code of practice (ECP 203-2018) [4]. To
accomplish the research objective, coupled shear wall models, which is considered as a
part of a residential building, were created.

For this purpose, a twelve-storey reinforced concrete multi-storey frame was
modeled one with regular concrete and the other with HPFRC. The software used for the
analysis is ‘Extreme Loading for structures’ (ELS) which uses the ‘Applied Element
Method’ (AEM). The AEM is based on discrete crack approach which is capable of
tracking the actual behavior of structure up to total collapse. The results were based on
nonlinear dynamic analysis scheme.

1.2.Thesis Outline

This thesis contains six chapters in addition to this chapter. Each chapter discusses
a certain issue as follows:

Chapter 2: Literature review

This chapter presents the conclusions of previous work related to the behavior of
coupling beams under seismic load and the use of HPFRC to construct coupling beams.

Chapter 3: Analytical method

This chapter discusses the analytical method used (AEM) and the software used in
the analysis (ELS).

Chapter 4: Case study

This chapter describes chosen structure used in this study, its concrete dimensions,
reinforcement detailing for different cases, and different loading values. Moreover, it
presents the material properties used in this study.
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Chapter 5: Analysis results
This chapter presents the results obtained from analysis for each case.
Chapter 6: Discussion of the analytical results

This chapter discusses the obtained results and compare between the results of
different cases.

Chapter 7: Conclusions and recommendations

This chapter contains the conclusions and recommendations for future research.



CHAPTER 2: LITERATURE REVIEW

2.1.Introduction

In this chapter, a summary of past studies carried out on the behavior of
conventionally and diagonally reinforced concrete coupling beams will be discussed. It
will also give brief background information on fiber reinforced concrete and previous
studies on fiber reinforced coupling beams. Finally, it will give an introduction of the
2011 ACI Building Code seismic provisions [5] for coupling beams.

2.2.0verview of Previous Studies on Coupling Beams
2.2.1 Background

Structural wall systems have been used to resist seismic loading acted on high rise
buildings, coupling beams also have been used to connect the walls to provide more
stiffness for the system. Coupling beam can sustain the cyclic load on the inelastic stage
so it needs to provide sufficient ductility capacity, energy dissipation capability and low
degradation of strength and stiffness.

Previous studies have shown that coupling beams are different from the
conventional beams in moment resisting frames as coupling beams are able to be exposed
to a higher shear stress reaches 6vf, (psi) or higher and the span-to-depth ratio Lrl/h IS
less than three, in addition coupling beams are encountered to large inelastic end rotation
demands and yield excursions [6]. To guarantee high levels of toughness and ductility,
the following parameters must be taken into consideration in their design [6] [7].

a. Aspect Ratio ( L"/h ): Coupling beams with aspect ratio equals to or less than two

are more common. The behavior of this coupling beam differs from the
conventional beam as the arch action contributes more to shear strength than
flexural strength especially when the ratio L”/h decreases.

b. Shear Stress: The type of failure of each coupling beam depends on the value of
shear stresses. If the value of shear stresses is less than 3,/f.” (psi), the flexural

failure will occur and the coupling beam needn’t diagonal reinforcement, only
longitudinal and transverse reinforcement is required [6]. When the value of shear

stresses is between 3,/f./ and 6./f. (psi), flexural-shear failure occurs. Finally,

when the value of shear stresses exceeds 6./f, (psi) , sliding-shear failure
dominate, at this case, the diagonal reinforcement is required.

c. Reinforcement Details: Under load reversals, the configuration of the
reinforcement controls the behavior of the coupling beams.

d. Anchorage of Beam Flexural Reinforcement: The ends of the coupling beams are
exposed to inelastic deformations due to load reversals, so the anchorage of
reinforcement of coupling beams in the walls affects the response under loading
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2.2.2 Types of Failure Modes

Applying reversed load on a system of coupled shear walls causes flexural or shear
failure depending on the aspect ratio of coupling beams. Flexural failure causes coupling
beams to bend in a double curvature pattern but shear failure develops tension forces on
top and bottom along beam length. However, deep coupling beam might fail in a diagonal
tension mode, this mode cause coupling beams to be separated into two triangle parts,
moreover, shear sliding failure mode might be existed in which flexural and shear cracks
propagate across beam length at its end [10].

2.2.3 Overview of Proposed Reinforcement Schemes

Prior to 1964 Alaska earthquake, conventional reinforcement used to construct
coupling beams. This reinforcement consists of longitudinal flexural bars, transverse
reinforcement and horizontal distributed bars. According to Paulay [11] who first tested
using of conventional reinforcement to construct coupling beams, with low aspect ratio
of 1.02 to 1.29, the conventional reinforcement is not capable of sustaining seismic load.
As Shear failure is dominant for these specimens also failure mechanisms such as
diagonal tension and sliding shear occurred and there is loss in stiffness after few cycles
on inelastic range.

However, coupling beams failed due to insufficient shear capacity as shear is
resisted by aggregate interlocking, dowel action and transverse reinforcement so several
studies have made to understand the behavior of conventional reinforcement and to find
the appropriate reinforcement scheme to construct coupling beams.

Paulay and Binney [12] suggested to construct coupling beams using diagonal
reinforcement to improve their behavior by providing shear and moment capacities using
diagonal reinforcement as follows assuming that reinforcement reaches yield stress
Figure (2-1). Using diagonal reinforcement improved the properties for this element to
sustain seismic loading

Tu = Cu = Asfy Eq (2‘1)
My = Asfycosa (h —2d) Eq.(2—-3) Vy = 2Tysina = 2Agfysina Eq. (2 — 2)
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Figure (2-1): Forces in a diagonally reinforced couling beam [13]



Where;

Cu is the compression force in diagonal reinforcement.

Ty is the tension force in diagonal reinforcement.

As is the diagonal reinforcement area.

Fy is the yield strength of diagonal reinforcement.

a is the angle of diagonal reinforcement with beam longitudinal axis.
h is the beam depth.

V4 is the shear force exists when the reinforcement yields.

My is the moment capacity developed when the reinforcement yields.

Paulay and binney [12] tested three diagonally reinforced coupling beams with
aspect ratios of 1.0 to 1.3 to verify the ability of full-length diagonal reinforcement to
prevent the sliding shear failure. The slender coupling has a shallow angle of the
diagonal inclined bars.

Test results showed that using diagonal reinforcement increases ductility and
energy dissipation to short spans coupling beams and the failure occur due to buckling
of diagonal reinforcement so it was recommended to use closed stirrups along diagonal
bars to confine the concrete inside the steel cage, thus provide more stability. Moreover,
Paulay and Santhakumar [13] tested one-quarter scale model of coupled shear wall with
coupling beam aspect ratio equals to 1.25. Test results showed that Paulay and binney
[12] specimens' reach considerable ductile behavior and failure of this specimens
occurred due to buckling of compression reinforcement.

Barney et al. [14] carried out a series of tests at the Portland Cement Association;
specimens have aspect ratios equals to 2.5 or 5.0. Different reinforcement configurations
were used. Test results showed that diagonally reinforced coupling beams dissipate
energy more than conventionally reinforced coupling beams at aspect ratio of 2.5 but it
was recommended that no need to use diagonal reinforcement to construct coupling
beams with aspect ratio equals to 5.0 as it acted like conventionally reinforced coupling
beams.

An experimental investigation was created to reach an approach to prevent
elements from splitting shear. Therefore, Tegos and Penelis [15] tested twenty-four
column and coupling beams with aspect ratios vary between 2.0 and 5.0 under cyclic or
monotonic loading and applied axial load. Eighteen specimens have the rhombic layout,
three specimens have longitudinal and transverse reinforcement and their specimens have
diagonal reinforcements Figure (2-2). Test results showed that rhombic layout behave
slightly like diagonal configuration.

XL DX

(a) Conventional reinforcement (b) Diagonal reinforcement (¢) Rhombic reinforcement

Figure (2-2): Different reinforcement layout [16]



Another testing program was created by Galano and Vignoli [17] to test the
behavior of coupling beams under cyclic and monotonic loading. Fifteen short coupling
beams with four different reinforcement layouts. The reinforcement layout consisted of
a classical scheme, diagonal bars with confining stirrups, diagonal bars without confining
stirrups and inclined bars to form a rhombic layout. All specimens have an aspect ratio
of 1.5.

Test results showed that beams with diagonal or rhombic reinforcement act
better than beams with longitudinal bars. The rhombic arrangement had higher rotational
ductility capacity than diagonal reinforcement, but the rhombic layout develops strength
17% less than diagonal reinforcement with the same reinforcement area. The rhombic
configuration has great ability to sustain shear load under repeated loading cycles at high
rotation ductility. Moreover, it helps to avoid diagonal explosive shear fracture. The
energy dissipated by rhombic bars slightly equals to the energy dissipated by diagonal
bars. Another observation was noticed that concrete compressive strength highly affects
the stability properties of the compressive strut. The specimen provided with ties, but less
compressive strength showed stability problems at earlier load levels than specimen
without ties and have a higher compressive strength.

Tests on slender coupling beams were also conducted by Gonzalez [18] at
University of British Columbia in order to compare the results with formulas given by
various codes. A full-scale model with diagonal reinforcement and an aspect ratio of 2.74
was tested under cyclic loading. In order to provide axial restrain to the coupling beam
to represent the slab, Dywidag bars were provided. Test results showed higher strength
and stiffness than expected using the well-known formulas, also diagonal bars showed
higher ductility and energy dissipation.

Eight 1/2- specimens created by Naish et al. [19] to verify the behavior of
diagonal reinforcement recommended by ACI 318-05 [20] and straight reinforcement
recommended by ACI 318-08 [21]. Moreover, to assess the effect of existence of
reinforced slabs. The specimens have various geometry and reinforcement
configurations. The aspect ratio was 2.4 or 3.33. Five specimens with an aspect ratio of
2.4 were constructed with 4 in thick slab and two specimens with the same aspect ratio
have the same slab thickness and reinforcement but with post-tensioned strands.

Test results showed that beams detailed with straight reinforcement according to
ACI 318-08 [21] have strength and ductility slightly better than beams reinforced by
diagonal bars. Moreover, existence of RC slabs increases the shear capacity by 15 to 20%
and including post-tensioning increases the shear capacity by an additional 10%. The
strength increase was due to the increase in beam moment strength. Damage noticed at
the beam-wall interface in the form of slip of diagonal reinforcement, also applying axial
load using post-tensioning doesn’t enhance this behavior. Beams not detailed with full
section confinement experience more damage at large rotations.

