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ABSTRACT

ABUSHANAB, ABDULRAHMAN, H., Masters: June: 2019, Master of Science in
Civil Engineering.

Title:_Parametric Study on Moment Redistribution of Fiber Reinforced Concrete

Continuous Beams with Basalt FRP Bars

Supervisor of Thesis: Wael 1. Alnahhal.

The State of Qatar is continuously suffering from the high temperature and humidity
which take place most of the year. This can deteriorate and reduce the lifecycle of the
reinforced concrete (RC) structures and may increase the possibilities of the corrosion.
Recently, composite materials science was developed and produced new non-corrosive
composite material like fiber reinforced polymers (FRP). The natural properties of the
FRP bars such as low density with high strength, lightweight material, lower lifecycle
cost, and corrosion resistance made it preferable reinforcement material in the
construction.

Ever since FRP has been used in different concrete elements. However, in continuous
beams, the moment redistribution between hogging and sagging sections are still under
investigation due to the brittle property of the FRP bars.

The aim of this study is to investigate numerically the impact of using basalt macro
fibers (BMF) combined with basalt fiber reinforced polymer (BFRP) bars on the
moment redistribution of continuous concrete beams.

The study is focusing mainly on using the finite element analysis (FEA) to investigate
the moment redistribution in continuous beams reinforced with BFRP bars. Different
FE models were simulated using ABAQUS 6-14 software. They were successfully
calibrated using experimental data for flexural testing of continuous RC beams

conducted in the Qatar University structural lab. The FE models were verified through



the stress-strain diagrams in which they were matching within the accepted range. The
simulated beams were two spans with a size of 200 x 300 x 2000 mm each.

An extensive parametric study was conducted using 144 simulated beams to figure out
the key parameters that affect the moment redistribution. The parameters taken into
consideration were the BMF volume fraction (0%, 0.75% and 1.5%), stirrups spacing
(80 mm, 100 mm and 120 mm), and BFRP bars reinforcement ratio (0.6p4, 1.0p5, 1.8p)
and 2.8py).

In addition, statistical regression analysis was performed using Minitab 17 software to
generate a formula for calculating the moment redistribution.

The FE results showed a significant improvement in the moment redistribution when
both top and bottom reinforcement are over-reinforced. Also, the results showed that
BMFs have positive effect on the moment redistribution. On the other hand, it revealed

that there is no significant effects of stirrups spacing on the moment redistribution.
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CHAPTER 1: INTRODUCTION

Reinforced concrete (RC) structures are often subjected to harsh or marine
environments during the normal operation of the building. The response of the building
under these environments requires full protection against corrosion. Generally, the
corrosion can take place when the salts penetrate the member through the cracks with
the availability of oxygen and moisture at which it will attach the steel reinforcement
and deteriorate the structure. Although, adequate corrosion resistance can be achieved
by selecting an appropriate cover to the members; however, the cracks that formulate
after the curing period will cause the moisture and oxygen to contact the steel
reinforcement, and thereby, the corrosion will attack the steel reinforcement.
Traditionally, epoxy coating is applied on the steel reinforcement to resist the corrosion;
however, the corrosion could not be fully eliminated. This was the major reason for the
drawbacks of using steel reinforcement in the members subjected to the marine
environment and replace it with new composite materials like fiber reinforcement
polymers (FRP) composites. FRP reinforcement has several advantages such as
corrosion resistance, 25% less in weight and ease of manufacture (Cai, Pan, & Zhou,
2017).

FRPs can be used in different applications such as internal reinforcement in new
members, strengthening and retrofitting of existing or failure members and also as FRP
macro-fibers (Mostafa & Razaqpur, 2017) and (Cai et al., 2017). Previous researches
investigated the use of the FRP as internal and strengthening reinforcement for simply
supported beams. However, few researchers have studied the behavior of RC
continuous beams.

Basalt fiber reinforced polymers (BFRP) is a new type of fiber that is made by melting

the igneous rock at 1400 °c. Basalt fiber can be available in many forms such as bars,



mesh and chopped fiber. It is a nontoxic and environmentally safe material. Previous
studied showed that mixing basalt macro-fiber (BMF) with concrete has several
advantages such as reducing the crack width, increasing tensile strength, and increasing
the concrete rebar bonding. Mixing BMF mini bar with concrete is going smoothly
more than other types of fiber due to the higher density that BMF has which is close to
the concrete density (Adhikari, 2013) and (Patnaik, Miller, Adhikari, & Standal, 2013).
The analysis and design procedure for the FRP members are different than the steel
reinforcement due to the difference in the mechanical properties such as young
modulus, yielding stress, stress-strain diagram, etc. (Adam, Said, Mahmoud, &
Shanour, 2015). The lower young modules that FRPs have cause higher deflection in
FRP members compared to the steel member. One solution of this is to use steel stirrups
in the FRP reinforced concrete beam (Cai et al., 2017). Bending FRP bars is not
recommended because 16 to 75% of the strength will be reduced in the FRP bent bars
(Imjai, Guadagnini, & Pilakoutas, 2017).

The most widely approach for designing RC beams is based on assuming the concrete
and reinforcement materials will act as elastic material until yielding of the
reinforcement. Before yielding, the beam’s sections will have constant flexural
stiffness. However, the flexural stiffness depends on the cracks and when the cracks
form on the member, the member will start acting as a non-linear element. Not all
sections will yield and crack at the same time and what exactly happen is the if the
section cracks and has sufficient rotational capacity, plastic hinge will be formed, and
the moments will be redistributed from low stiffness to high stiffness sections. It allows
the members to be more elastic and give a warning before failure. It also helps in
reducing the congestion area of rebar in the beam-column connection (Kara & Ashour,

2013). Several standards and design codes provide guidance in redistributing the



moments between hogging and sagging sections in continuous beams reinforced with
steel bars. However, most of the design codes and standards are not recommending
moment redistribution in continuous beams reinforced with FRP bars (CSA, 2012),
(ACI Committee 440, 2015) and (ISIS CANADA, 2007). This is because of the linear
elastic behavior of the FRP bars.

The primary focus of this study is to develop and validate a proposed numerical model
using the finite element method (FEM) to predict accurately the moment redistribution
in fiber reinforced continuous beams reinforced with BFRP bars. The model was
simulated using a nonlinear FEM software ABAQUS 6-14. It was verified using
previous experimental results obtained from Qatar University structural lab. The model
was used to perform an extensive parametric study to investigate the factors that affect
the moment redistribution of FRC continuous beams. The studied parameters were

BFRP bars reinforcement ratios (0.6p5,, 1.0p¢p,, 1.8 pf, and 2.8 pgp), BMF volume
fraction (0%, 0.75% and 1.5%) and stirrups spacing (80 mm, 100 mm and 120 mm).

1.1 Research Significance

Nowadays, Qatar is building major structures in the areas where the water level is high
such as Doha Metro, Lusail, Katara, the Pearl, etc. These projects will have a high
possibility of deterioration due to the steel corrosion. Therefore, it is the time to replace
the steel reinforcement by the non-corrosive FRPs reinforcement. This study has highly
beneficial to Qatar because it will help in saving the maintenance cost, increase the
projects lifecycle and eliminating the corrosion problem. Also, it will provide a clear
picture on the possibility of the moment redistribution in fiber reinforced concrete
continuous beams reinforced with BFRP bars.

The success of the project and replacing the steel reinforcement with the non-corrosive

BFRP bars will help Qatar a lot