Another testing program was created by Han et al. [22] to test the behavior of
precast coupling beams with bundled diagonal reinforcement Figure (2-3-c). In order to
verify the proposed design, four 1/2- scale specimens with aspect ratios between 2 to 3.5
were tested under earthquake type cyclic loading. The use of bundled bars is suggested
to check the ability of replacing the recommended diagonal reinforcement Figure (2-3-
b) by bundled bars to simplify construction procedure.



Test results showed that precast coupling beams with bundled reinforcement
showed an adequate ductility and energy dissipation similar to cast in situ diagonally
reinforced coupling beams. Moreover, as a result of bundling the angle between bundled
bars and longitudinal axis of the beam increased Figure (2-3-a), thus the moment and
shear capacity increased. Bundled bars provide enough space within the beam, Therefore
workability increase.
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Figure (2-3): (a) Increase in the angle of bundled diagonal bars with beam
longitudinal axis, (b) Coupling beam reinforcement detail according to ACI 318-
11[5], and (c) Bundled diagonal bars coupling beam reinforcement detail. [22]

2.3 Overview of Fiber Reinforced Concrete

The concept of adding fibers to improve material properties is ancient. Egyptian
and Babylonian epochs first used straw to reinforce mud bricks ACI 544.1R-96 [23]. In
1874, metallic waste was added to concrete Minelli [24]. Until early 1960s, fibers weren't
used in construction. Fibers appeared in the form of fiber reinforced cement composites
(FRCCs). The use of fibers as reinforcement in concrete has been growing due to
researches made by Romualdi, Mandel and Zollo [25] [26].

FRCCs are composite materials consisted of two components, the matrix and the
fibers. The matrix consists of cement paste, aggregates and water. Occasionally, Silica
fume and fly ash are added to the matrix. There are a lot of types of fibers such as steel
fibers (flat, hooked, twisted and crimped), synthetic fibers, natural fibers and glass fibers.
Steel fibers are the most popular in research and industry. The main advantage of FRCCs
is the ability of resist significant amount of shear stress after cracking.

FRCCs can be called as fiber reinforced concrete (FRC) when the coarse
aggregates are used to form the matrix, only when the fine aggregates are used the
composites are called as fiber reinforced cement composites (FRCCs).

The concept of using fibers in concrete is based on the ability of concrete to sustain
compression and the ability of fibers to act as reinforcement to provide sufficient post-
cracking resistance and to increase both shear and moment capacities. The fibers are
randomly distributed within the matrix. When a crack is developed the fibers control the
opening, then cracking continues and the maximum load reached by pulling the fibers as
the fibers interact with concrete through bond, so they are expected to pull out rather than
yield or fracture.

There is a special kind of fiber reinforced cement composites (FRCCs) called
high-performance fiber reinforced cement composites (HPFRCCs). Naaman and
Reinhardt [27] declared that (HPFRCCs) are similar to FRCCs but with an additional
advantage as they can develop a quasi-strain hardening in tension and reach post-cracking
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strength higher than the first cracking strength. HPFRCCs create several narrower cracks
more than FRCCs and they begin to fail when the fibers start to pull out from the matrix,
therefore the failure occurs because of crack localization.

The behavior of HPFRCC:s is differ from that of the FRCCs after the linear stage as
HPFRCCs have larger toughness due to the strain hardening occurred after first cracking
up to a strength higher than the first cracking strength but FRCCs are subjected to a
softening response after first cracking although FRCCs and HPFRCCs have the same
linear phase as shown in Figure (2-4).

In order to achieve the strain hardening behavior, hooked and twisted steel fibers
should be used with a ratio typically less than 2%. Moreover, to achieve this behavior
mixture properties and matrix fiber interaction should be considered [28].
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Figure (2-4): Typical tensile stress strain curve of FRC and HPFRCC [29]

For simplicity, HPFRC and FRC are used to describe HPFRCCs and FRCCs,
considering using coarse aggregate to form the matrix. HPFRC represent high
performance fiber reinforced concrete, and FRC represent fiber reinforced concrete.

2.3.1 Fiber Reinforced Cement Composites Properties

a) Strain Hardening and Strain Softening

Based on stress-strain response in tension, fiber reinforced cement composites can
be defined as strain softening or strain hardening. In the strain softening case, the
localization of cracks occurs after first crack, after first cracking, localization occurs, and
the elongation increases with decreasing of stresses lower than the first cracking stress.
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In the strain hardening, after first cracking, stresses increase up to maximum post
cracking stress while forming multiple stresses, then stresses decrease similar to strain
softening. Figure (2-5-a) shows a typical photograph for a single crack occurred during
testing of a strain softening material, Figure (2-5-b) shows multiple cracks formation for
a strain hardening material.

a) Strain-Softening behavior b) Strain-hardening behavior
Figure (2-5): Exampling of cracking behavior under tension [30]

b) Mechanical Properties

Adding fibers to FRC doesn't improve their behavior before cracking. Fibers only
increase ductility of the matrix because of controlling of crack opening. Adding fibers
with low ratio doesn't affect young's modulus, Poisson's ratio, and compressive
strength. Fiber's material and shape, fiber aspect ratio, fiber volume fraction, and matrix
composition affect mechanical properties of FRC [10].

c) Compressive Strength of FRC

Song and Hwang [31] tested 15 standard cylinders, the cylinders were loaded in a
testing machine at a rate of 0.3 MPa/s till failure. The compressive strength of high
strength concrete increases with steel fibers addition. At a 1.5% steel fiber fraction, the
strength showed its maximum value. However, it showed slight decrease at 2% fraction
compared to 1.5% as shown in Figure (2-6).
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Figure (2-6): Relation between compressive strength and fiber volume
fraction [31]

Moreover, existence of fibers enhances concrete ductility and toughness
especially in the case of HPFRC as it permits multiple cracks without concrete spalling.
Fibers volume fraction, fiber geometry and matrix contents affect ductility of FRC.
Increasing fibers volume fraction increases dissipation of energy. Addition of silica fume,
for example, increases the bond between fibers and the matrix; therefore this bond
increases the ductility as shown in Figure (2-7) [10].
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Figure (2-7): Stress-strain behavior of FRC in compression with various fiber
contents [32]

d) Flexural Strength of FRC

Using of fibers in structural applications generally with a ratio less than 1.5% doesn't
affect first flexural cracking strength; however, flexural post-cracking strength could be
enhanced by using of deformed fibers rather than straight fibers due to bond provided by
fiber deformation. Flexural toughness increases due to fibers addition, as in compression
case. Toughness is measured by calculating area under load deflection curve [10].
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Song and Hwang [31] tested fifteen beams under third point loading as
recommended by ASTM C1018 for flexural toughness. Using index toughness (I) to
compare flexural toughness gained by using fibers with nonfiber-reinforced concrete.
The results are shown in Table (2-1).

Table (2-1): Toughness index Vs. fiber volume fraction [31].

Fiber volume fraction (%) Toughness index

"r.* "FH] "FZJ-':]
0 1.0 1.0 1.0
0.5 3.0 4.8 8.2
1.0 33 6.2 124
1.5 4.2 8.3 17.8
2.0 6.5 11.8 20.6

e)Shear Strength of FRC

Increasing shear strength is one of advantages of adding fibers to concrete as fibers
randomly distributed within the element, therefore they can bridge and reduce cracks,
thus increase contribution of dowel action in shear resistance, so it's important to use
fibers to construct members subjected to diagonal cracks due to shear. Several researches
showed the effectiveness of adding fibers on increasing shear strength.

Kwak et al. [33] tested twelve reinforced concrete beams specimens. Test
parameters included fiber volume fraction (0, 0.5% and 0.75%), span to depth ratio (2, 3
and 4) and two concrete compressive strength (31 and 65 MPa). The results showed that
the shear strength increases with increasing of fiber volume fraction, decreasing span to
depth ratio as shown in Figure (2-8) and increasing compressive strength. In addition, as
the fiber volume fraction increases, the mode of failure changes from shear to flexural.
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Figure (2-8): Effect of span to depth ratio on cracking shear stress [33]

Aragjo et al. [34] studied six beams under shear loading using specific type of
fiber. Fiber fractions ratio was 1.0 and 2.0%. The results showed that the great effect of
adding fibers to increase strength and reduce crack, also they can reduce stirrups in
reinforced concrete elements as shown in Figure (2-9).
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) Splitting Tensile Strength of FRC

Zhu et al. [35] performed experimental study to determine the effect of using steel
fiber on splitting tensile strength using cube and cylindrical specimens. Test results
showed that splitting tensile strength increases with fiber volume fraction and aspect ratio
as shown in Figure (2-10).
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Figure (2-10): Effect of fiber volume fraction on splitting tensile
strength for different size of steel fibers (a) cube (b) cylinder [35]

2.4 HPFRC Coupling Beams

Using the advantages of HPFRC, Lequesne et al. [36] tested eight coupling beams
specimens with aspect ratios ranging between 1.75 and 3.3 under cyclic load. Due to
HPFRC tension and compression ductility, 30% of diagonal reinforcement, relative to
ACI Building Code (318-08), was used in beams with 1.75 aspect ratios. Moreover,
diagonal reinforcement was eliminated for beams with aspect ratios 2.75 and 3.3 as
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shown in Figure (2-11). Results showed that HPFRC provides adequate structural
behavior with coupling beams drift lower than drift capacities. Moreover, HPFRC
reduces construction time and cost.
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Figure (2-11): Reinforcement details for slender coupling beams [36]

Setkit [10] tested six precast fiber reinforced coupling beams under large
displacement reversals in order to reduce or eliminate diagonal bars and confinement
reinforcement. The parameters are aspect ratios (2.75 and 3.3), reinforcement
configuration and material type (regular concrete and HPFRC). Results indicated
excellent damage tolerance, stiffness retention and strength.

Zhao and Yao [37] tested three coupled shear walls specimens with 1:3 reduced
scale as shown in the Figure (2-12), under reversed load to verify the effect of using
HPFRC in construction of coupling beams. The first specimens were ordinary steel
concrete coupled shear wall to be as a control specimen and the remaining specimens
were constructed using fiber reinforced concrete. The aspect ratio of coupling beams is
2.0. Results showed that addition of steel fibers to reinforced concrete coupling beams
improves stiffness. More cracks are induced to bridge the main crack and provide
sufficient energy dissipation.

Cai et al. [38] tested the shear capacity of fiber reinforced concrete. Seventeen
specimens consisted of 1/3 scale coupling beam with conventional reinforcement and
straight steel fibers as shown in Figure (2-13) were tested under reversed load. The main
parameters are the compressive strength of fiber reinforced concrete, aspect ratio and
fiber volume fraction. Results showed that steel fibers improve energy dissipation and
shear strength of the coupling beams, also when aspect ratio exceeded 2.5 and fiber
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volume fraction exceeded 2.5%, brittle shear failure was prevented, and the coupling

beam showed excellent seismic behavior.
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Figure (2-12): Reinforcement details of test specimens [37]

Han et al. [39] studied four coupling beam specimens with aspect ratio 2.0 or 3.5
under reversed load in order to simplify reinforcement details by reducing transverse steel
by using of fiber steel and bundled diagonal bars as shown in Figure (2-14). Results
indicated that HPFRC coupling beams with bundled diagonal bars and less percentage of
transverse reinforcement had excellent seismic behavior if compared with regular
concrete coupling beam having code requirements regarding diagonal reinforcement and
transverse reinforcement.
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Figure (2-13): Reinforcement details of steel fiber coupling beam [38]
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Figure (2-14): Proposed reinforcement configuration using bundled diagonal
bars [39]

2.5 ACI building Code Seismic Provisions for RC coupling
Beams

Requirements for the design of coupling beams are explained in Chapter 21
(21.9.7) of ACI 318-11 (2011) [5].

According to clear span (Ln) to depth (h) ratios (Ln/h)
e For (Ln/h) >4

Coupling beams are designed as flexural members.
e For 2<(Ln/h) <4

Coupling beams are reinforced using either conventional or diagonal
reinforcement.

e For (Ln/h) <2 and Vp, > 4Vf Acw

Coupling beams are reinforced by two intersecting groups of diagonal bars
symmetrical about mid span as shown in Figure (2-15) due to the probability of
existence of sliding shear failure, where;

Vn = 2AvdfySina <10 V fc, Acw

V is the shear stress subjected to the section.

f¢' is the concrete compressive strength.

Acw IS the cross-section area of the individual vertical wall considered.

a is the angle between the diagonal bars and the longitudinal axis of coupling beams
Auvd is the area of steel reinforcement of one diagonal bars group.
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CHAPTER 3: METHOD OF ANALYSIS

3.1. Introduction

In this chapter, different numerical methods of structural analysis will be discussed
then software package used in the analysis of the studied structure (Extreme Loading for
Structures (ELS)) and its analytical method adopted by this software (Applied Element
Method) will be explained.

3.2. Applied Element Method vs. Finite Element Method

Most of the programs used in seismic analysis are capable of performing nonlinear
dynamic analysis. During loading, structures pass through three stages: (1) the small
displacement stage where minor change in structure geometry is occurred, (2) the large
displacement stage where large deformations lead to failure such as column buckling and
(3) the partial or total collapse of the structure in which the structure can't resist the loads
thus failure occurs. Therefore, the choice of an accurate structural analysis method to
follow the formation of cracks, predict structure inelastic behavior and to determine
collapse mechanisms under effect of dynamic loads is essential. The structural analytical
methods can be classified into two types:

(1) Continuum material-based methods such as Finite Element Method (FEM). Such
methods don’t consider materials cracking, so special techniques are essential to take
cracks into consideration. One of these techniques is smeared crack technique which
modifies stiffness of the cracked structural elements without any existence of
discontinuity or separation [41] but this technique cannot model collision of the
structure.

(2) Discrete crack methods, in which the direction, propagation and the location of
cracks are defined but this technique is only accurate when we can predict the location
of cracks prior to analysis and this is unattainable in most structural cases [42][43].

(3) Discrete Element Methods (DEM) such as Rigid Body and Spring Model (RBSM)
[44][45]and Extended Discrete Element Method (EDEM) [46].Rigid body and spring
model are able to divide structure into small rigid elements connected by springs to
model cracks but it cannot simulate structure collapse. The Extended Discrete
Element Method (EDEM) can simulate structure collapse but it exhibits large
computational errors during small displacement stages results in inaccurate collapse
load, also computing geometric changes consumes a lot of time.

Therefore, researchers try to improve previous analysis techniques or to find new
techniques. Then the Applied Element Method (AEM) was used to model structure from
zero loading till collapse with acceptable accuracy and duration. The AEM is based on
discrete crack approach. This method can track the structural behavior through all stages
of loading; elastic stage, crack initiation, element separation, partial collapse of structure,
and collision with the ground and other structures.
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3.3. Applied Element Overview

The AEM is based on dividing the structure virtually into small elements as shown
in Figure (3-1-a). Then, each two elements are connected together by one normal and
two shear springs at contact points, these contact points are distributed around the
element's boundaries. The actual stresses, strains, deformations or failure are represented
using these springs as shown in Figure (3-1-b) [47].

In AEM, Elements are 3-D solid elements and not represented by frames or shells
as FEM, the representation of elements by 3-D view connected with springs. Moreover,
the FEM can’t predict automatically locations of cracks due to full compatibility at the
nodes . In contrast, AEM can predict crack initiation, crack widening, and full element
separation depending on connecting the elements using the entire area surface. Each
element has six degrees of freedom, three translations and three rotations. Relative
translation and relative rotation between adjacent elements cause strain and stresses in
springs at the face of contact as shown in Figure (3-2). Once the springs reach the
predefined separation strain, the springs are removed, and the elements behave as rigid
bodies. If the elements contacts again, the springs will generate as shown in Figure (3-3)
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a) Element formation for AEM b) Spring distribution around
elements edges

Figure (3-1): Structure Modeling using AEM [47]
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Translation Rotation

Figure (3-2): Stresses in springs due to relative displacements and
rotations [47]

Initial position

Matrix springs under tension

-

—‘ . Separation strain reached

-

Elements forced towards each
other (according to loading
condition)

- Contact springs activated

Figure (3-3): Different springs conditions during loading stages [47]
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3.4. Extreme Loading for Structures (ELS®) [40]

Extreme Loading for Structures (ELS) is software based on applied element
method (AEM). ELS is capable of creating nonlinear, static and dynamic, analysis of
structures through elastic and inelastic stages up to structural collapse including
automatic detection of cracks' locations, formation of plastic hinges, and buckling of
elements.

In order to form the stiffness matrix of any rigid element in the structure. The
stiffness of each spring depends on the area it serves. To determine the stiffness matrix
corresponding to each degree of freedom, a unit displacement is assumed in the direction
studied, then the force at the centroid of each element is calculated. Finally, the
formulation of the stiffness matrix for each rigid element in the structure results in
constructing the global stiffness matrix of the entire structure.

The reinforced concrete structures are shown in-detail. Each member is modeled as
relatively small elements connewhencted together by springs representing the properties
of concrete. The reinforcement is modeled as springs which connect concrete elements
together [47].

There are several stages in which any two elements may pass through during
different loading conditions [47]. First, the elements are in initial stage; the springs
between them are not stressed. Second, after load application, the springs are subjected
to either tension or compression till they reach the rupture or separation strain then the
springs are demolished, and the elements are separated. Finally, in case of elements come
in contact again, another group of springs are generated at the surface of contact between
elements called contact springs. These springs simulate the state of collision between any
two elements.

The AEM was used in this thesis due to its advantages. The AEM avoids the
drawbacks of the FEM as it doesn’t predefine locations of cracks. Cracks and elements
separations can be modeled by setting the stiffness of springs connecting the elements to
zero when a separation strain is reached. Moreover, AEM can model the structural
behavior under effect of dynamic loads with accuracy and reasonable time from the
elastic stage, the inelastic stage, partial or total collapse, and colliding with other
structures. Figure (3-4) shows a comparison between covered domains of AEM and
FEM.

21



Collapse History

- 3
2 2
= Cracking, Buckling, Debris ©
o Linear Yield, Post Sglearpaet?;n falling as Collision 3
€ Crushing buckling P Rigid Bodies <
7
ontinuum Discrete
EEM No i Time —
automated consuming Reliable
AEM Notreliable

Figure (3-4): Comparison between covered domains by AEM and FEM [47]
3.5 Material Models in ELS

Different types of materials can be represented in ELS as steel, concrete, and user
defined materials. The following sections discuss the models used to define these
materials and its properties.

3.5.1 Concrete Models

3.5.1.1 Compression and Tension Models

The Maekawa compression model [41], shown in Figure (3-5), is used in ELS to
model concrete subjected to compression. The model is presented by several parameters
such as the initial Young’s modulus, the fracture parameter and the compressive plastic
strain. The fracture parameter represents the level of the internal damage of concrete, the
plastic strain shows the residual plastic deformations in compression. Strain value at the
spring location is used to calculate the tangent modulus. The model can accurately
describe the reloading and unloading conditions. When concrete springs are subjected to
tension, the spring’s stiffness is set to its initial stiffness until it reaches the cracking
point. In the next loading step, the residual stresses are redistributed through the
application of the redistributed force in the opposite direction.
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Figure (3-5): Concrete under compression and tension [47]

3.5.1.2 Shear Stresses Model

In the shear model a linear relationship is assumed between the shear stress and
the shear strain till concrete cracking. When concrete starts to crack the shear stress
immediately drops suddenly as shown on Figure (3-6). For concrete subjected to tension,
the normal and shear stresses reach zero. For concrete subjected to compression, the shear
stresses reaches a value dependent on the value of the compressive strength as shown in
Figure (3-7) The drop in shear stress depends on the aggregate interlock and friction
between concrete faces at crack location defined by the residual shear strength factor.

Cracking Point
Rough crack

surface

o
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1 strength
Smooth crack

Figure (3-6): Concrete under shear stresses [47]
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Figure (3-7): Residual shear strength [47]
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The Mohr-Coulomb failure envelope as shown in Figure (3-8) is used to model
the failure of the material under combined normal compressive stresses and shear
stresses. When concrete is subjected to normal tensile stresses, a linear failure envelope
is assumed with a maximum tensile strength of f: where the shear stress is zero, where,

T=1,+uo Eq.(3-1)

T : Shear strength under coupled normal and shear stresses
T,- Shear strength under pure shear

u : Coefficient of friction = tan (¢)

¢: Angle of internal friction

o: Normal compressive stresses

‘CA

,4*/////

G (+ve)

Figure (3-8): The Mohr-Coulomb failure envelope [47]
3.5.2 Reinforcing Steel Model

Reinforcement springs is exposed to three stages; elastic, yield plateau and strain
hardening as shown in Figure (3-9-a).The reinforcement steel model, shown in Figure
(3-9-b), presented by Menegotto and Pinto [48] is used in ELS for the analytical
procedures, it illustrates unloading and reloading stress-strain models. The tangent
stiffness of reinforcing steel is a function of several parameters such as the strain from
reinforcing steel spring, loading status (loading or unloading), and history of steel spring
which control the Baushinger's effect. The main advantage of this model is that it doesn’t
any additional complications to the analysis are required in order to consider the partial
unloading effect and Baushinger's effect. The rupture strain of reinforcement is defined
in ELS.
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Figure (3-9): Reinforcement springs under axial stresses [47]
3.6 Validation of Extreme Loading for Structures (ELS®)

The ‘ELS’ software was clearly validated and had shown good agreement with
several cases. Several validation cases including static, dynamic, and collapse cases were
covered [49][50][51][52][53][54][55][56][57][58][59]. For the current study, it's crucial
to validate the behavior of the HPFRC coupling beams. Therefore, experimental data of
coupling beams tested by Setkit [10] was used to validate ELS. The effect of using steel
fibers on the behavior of coupling beams under cyclic loading was studied by Setkit [10].
Coupling beams of Setkit are shown in Figure (3-10). The reinforcement used for
coupling beam is as shown in Figure (3-11) and reinforcement for top and bottom blocks
is shown in Figure (3-12). Figure (3-13) shows the applied cyclic load. A comparison
between experiment results and results obtained from ELS. The results showed good
agreement with the actual case.

Figure (3-10) Coupling beam subjected to cyclic loading.
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Figure (3-14): Comparison between experiment results and ELS results

User-defined material model in ELS was used to model HPFRC coupling beams.
The compression model was defined according to Liao [28] as shown in Figure (3-15).
The ascending part was defined as parabolic function as shown in Eq. (3-2), up to f’c of
6 and 9 ksi corresponding to compressive strain of 0.2% and 0.4% respectively. Kent and
Park [60] defined the descending part as linear relation as defined by Eq. (3-3).

fe= il + (97 Eq. (3-2)

fe=Ffcll—2(gc— &,)] Eq. (3-3)
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Where,

fe: Compressive stress of concrete at certain strain

gc . Compressive strain.
f’c: Cylinder compressive strength.

€0. Compressive strain corresponding to f’c

Z: Slope of the descending branch for a concrete with unit compressive strength
and was assumed to be 50 to take into consideration the ductile behavior of fiber

reinforced concrete.

Compressive Stress-Strain Curve

“Pa

Mlin 3

L1

(LT

Strain (%)

nE

Figure (3-15): Compressive stress strain model [28]

Linear relationships were used to define the fiber reinforced concrete stress-strain
behavior. Table (3-1) shows stress-strain value used to model the tensile behavior for
regular concrete and HPFRC. These four points, shown in Figure (3-16), lead to best fit
of stress-strain tensile model shown in Figure (3-17) [28].

Table (3-1): Stress-strain values for modeling the tensile response

Material

Gtl &tl Gt2 &2 Ot3 &3 Gt4 &4
(psi) (psi) (psi) (psi)
Regular | 450 [ 0.00008 [ 0 | 0.00008 - - -] -
concrete
HPFRC! | 400 | 0.0001 | 500 | 0.005 200 [0.015 | 100 |0.02
HPFRC? | 650 | 0.0001 | 700 | 0.005 200 [0.015] 100 |0.02

HPFRC! for specimen CB-1

HPFRC? for specimens CB-2, CB-3, CB-5, and CB-6.
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Figure (3-17): Tensile stress strain model [28]
Five specimens were modeled using ELS, namely CB1, CB2, CB-3, CB-5, and CB-6.
Reinforcement detailing and concrete dimension of coupling beams for these specimens
are shown in Figure (3-18). Reinforcement of top and bottom blocks is the same as
specimen CB-4.
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The results obtained using ELS showed good agreement with experiment results. The
comparison between ELS results and experiments results for each specimen is shown in

Figure (3-20).
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Figure (3-20): Comparison between experiment results and ELS results for CB-1
to CB-6
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CHAPTER 4: CASE STUDY
4.1. Introduction

This chapter presents a full illustration of the current study. The current study
is carried out for a multistorey reinforced concrete structure with coupled shear wall. This
chapter presents design criteria, structure details, material properties, case studied,
loading conditions, and design outputs.

4.2. Reference Case Configuration

The reference case study is a twelve-storey reinforced concrete coupled shear
wall extracted from residential building located in Cairo, Egypt. The building is designed
to resist lateral loads by two coupled shear walls in both x-direction and y-direction. The
building was analyzed in the y-direction only. Figure (4-1-a) and Figure (4-1-b) show the
general configuration of the residential building. Figure (4-1-c) shows the first studied
reference case that presents an individual coupling beam to focus on the behavior of beam
itself, while Figure (4-1-d) shows the second studied reference case that presents the
coupled walls system. The building height is 36 m and its dimensions in plan are 38 m x
38 m. The structure is designed according to the Egyptian code for design and
construction of reinforced concrete structures (ECP 203-2018) [4]. The Ultimate limits
state design method was used for design of the structure members and for load
combinations. Three dimensional models were formed using ELS software considering
cross sections and reinforcement detailing.
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Figure (4-1-a): The building top view Figure (4-1-b): The building side view
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Figure (4-1-c): First reference case  Figure (4-1-d): Second reference case
4.3. Design Codes

Design procedures followed the Egyptian Code for Practice for design of reinforced
concrete structures (ECP 203-2018) [4] and Egyptian Code of Practice for loads (ECP 201-
2012) [61].

4.4. Material Properties

The materials used in the models are nonlinear. The properties of regular concrete are
shown in Table (4-1) and the properties of high-performance fiber reinforced concrete, used
for coupling beams, are shown in Table (4-2), the properties of reinforcing steel are shown
in Table (4-3), and the properties of brick walls are shown in Table (4-4).

Table (4-1): Regular concrete properties (fc=24 N/mm?)

Young's Modulus 24100 N/mm?
Shear Modulus 9880 N/mm?
Tensile strength 3 N/mm?
Cylindrical Compressive Strength 24 N/mm?
Friction Coefficient 0.8

Specific Weight 25 kKN/m?®
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Table (4-2): Regular concrete properties (f¢=50 N/mm?)

Young's Modulus 43060 N/mm?
Shear Modulus 1720 N/mm?
Tensile strength 3.16 N/mm?
Cylindrical Compressive Strength 50 N/mm?
Friction Coefficient 0.8

Shear Strength 12 N/mm?
Specific Weight 25 kKN/m®

Figure (4-2) shows the compression model used for high-performance fiber concrete
and Figure (4-3) shows the tension model.
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Figure (4-2): Compressive stress strain curve for steel fiber concrete
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Figure (4-3): Tensile stress strain curve for steel fiber concrete



Table (4-3): Steel Properties

Young's Modulus 203890 N/mm?
Shear Modulus 81556 N/mm?
Tensile Yield Stress 420 N/mm?
Ultimate Strength/ Tensile Yield Stress 14
Friction Coefficient 0.8
Specific Weight 78.4 KN/m?®

4.5.Design Loads
4.5.1 Gravity Loads

All gravity loads were included in design, including dead loads (own weight, flooring
cover weight, wall loads) and live loads.

4.5.1.1 Dead Loads (DL)

Dead loads include:
e Own weight of structural elements.

e Floor Cover = 1.5 KN/m?

e Equivalent wall uniform load = 1.8 kN/m?

4.5.1.2 Live Load (LL)
According to ECP 201-2012 [61], live load is 2 kN/m? for residential buildings.

4.5.1.3 Seismic Load (SL)

The building was designed using the simplified response spectrum method as
per (ECP 201-2012) provisions [61], the design base shear (Fb) is obtained from the
following equation.

Fo=S,(T)). A.% Eq. (4-1)

Where;

Sq(T1) : Design response spectrum for elastic analysis.

A : Correction factor = 1 for T1>2Tc

w : Design seismic load for residential building (DL+0.25LL)

g : Gravity acceleration (g = 9.81 m/s?)

Tc  : Characteristics for the design response spectrum depending on soil type.

4.5.1.3.1 Design Response Spectrum Sq(T1)
The design response spectrum Sq (T1) is obtained from the response spectrum
curve in (ECP201-2012) [61] as shown in Figure (4-4). The reference case study is for
a building in Cairo; Type (1) curve was used for seismic design. The curve is plotted
using the following equations
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Te<T<To  S(T)=a,nS (Zf-%n) >0.2 agy1

25 T[T,

To<T<4sec Sd(T)=ag]/15(?T—2

n) >0.2ag71

Eq. (4-2a)
Eq. (4-2b)
Eq. (4-2¢)
Eq. (4-2d)

Where,
ag : Design earthquake acceleration according to seismic zone
y1 : Importance factor depends on building zone.
S : Soil factor depends on soil class.
n : Damping factor depends on building materials.
R : Response modification factor depends on structural system.

Te : Lower limit of the constant spectral acceleration segment.
Tc : Upper limit of the constant spectral acceleration segment.

To : Start of the displacement-sensitive spectral segment.

The building is located in Cairo, so it’s located in seismic zone (3). Also, it rests
on medium dense sandy soil which is classified according to ECP (201-2012) [61]
as soil class (C). Table (4-5) shows the values required to plot the design response

spectrum.
Se (M |

258,52

agsS

0—1
U-l

4.0 sec

Figure (4-4): Design response spectrum (Type 1) [61]

Table (4-5): Response spectrum Parameters

ag 0.15g
ya for residential buildings 1

S 1.5
n 1

R for shear wall systems 5
Ts 0.1 sec
Tc 0.25sec
Tp 1.2 sec
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4.6 Design Load Combinations
According to ECP (203-2018) [4], the design load combinations used are as follows:
e1.4DL+1.6LL
e 1.12 DL+0.25 LL+ SL
e 0.9DL+SL
Where;
DL: Dead load
LL: Live load
SL: Seismic load

4.7 Design Outputs

4.7.1 First Reference Case
4.7.1.a Top and Bottom Blocks

Top and bottom blocks are 500x1000x6000 mm and reinforced as shown in
Figure (4-5).

e ® e e 4122 7z

. e 2T18

1.00

A d| 2718 R12-100

e o o /4722

0.45

Figure (4-5): Top and Bottom Blocks cross section reinforcement

4.7.1.b Coupling Beam Design

Coupling beams is reinforced according to ACI 318-11 (2011) [5]. Figure (4-
6), Figure (4-7) illustrate the reinforcement. All coupling beams are 300x1000 mm and
with a height equals to 3000 mm.
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Figure (4-6): Coupling beam reinforcement (cross section)

Figure (4-7): Coupling beam reinforcement (elevation)
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4.7.2 Second Reference Case
4.7.2.a Shear Wall Design

All shear walls are 300x4000 mm and reinforced as shown in Figure (4-8).

9T18

9T18

T12@100mm
T16@200mm

Figure (4-8): Shear wall reinforcement

4.7.2.b Coupling Beam Reinforcement

Coupling beams are reinforced according to ACI 318-11 (2011) [5]. Figure (4-
9), Figure (4-10) illustrate the reinforcement. All coupling beams are 300x1000 mm and

with a span equals to 3000 mm.

e o 9 3725 oA

. ¢ 2718
1.00
g ®* 2718 R12-100

e o o 3T25 o
|__O.30 _4

Figure (4-9): Coupling beam reinforcement (cross section)
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Figure (4-10): Coupling beam reinforcement (elevation)

4.8 Modeling in ELS

A 3D model was constructed in the ELS as shown in Figure (4-11-a) and Figure
(4-11-b).

z
Z
Z
-
-
-
Z
=

(a) (b)

Figure (4-11): ELS model (a) First reference case (b) second reference case

4.8.1 Mesh Sensitivity Analysis

Mesh sensitivity analysis was created to reach accurate results in a reasonable
analysis time. The mesh size was varied for walls and beams in four mesh groups as
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shown in Table (4-6) and Table (4-7). A monotonic load in Y direction equals to 350
kN was applied. Figure (4-12) and Figure (4-13) show the relation between the number
of elements in each mesh group. mesh group and the lateral displacement in Y direction
for the reference cases.

Table (4-6): Mesh group for first reference case

Mesh arou Number of Top Block Bottom Coupling
group elements Block beam
Group 1 162 6x3%3 6x3%3 8x3x3
Group 2 276 7x3%4 7x3x4 9x3x4
Group 3 420 9x3x5 9x3x5 10x3x5
Group 4 768 11x4x%6 11x4x%6 10x4x6
0.0265
0.026
g 0.0255
€ 0.025
(]
§ 0.0245
Lg‘j_ 0.024
6 0.0235
0.023
0.0225
0 200 400 600 800 1000

Number of elements

Figure (4-12): Displacement corresponding to number of elements for first
reference case

Table (4-7): Mesh group for second reference case

Mesh group Number of elements Walls Coupling beams
Group 1 2184 7%2x5 7%2x3
Group 2 3504 TX2%X7 8x3%x4
Group 3 4692 8x2x8 9x3x5
Group 4 8712 9x3x9 10x4x6
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Figure (4-13): Displacement corresponding to number of elements for second
reference case

As shown from Table (4-6), Table (4-7), Figure (4-12), and Figure (4-13), when
the number of elements increase from first mesh group to forth mesh group, the
displacement in Y direction decreased. Displacement is almost constant starting from
third mesh group indicating that accuracy is not affected from this point, thus mesh
arrangement in group (3) was selected for analysis. On the other hand, the
displacement in Y direction increased by increasing number of elements for the
second reference case until it started to be constant from third mesh group, thus third
mesh group was selected for analysis.

4.8.2 Loading in ELS
4.8.2.1 First Reference Case

This case was subjected to quasi-static loading in a displacement-controlled mode.
A displacement rate of 2.4 mm per cycle is used. Therefore, the lateral displacement
history for this case consisted of 10 cycles and started with 2.4 mm as shown in Figure
(4-14).

Displcement-based load

30

20

10

10 O 5 15 0 25

-20
-30

Displacement (mm)
(@)

Load cycles

Figure (4-14): Pre-defined displacement cycles
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4.8.2.2 Second Reference Case

According to the material of coupling beam, loading history was determined.
For high-performance reinforced concrete coupling beams, the structure was subjected
to quasi-static loading in a load-controlled mode, following a predefined reversed cyclic

load pattern with a load rate of approximately 1—10 Fmax per cycle as shown in Figure (4-
15). Fmax was estimated by applying monotonic displacement on %wall’s height, Fmax was

divided to form 12 load-based cycles with % Fmax load increment. Loads were

distributed to follow triangular distribution using Eq 4.3. On the other hand, for
conventional reinforced concrete coupling beams, the cycles shown in Figure (4-16) were
assigned. These cycles were calculated to have the same drift as high-performance fiber
reinforced concrete case.

Fi = ZFnl—wlh Fmax Eq 4.3
j=1 "1 M

Where,

Fi : the applied load on the floor level i.

wi, wj: weight of floor i,j respectively.

hi, hj: height of floor i,j from the foundation level respectively.

Fmax: applied base shear.

6000
4000

2000

Load (kN)

-2000
-4000

-6000
Cycle Number

Figure (4-15): Pre-defined load cycles for HPFRC case
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Figure (4-16): Pre-defined load cycles for RC case

4.9 Studied Parameters

4.9.1 Effect of Material Type

RC and HPFRC were investigated. Figure (4-17) and Figure (4-18) show the
compression and tensile stress-strain relation for both.

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

-5000
~
£
= -15000
=3
4 -25000 ——RC
v ——HPFRC
2 -35000
o
o
g -45000
o
-55000

Strain

Figure (4-17): Compression stress strain for RC and HPFRC

47



4000

)

w
ul
o
o

3000
2500
2000
1500
1000

—RC
——HPFRC

Tesnile Stress (kN/m~2

o

0 0.005 0.01 0.015 0.02 0.025
Strain

Figure (4-18): Tensile stress strain curves for RC and HPFRC

4.9.2 Longitudinal Reinforcement Ratio for Coupling Beams

Four longitudinal reinforcement ratios for coupling beams were studied, a
longitudinal reinforcement ratio of 0.5% was chosen for reference case.

e Case (A) RFT ratio = 0.8%
e Case (B) RFT ratio=0.7%
o Case (C) RFT ratio = 0.6%
e Case (D) RFT ratio = 0.5%

4.9.3 High-Performance Fiber Reinforced Concrete
Embedment inside the Coupled Walls

Four cases were studied to investigate the effect of casting part of the walls using
HPFRC. HPFRC was considered with a depth equals to beam's depth and a length
according to each case as shown in Figure (4-19). The case which depends on using
HPFRC for the total length of the wall was considered as reference case.

e Case (A) Embedment of HPFRC from beam’s edge = zero

e Case (B) Embedment of HPFRC from beam’s edge = 1.00x beam’s depth
e Case (C) Embedment of HPFRC from beam’s edge = 2.5x beam’s depth
e Case (D) Embedment of HPFRC from beam’s edge = 4.00x beam’s depth

4d

2.5d

1d

Figure (4-19): Embedment of HPFRC inside coupled walls
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4.9.4 Presence of Diagonal Reinforcement with and without
Confining Stirrups

Effect of using diagonal reinforcement with and without confining stirrups around
each group of diagonal bars was studied here, Figure (4-20) shows beam configuration
when two intersected groups of diagonal bars confined with stirrups was used, while
Figure (4-21) shows the same configuration but without confining stirrups. The case with
conventional longitudinal reinforcement was considered as reference case.
eCase (A) Two intersected groups of diagonal reinforcement (4T22/group) with
confining stirrups.
e Case (B) Two intersected groups of diagonal reinforcement (4T22/group) without
confining stirrups.
e Case (C) Two intersected groups of diagonal reinforcement (4T25/group) with
confining stirrups.
e Case (D) Two intersected groups of diagonal reinforcement (4T25/group) without
confining stirrups.
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Figure (4-20): Two intersected groups of diagonal bars with confining stirrups
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Figure (4-21): Two intersected groups of diagonal bars without confining stirrups
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4.9.5 Coupling Beam's Aspect Ratio

Four aspects ratios were studied in this case. Coupling Beam with aspect ratio equals to
3.00 was considered as reference case.

e Case (A) Aspect ratio equals to 2.72

e Case (B) Aspect ratio equals to 3.00

e Case (C) Aspect ratio equals to 3.33

e Case (D) Aspect ratio equals to 3.75

4.2.2.1Different HPFRC Mixtures

Two different mixture were studied to investigate the effect of varying fiber ratio
and matrix component ratios. HPFRC mixtures were based on Mix 3 and Mix 5 according
to Liao [28]. Compressive and tensile constitutive models for HPFRC are shown in
Figure (4-22) and (4-23). Mix 5 was considered as reference case.

e Case (A) Mix 5 f¢'=5062 ton/m?and ft=350 ton/m? with V=1.5%

e Case (B) Mix 3 fc'=6045 ton/m? and ft=490 ton/m? with V=1.47%
e Case (C) Mix 3 f:'=6250 ton/m? and ft=490 ton/m? with V=1.47%
e Case (D) Mix 3 fc'=6960 ton/m?and ft=490 ton/m? with Vi=1.47%

ki Compressive Stress-Strain Curve MPa
1 71
T T | T

Stress

4 _ i
Strain (%)

Figure (4-22): Compressive constitutive responses of HPFRC [28].
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Figure (4-23): Tensile constitutive responses of HPFRC [28].
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CHAPTER 5: NUMERICAL RESULTS

5.1 Introduction

In this chapter, the numerical results of the parametric study stated in chapter
(4) are presented.

Outputs are divided into three groups:

1. Outputs related to the local behavior of the HPFRC coupling beam:
e Maximum inelastic base shear (Vmax).
e Corresponding inelastic drift.
e Energy dissipated up to post peak base shear, if any.

2. Outputs related to behavior of coupled walls:
e Maximum inelastic base shear (Vmax).

e Corresponding inelastic drift.
e Stresses developed at coupling beams and coupled walls at maximum
load, if any.

5.2 Effect of Material Type
5.2.1 Behavior of Coupling Beam

In this section, the numerically obtained behavior of traditional reinforced concrete
and high-performance reinforced concrete are investigated. Two models were
created. First model uses regular reinforced concrete coupling beams while the
second one uses HPFRC to construct coupling beams. Figure (5-1) shows the
comparison between load-displacement response for the two models. Table (5-1)
shows maximum base shear and corresponding displacement.

Table (5-1): Base shear vs. corresponding displacement for RC and
HPFRC coupling beams under displacement-based load

Maximum base shear | Corresponding displacement
(kN) (mm)
RC 288 23.99
HPFRC-Mix 1 331 20.00
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Figure (5-1): Displacement vs. Base shear for RC and HPFRC coupling beams
under displacement-based load

5.2.2 Behavior of Coupled Walls
5.2.2.1 Monotonic Loading

Figure (5-2) shows comparison between the behavior of coupled walls when they
were subjected to monotonic loading at 2/3 height. Energy dissipated by each coupled
wall, maximum base shear, and corresponding displacement are calculated as shown in

Table (5-2).

Table (5-2): Base shear vs. corresponding displacement for coupled walls with
RC or HPFRC coupling beams under monotonic loading

Maximum base shear

Corresponding displacement

Energy dissipated

(kN) (mm) (kN.m)
RC 3310 229 623
HPFRC-Mix 1 4120 139 802
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Figure (5-2): Displacement vs. Base shear for coupled walls with RC or HPFRC
coupling beams under monotonic loading

5.2.2.2 Cyclic Loading

Figure (5-3) shows the maximum stresses developed in RC and HPFRC coupled
walls. Figure (5-4) shows the maximum normal stresses developed in coupling beams
when the coupled walls are subjected to cyclic loading. Figure (5-5) shows comparison
between the behavior of RC and HPFRC coupled walls. Maximum base shears, and
corresponding displacements are shown in Table (5-3).

Table (5-3): Base shear vs. corresponding displacement for coupled walls with RC
or HPFRC coupling beams under cyclic loading

Maximum base shear | Corresponding displacement
(kN) (mm)
RC 3090 137
HPFRC-Mix 1 4120 137
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Figure (5-4): Normal stresses developed in coupling beams at maximum load
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Figure (5-5): Displacement vs. Base shear for coupled walls with RC or
HPFRC coupling beams under cyclic loading

5.3 Effect of Longitudinal Reinforcement Ratio of Coupling

Beams

5.3.1 Behavior of Coupling Beam

In this section, the numerically obtained behavior of high-performance fiber
reinforced concrete coupling beams with various longitudinal reinforcement ratios are
investigated. Four models were created. Figure (5-6) shows the comparison between
load-displacement response for the four models. Table (5-4) shows maximum base shear
and corresponding displacement.

Table (5-4): Base shear vs. corresponding displacement for coupling beams
with various longitudinal reinforcement ratios under displacement-based load

Maximum base shear | Corresponding displacement
(KN) (mm)
Model 1: 0.5% 331 19.79
Model 2: 0.6% 368 19.80
Model 3: 0.7% 402 20.00
Model 4: 0.8% 427 20.20
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Figure (5-6): Displacement vs. Base shear for coupling beams with various
longitudinal reinforcement ratios under displacement-based load

5.3.2 Behavior of Coupled Walls
5.3.2.1 Monotonic Loading

Figure (5-7) shows comparison between the behavior of coupled walls when they
were subjected to monotonic loading at 2/3 height to test the effect of varying
longitudinal reinforcement ratios of coupling beams. Maximum base shears, and
corresponding displacements are calculated as shown in Table (5-5).

Table (5-5): Base shear vs. corresponding displacement for coupled walls
with different longitudinal reinforcement ratios coupling beams

Maximum base shear | Corresponding displacement
(KN) (mm)
Model 1: 0.5% 4120 137
Model 2: 0.6% 4287 138
Model 3: 0.7% 4400 135
Model 4: 0.8% 4520 133
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Figure (5-7): Displacement vs. Base shear for coupled walls with different
longitudinal reinforcement ratios coupling beams under monotonic loading

5.3.2.2 Cyclic Loading

Figure (5-8) shows comparison between the behavior of coupled walls when
they are subjected to cyclic loading for various longitudinal reinforcement ratio coupling
beams. Maximum base shears, corresponding displacements are shown in Table (5-6).

Table (5-6): Base shear vs. corresponding displacement for coupled
walls with different longitudinal reinforcement ratios coupling beams

Maximum base shear | Corresponding displacement
(kN) (mm)
Model 1: 0.5% 4120 137
Model 2: 0.6% 4280 141
Model 3: 0.7% 4380 137
Model 4: 0.8% 4400 129
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Figure (5-8): Displacement vs. Base shear for coupled walls with different
longitudinal reinforcement ratios coupling beams under cyclic loading

5.4 Effect of High-Performance Fiber Reinforced Concrete
Embedment inside the Coupled Walls

5.4.1 Behavior of

Coupled Walls

5.4.1.1 Monotonic Loading

In this section, the effect of using HPFRC to construct part of coupled walls
is investigated. Four models were created. First model uses regular reinforced
concrete coupled walls while the remaining models use HPFRC coupled walls as a
function of beam's depth. Figure (5-9) shows the comparison between load-
displacement response for the four models. Table (5-7) shows maximum base shear
and corresponding displacement.

Table (5-7): Base shear vs. corresponding displacement for coupled walls with
different HPFRC embedment inside the coupled walls under monotonic

loading
Maximum base shear | Corresponding displacement
(KN) (mm)
Case A: 0.00d 3991 171.82
Case B: 1.00d 4014 169.13
Case C: 2.50d 4048 168.88
Case D: 4.00d 4120 137.00
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Figure (5-9): Displacement vs. Base shear for coupled walls with different HPFRC

Figure (5-10) shows comparison between the behavior of coupled walls when
they are subjected to cyclic loading in order to reach the preferable condition of HPFRC
embedment inside the coupled walls. Maximum base shears, and corresponding
displacements are shown in Table (5-8). Figure (5-11) and (5-12) show the maximum
normal stresses developed in the coupled walls at failure for case A and B and the
corresponding normal stresses developed in the coupled walls at the same loading point

0.10. 0.15
Displacement (m)

0.20

——~Case A: 0.00d
Case B: 1.00d
Case C:2.50d

——~Case D: 4.00d

0.25 0.30

embedment inside the coupled walls under monotonic loading

5.4.1.2 Cyclic Loading

for case C and D.

Table (5-8): Displacement vs. Base shear for coupled walls with different
HPFRC embedment inside the coupled walls under cyclic loading

Maximum base shear

Corresponding displacement

(kN) (mm)
Case A: 0.00d 3620 127
Case B: 1.00d 3620 118
Case C: 2.50d 3830 137
Case D: 4.00d 4120 137
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Figure (5-10): Displacement vs. Base shear for coupled walls with different
HPFRC embedment inside the coupled walls under cyclic loading
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Figure (5-11): Normal stresses developed by case A (right) and case C (left)
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Figure (5-12): Normal stresses developed by case B (right) and case D (left)

5.5 Effect of Coupling Beam's Aspect Ratio
5.5.1 Behavior of Coupling Beam

In this section, the numerically obtained behavior of HPFRC coupling beams
with different aspect ratios are investigated. Four models were created to determine the
effect of varying aspect ratio on the failure criteria. Figure (5-13) shows the comparison
between load-displacement response for the four models. Table (5-9) shows maximum

base shear and corresponding displacement.

Table (5-9): Base shear vs. corresponding displacement for coupling

beams with different aspect ratios under displacement-based load

Maximum base shear

Corresponding displacement

(kN) (mm)
Aspect ratio=2.72 371 15.80
Aspect ratio=3.00 331 19.79
Aspect ratio=3.33 286 22.00
Aspect ratio=3.75 242 24.00
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Figure (5-13): Displacement vs. Base shear for coupling beams with
different aspect ratios under displacement-based load

5.5.2 Behavior of Coupled walls
5.5.2.1 Monotonic Loading

Figure (5-14) shows comparison between the behavior of coupled walls with
different aspect ratios when they were subjected to monotonic loading at 2/3 height.
Maximum base shears, and corresponding displacements are calculated as shown in
Table (5-10).

Table (5-10): Base shear vs. corresponding displacement for coupled walls
with different aspect ratios coupling beams under monotonic loading

Maximum base shear Corresponding
(kN) displacement
(mm)
Aspect ratio=2.72 4290 135
Aspect ratio=3.00 4120 141
Aspect ratio=3.33 3950 150
Aspect ratio=3.75 3760 165
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Figure (5-14): Displacement vs. Base shear for coupled walls with different aspect
ratios coupling beams under monotonic loading

5.5.2.2 Cyclic Loading

Figure (5-15) shows comparison between the behavior of coupled walls when
they are subjected to cyclic loading. Maximum base shears, and corresponding
displacements are shown in Table (5-11). Figure (5-16) shows the maximum normal
stresses developed in coupling beams for each case at maximum load.

Table (5-11): Base shear vs. corresponding displacement for coupled
walls with different aspect ratios coupling beams under cyclic loading

Maximum base shear | Corresponding displacement
(kN) (mm)
Aspect ratio=2.72 4235.4 127.33
Aspect ratio=3.00 4120.0 137.00
Aspect ratio=3.33 3811.8 150.91
Aspect ratio=3.75 3388.3 142.00
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Figure (5-15): Displacement vs. Base shear for coupled walls with different aspect
ratios coupling beams under cyclic loading
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Figure (5-16-a): Normal stresses developed in coupling beams with aspect ratios 2.72

and 3.00 at maximum load
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Figure (5-16-b): Normal stresses developed in coupling beams with aspect ratios
3.33 and 3.75 at maximum load

5.6 Effect of Presence of Diagonal Bars with and without
Confining Stirrups
5.6.1 Behavior of Coupling Beam

In this section, the numerically obtained behavior of traditional reinforced concrete
and high-performance reinforced concrete are investigated. Four models were created
to investigate the effect of using diagonal bars with and without confining stirrups. Then,
they compared with a model with conventional reinforcement only. Figure (5-17) shows
the comparison between load-displacement response for the five models. Table (5-12)
shows maximum base shear and corresponding displacement.

Table (5-12): Base shear vs. corresponding displacement for
different reinforcement schemes under displacement-based load

Maximum base Corresponding displacement
shear (KN) (mm)
Model 1 471 24
Model 2 471 24
Model 3 509 24
Model 4 509 24
Conventional RFT] 331 20
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Figure (5-17): Displacement vs. Base shear for different reinforcement
schemes under displacement-based load

5.6.2 Behavior of Coupled Walls

5.6.2.1 Monotonic Loading

Figure (5-18) shows comparison between the behavior of coupled walls
structure when they were subjected to monotonic loading at 2/3 height. Energy
dissipated by each coupled wall, maximum base shear, and corresponding displacement
are as shown in Table (5-13).

Table (5-13): Base shear vs. corresponding displacement for coupled walls with
different reinforcement schemes coupling beams under monotonic load

Maximum base shear | Corresponding displacement | Energy dissipated
(kN) (mm) (kN.m)
Model 1 4650 132.30 848
Model 2 4650 132.30 835
Model 3 4760 132.95 845
Model 4 4760 132.95 839
Conventional 4120 139.00 802
RFT
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Figure (5-18): Displacement vs. Base shear for coupled walls with
different reinforcement schemes coupling beams under monotonic load

5.6.2.2 Cyclic Loading

Figure (5-19) shows comparison between the behavior of coupled walls when
they are subjected to cyclic loading. Figure (5-20) shows the maximum normal stresses
developed in coupling beams for each case at maximum load. Maximum base shears,
corresponding displacements are shown in Table (5-14).

Table (5-14): Base shear vs. corresponding displacement for coupled walls with
different reinforcement schemes coupling beams under cyclic load

Maximum base shear | Corresponding displacement
(KN) (mm)
Model 1 4280 114.21
Model 2 4280 114.21
Model 3 4280 110.18
Model 4 4280 110.18
Conventional RFT 4120 137.00
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Figure (5-19): Displacement vs. Base shear for coupled walls with different
reinforcement schemes coupling beams under cyclic load
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Figure (5-20): Normal stresses developed in coupling beams for each case at
maximum load
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5.7 Effect of HPFRC Different Mixtures
5.7.1 Behavior of Coupling Beam

In this section, the numerically obtained behavior of HPFRC coupling beams
with different high-performance steel fibers ratios are studied. Three models were created
to determine the effect of using different ratio of steel fibers on the overall capacity and
energy dissipation of coupling beams. Then, they were compared with traditional
reinforced concrete coupling beams. Figure (5-21) shows the comparison between load-
displacement response for the four models. Table (5-15) shows maximum base shear and
corresponding displacements.

Table (5-15): Base shear vs. corresponding displacements for
different mixtures under displacement-based load

Maximum base shear | Corresponding displacement
(kN) (mm)

RC 288 23.99
HPFRC-Case Al 331 20.00
HPFRC-Case B 366 17.90
HPFRC-Case C 368 17.90
HPFRC-Mix D 375 17.90

500

g ——RC
g —— HPFRC-Mix 1
003 0.03 HPFRC-MIX 2
HPFRC-MIX 3
——HPFRC-MIX 4

=

-400

-500
Displacement (m)

Figure (5-21): Displacement vs Base shear for different mixtures under
displacement-based load
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5.7.2 Behavior of Coupled Walls
5.7.2.1 Monotonic Loading

Figure (5-22) shows comparison between the behavior of coupled walls with
different steel fibers ratio when they were subjected to monotonic loading at 2/3 height.
Energy dissipated by each coupled wall, maximum base shear, and corresponding
displacement are calculated as shown in Table (5-16).

Table (5-16): Base shear vs. corresponding displacement for different
mixtures under monotonic loading

Maximum base shear | Corresponding displacement | Dissipated Energy
(kN) (mm) (kN.m)

RC 3310.00 229.00 623
HPFRC-Mix 1 4120.00 137.00 802
HPFRC-Mix 2 4260.00 148.00 808
HPFRC-Mix 3 4273.98 147.81 808
HPFRC-Mix 4 4283.38 142.60 814
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1500 ——HPFRC-Mix 4
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Figure (5-22): Displacement vs Base shear for different mixtures under
monotonic loading
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5.7.2.2 Cyclic Loading

Figure (5-23) shows comparison between the behavior of coupled walls when
they are subjected to cyclic loading. Figure (5-24) shows the maximum normal stresses
developed in coupling beams. Maximum base shears, corresponding displacements are
shown in Table (5-17).

Table (5-17): Base shear vs. corresponding displacement for different mixtures
under cyclic loading

Maximum base shear | Corresponding displacements
(KN) (mm)

RC 3090 137.00
HPFRC-Mix 1 4120 137.00
HPFRC-Mix 2 4050 120.82
HPFRC-Mix 3 4050 119.12
HPFRC-Mix 4 4050 114.31

5000
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Cyclic: Mix 2
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-5000

Displacement (m)

Figure (5-23): Displacement vs Base shear for different mixtures under
cyclic loading
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CHAPTER 6: DISCUSSION OF NUMERICAL
RESULTS

6.1 Introduction

This chapter includes the discussion of the effect of using HPFRC in coupling
beams based on the maximum capacity and energy dissipated for each case, in light of
the outputs obtained in Chapter 5.

The effect of material type, longitudinal reinforcement ratio of the coupling beam,
HPFRC embedment inside the coupled walls, beam's aspect ratio, presence of diagonal
bars with and without the confining stirrups, and mixtures of HPFRC on the behavior of
the coupled walls are then discussed.

6.2Effect of Material Type
6.2.1 Behavior of Coupling Beam

Using HPFRC in coupling beams showed an increase in the value of maximum
capacity with a smaller relative drift. Coupling beam constructed with HPFRC showed
an increase in capacity as much as 14.9% and a decrease of corresponding drift by 16.6%
occurred.

6.2.2Behavior of Coupled Walls
6.2.2.1 Monotonic Loading

Applying a monotonic displacement loading on coupled walls at 2/3 height showed
that HPFRC coupling beams resulted in showed an increase in capacity by 22.9%
compared to RC coupling beams, while caused a decrease in the corresponding drift by
39.3%. Furthermore, HPFRC coupling beams enhanced the energy dissipation where an
increase of 28.7% in dissipated energy was obtained.

6.2.2.2 Cyclic Loading:

Investigating the behavior of coupled walls under cyclic loading showed that
HPFRC lead to an increase in capacity of 31.4% and same drift due to the assigned load
which depends on forces that reach same displacement for RC and HPFRC coupling
beams.

Clearly the use of HPFRC coupling beams with its ductile behavior showed a
considerable enhancement in the behavior of the coupled walls.

6.3 Effect of Longitudinal Reinforcement Ratio of Coupling
Beams
6.3.1 Behavior of Coupling Beam

Applying a displacement based cyclic loading on coupling beams with different
longitudinal reinforcement ratios showed an increase in capacity. Increasing beam's
longitudinal reinforcement ratio from 0.5% to 0.6% caused an increase in the capacity of
11.2%. However, the corresponding drift was approximately unchanged.
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Increasing beam longitudinal reinforcement ratio to 0.7% and 0.8% showed an
increase in capacity, compared to reference case, by 21.45% and 29%, respectively, while
the corresponding drift increased by 1.06% and 2.1%, respectively.

The maximum obtained capacities are shown in Figure (6-1), while the corresponding
drift are shown in Figure (6-2).
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Figure (6-1): Maximum base Shear for different beam's longitudinal
reinforcement ratios under displacement-based cyclic loading
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Figure (6-2): Maximum displacements for different beam's longitudinal
reinforcement ratios under displacement-based cyclic loading

6.3.2 Behavior of Coupled Walls
6.3.2.1 Monotonic Loading

Increasing beam's longitudinal reinforcement ratio resulted in an increase in
capacity by 4.1%, 6.9% and 9.8% for coupling beam's with longitudinal reinforcement
ratio equal to 0.6%, 0.7% and 0.8% respectively, compared to reference case with
longitudinal reinforcement ratio equals to 0.5%. On the other hand, a decrease in the
corresponding drift by 1.74%, 3.3% and 4.8% respectively, was observed.
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The maximum obtained capacities are shown in Figure (6-3), while the
corresponding drift are shown in Figure (6-4).
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Figure (6-3): Maximum base Shear for different beam's longitudinal
reinforcement ratios under monotonic loading
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Figure (6-4): Corresponding displacements for different beam's longitudinal
reinforcement ratios under monotonic loading

6.3.2.2 Cyclic Loading

Investigating the behavior of coupled walls under cyclic loading showed that
increasing coupling beam's longitudinal reinforcement ratios resulted in an increase in
capacity. Increasing reinforcement ratio from 0.5% to 0.6% lead to an increase of 5.7%
of capacity, while increasing reinforcement ratio from 0.5% to 0.7% and 0.8% lead to an
increase of 8.1% and 8.6% of capacity respectively. On the other hand, decreasing
reinforcement ratio from 0.8% to 0.6% and 0.7% lead to an increase of 9.3% and 6.2%
of the corresponding drift, respectively.
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The maximum obtained capacities are shown in Figure (6-5), while the
corresponding drifts are shown in Figure (6-6).

Clearly, increasing longitudinal reinforcement ratios for coupling beams
resulted in an increase in coupled walls capacity, because of the increase in moment
resisted by coupling beams. Moreover, coupling beams with 0.6% reinforcement ratio
had greater displacement than 0.7% and 0.8% coupling beams due to less rigidities.
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Figure (6-5): Maximum base Shear for different beam’s longitudinal
reinforcement ratios under cyclic loading
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Figure (6-6): Corresponding displacements for different beam’s
longitudinal reinforcement ratios under cyclic loading
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6.4 Effect of High-Performance Fiber Reinforced Concrete
Embedment inside the Coupled walls

6.4.1 Behavior of Coupled Walls

6.4.1.1 Monotonic Loading

The maximum obtained capacities are shown in Figure (6-7), while the
corresponding drift are shown in Figure (6-8). Increasing HPFRC embedment inside the
coupled walls resulted in an increase in their capacity. When HPFRC was extended to a
distance equals to coupling beam's depth, the coupled walls capacity increased by 0.60%
while the corresponding drift decreased by 1.60%. When the HPFRC was extended to
2.5 and 4 coupling beam's depth, the capacity increased by 1.42% and 3.23%
respectively, while the corresponding drift decreased by 1.71% and 20.26% respectively.
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Figure (6-7): Maximum base Shear for different HPFRC embedment in
terms of coupling beam's depth under monotonic loading
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Figure (6-8): Corresponding displacements for different HPFRC
embedment in terms of coupling beam's depth under monotonic loading



6.4.1.2 Cyclic Loading

Increasing HPFRC embedment inside the coupled walls resulted in an increase in
their capacity. When HPFRC was extended to a distance equals to coupling beam's depth,
the coupled walls capacity increased by 1.30% while the corresponding drift decreased
by 4.2%. When the HPFRC was extended to 2.5 and 4 coupling beam's depth, the
capacity increased by 2.20% and 4.04% respectively, while the corresponding drift
decreased by 4.33% and 20.26% respectively.

Clearly the use of HPFRC to construct coupled walls showed an enhancement in
the capacity of coupled walls. The maximum obtained capacities are shown in Figure (6-
9), while the corresponding drift are shown in Figure (6-10).
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Figure (6-9): Maximum base Shear for different HPFRC embedment in
terms of coupling beam’s depth under cyclic loading
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Figure (6-10): Corresponding displacements for different HPFRC

embedment in terms of coupling beam's depth under monotonic
loading
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5.2 Effect of Coupling Beam's Aspect Ratio
6.5.1 Behavior of Coupling Beam

. The maximum obtained capacities are shown in Figure (6-11), while the
corresponding drift are shown in Figure (6-12). Increasing beam aspect ratio lead to
decreasing capacity and increasing drift.

Decreasing beam aspect ratio from 3.00 to 2.72 caused an increase in capacity of
14.67% and a decrease in drift of 10.11%, while increasing beam aspect ratio from 3.00
to 3.33 and 3.75 caused a decrease in capacity of 13.59% and 26.81% respectively. On
the other hand, an increase in the corresponding drift by 11.17% and 21.28% respectively.
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Figure (6-11): Maximum base shear for coupling beam with different aspect
ratios under displacement-based cyclic loading
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Figure (6-12): Corresponding displacement for coupling beam with
different aspect ratios under displacement-based cyclic loading
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6.5.2 Behavior of Coupled Wall
6.5.2.1 Monotonic Loading

The maximum obtained capacities are shown in Figure (6-13), while the
corresponding drift are shown in Figure (6-14). It is obvious that increasing beam aspect
ratio lead to decreasing capacity and increasing drift.

Decreasing beam aspect ratio from 3.00 to 2.72 caused an increase in capacity of
4.13% and a decrease in drift of 4.10%, while increasing beam aspect ratio from 3.00 to
3.33 and 3.75 caused a decrease in capacity of 4.12% and 8.74% respectively. On the
other hand, an increase in the corresponding drift by 6.90% and 17.40% respectively.
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Figure (6-13): Maximum base Shear for different aspect ratios under
monotonic loading
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Figure (6-14): Displacements correspond to maximum base shear for
different aspect ratios under monotonic loading
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6.6.2.2 Cyclic Loading

Investigating the behavior of coupled walls under cyclic loading showed that
increasing coupling beam's aspect ratios resulted in a decrease in capacity.

Decreasing beam aspect ratio from 3.00 to 2.72 caused an increase in capacity of
2.80% and a decrease in drift of 7.1%, while increasing beam aspect ratio from 3.00 to
3.33 and 3.75 caused a decrease in capacity of 7.48% and 15.81% respectively. On the
other hand, an increase in the corresponding drift by 10.15% and 31.45% respectively

Clearly, these results showed that increasing aspect ratio by decreasing coupling
beam depth, while span remains constant, resulted in decreasing capacity and increasing
corresponding drift due to the decrease of rigidity. The maximum obtained capacities are
shown in Figure (6-15), while the corresponding drift are shown in Figure (6-16).
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Figure (6-15): Maximum base Shear for different aspect ratios under cyclic
loading
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Figure (6-16): Displacements correspond to maximum base shear for different
aspect ratios under cyclic loading
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6.6 Effect of Presence of Diagonal Bars with and without
Confining Stirrups
6.6.1 Behavior of Coupling Beam

Using diagonal bars with longitudinal reinforcement resulted in an increase in
capacity and energy dissipation. When coupling beam was reinforced with two

intersected groups of 4T22/ group with the longitudinal reinforcement, capacity
increased by 42.3%, while the corresponding drift increased by 20%.

When coupling beam was reinforced with two intersected groups of 4125/ group with
the longitudinal reinforcement, capacity increased by 53.8%, while the corresponding
drift increased by 20%.

It is obvious that confining stirrups do not affect neither maximum capacities nor
corresponding drift. The maximum obtained capacities are shown in Figure (6-17), while
the corresponding drift are shown in Figure (6-18).

520

500

480

460

§44O
v 420
bt
o 400
L

380

360

340

320

Model 1 Model 2 Model 3 Model 4 Ref. Model

Figure (6-17): Maximum base shear for coupling beam with different RFT
schemes under displacement-based cyclic loading
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Figure (6-18): Corresponding displacement for coupling beam with different RFT
schemes ratios under displacement-based cyclic loading
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6.6.2 Behavior of Coupled Wall
6.6.2.1 Monotonic Loading

When coupling beams were reinforced with two intersected groups of 4122/ group
and 4T25/group with the longitudinal reinforcement, capacity increased by 12.9% and
15.5% respectively, while energy dissipated increased by 5.7% and 5.4% respectively
while the corresponding drift decreased by 4.4% and 4.8% respectively, although adding
the confining stirrups do not affect neither the capacity nor the corresponding
displacement, it enhanced energy dissipation by 4.1% and 4.6% compared to reference
case.

The maximum obtained capacities are shown in Figure (6-19), while the
corresponding drift are shown in Figure (6-20), and the energy dissipated by each RFT
configuration is showed in Figure (6-21).
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Figure (6-19): Maximum base Shear for different RFT schemes under
monotonic loading
145
143
14
€ 139
:]Cj 137
e 135
]
kS 133
2131
129
127

125
Model 1 Model 2 Model 3 Model 4 Ref. Model

Figure (6-20): Displacements correspond to maximum base shear for
different RFT schemes under monotonic loading
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Figure (6-21): Energy dissipated for different RFT schemes under
monotonic loading

6.6.2.2 Cyclic Loading

Investigating the behavior of using diagonal bars as a reinforcement for coupling
beams under cyclic loading showed that diagonal bars enhance both capacity and energy
dissipation of the coupling beams. When coupling beams were reinforced with two
intersected groups of 4T22/ group and 4T25/group with the longitudinal reinforcement,
capacity increased by 11.32% and 13.3% respectively. On the other hand, the
corresponding drift decreased by 3.6% and 6.6%, while adding the confining stirrups do
not affect neither the capacity nor the corresponding displacement.

Clearly, using diagonal bars with the longitudinal reinforcement for coupling beams
increase both energy dissipation and capacities due to the effect of diagonal bars in
resisting diagonal compression and improving coupling beam's ductile behavior. The
maximum obtained capacities are shown in Figure (6-22), while the corresponding drift
are shown in Figure (6-23).
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Figure (6-22): Maximum base Shear for different RFT schemes under cyclic
loading
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Figure (6-23): Displacements correspond to maximum base shear for
different RFT schemes under cyclic loading

6.7 Effect of HPFRC Different Mixtures
6.7.1 Behavior of Coupling Beam

Different HPFRC properties affect capacities and corresponding drift. Increasing
maximum tensile stress by 40%, using mix 2 rather than mix 1, resulted in an increase in
capacity by 10.6%. On the other hand, the corresponding drift decreased by 10.5%.
Increasing maximum compressive stress by 3.5% and 15.1% using mix 3 and mix 4
respectively, resulted in an increase in capacity by 0.5% and 2.5% respectively compared
to mix 2, while the corresponding drift did not change. The maximum obtained capacities
are shown in Figure (6-24), while the corresponding drift are shown in Figure (6-25).
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Figure (6-24): Maximum base shear for coupling beam with different
HPFRC mixtures under displacement-based cyclic loading
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Figure (6-25): The corresponding displacements to maximum base shears
for different HPFRC mixtures under displacement-based cyclic loading

6.7.2 Behavior of Coupled Wall
6.7.2.1 Monotonic Loading

Increasing maximum tensile stress by 40%, using mix 2 rather than mix 1, resulted
in an increase in capacity by 4.7%. On the other hand, the corresponding drift increased
by 6.5%. Increasing maximum compressive stress by 3.5% and 15.1% using mix 3 and
mix 4 resulted in an increase in capacity by 0.3% and 0.5% respectively compared to
mix2. On the other hand, the corresponding drift decreased by 0.1% and 3.6%
respectively.

Moreover, increasing maximum tensile stress by 40% resulted in an increase in
energy dissipation by 0.75%, while increasing maximum compressive stress by 15.1%.
resulted in an increase in energy dissipation by 1.5%. The maximum obtained capacities
are shown in Figure (6-26), while the corresponding drift are shown in Figure (6-27), and
the energy dissipated by each HPFRC mixture is showed in Figure (6-28).
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Figure (6-26): Maximum base Shear for HPFRC mixtures under
monotonic loading
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Figure (6-28): Energy dissipated for different HPFRC mixtures
under monotonic loading

6.7.2.2 Cyclic Loading

Investigating the effect of using different HPFRC mixtures for coupling beams
under cyclic loading showed that capacity and energy dissipation are highly affected by
compressive and tensile strength of HPFRC. Increasing of HPFRC's maximum tensile
stress by 40% by using mix 2 rather than mix 1, lead to an increase in capacity by 3.5%.
while the corresponding drift increased by 15.1%. On the other hand, increasing
HPFRC's maximum compressive stress by 3.5% and 15.1% resulted in an increase in
capacity by 0.21% and 1.44% respectively, while the corresponding drift decreased by
1.7% and 6.22% respectively.
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Clearly, increasing HPFRC's tensile strength resulted in an increase in capacity more
than increasing HPFRC's maximum compressive strength because of strain hardening
behavior.
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Figure (6-29): Maximum base Shear for different HPFRC mixtures under
cyclic loading
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Figure (6-30): The displacement corresponding to maximum base
shears for different HPFRC mixtures under cyclic loading
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CHAPTER 7: CONCLUSIONS AND FUTURE
RESEARCHES

7.1 Introduction

This chapter includes the conclusions of the current study and recommendations for
future research.

7.2 Conclusions

The behavior of high-performance fiber reinforced concrete coupling beams is
numerically investigated using the Applied Element. Based on the numerical results of
the case study, the following conclusions could be obtained.

1 Effect of Material Type:

HPFRC coupling beams lead to higher energy dissipation, capacity and lower
drift. Energy dissipated by HPFRC coupling beams reaches as much as 1.3
times energy dissipated by regular reinforced concrete coupling beams. This
is explained by strain hardening behavior and the capability of developing
multiple cracks after maximum tensile stress.

2 Effect of Longitudinal Reinforcement Ratio of Coupling Beams:

As longitudinal reinforcement ratio of coupling beams increases, coupled
walls capacity increases up to 1.1 times as reinforcement ratio increases from
0.5% to 0.8%. This is explained by the ductility enhancement through
retarding coupling beam failure.

3 Effect of High-Performance Fiber Reinforced Concrete Embedment inside the
Coupled Walls:

As HPFRC embedment inside the coupled walls increases, coupled walls capacity
increases up to 1.14 times as HPFRC embedment increases from zero to four
coupling beam's depth. This is explained by the capability of HPFRC to resist
higher stresses than regular reinforced concrete due to strain hardening behavior.
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4. Effect of Coupling Beam's Aspect Ratio:

As beam's aspect ratio decreases, coupled walls capacity increases up to
1.15 times as aspect ratio varies within range 2.72 to 3.75 m. This is
explained by decreasing aspect's ratio due to increasing depth results in
higher capacity.

5. Effect of Presence of Diagonal Bars with and without Confining stirrups:

a. Coupled walls capacity is affected by using diagonal reinforcement
besides the longitudinal reinforcement. Using two intersected groups of
reinforcing bars of 4T22/group lead to an increase in capacity of 40%
compared to beams with longitudinal reinforcement only.

b. When diagonal bars are used, energy dissipated by each structure
increases. This is explained by the capability of diagonal bars to resist
diagonal compression generated due to cyclic loading.

6. Effect of Different HPFRC Mixtures:

a. The coupled walls capacity increases up to 1.03 when maximum tensile
stress changes from 3.45 MPa to 4.83 MPa. This is explained by
enhancing strain hardening behavior.

b. As maximum compressive stress increases from 59.3 MPa to 68.3 MPa,
coupled walls maximum capacity increases by 1.4%.

7.3 Recommendations and Future Researches

1 Investigate behavior of coupling beams with lower aspect ratio to trace shear failure
and to study the effect of using diagonal bars to avoid sudden sliding shear.

2. Investigate behavior of coupling beams with bundled diagonal bars and compare it
with diagonal bars through lab experiments.

3 Investigate behavior of coupling beams with different types of fiber such as glass
fibers and synthetic fibers.
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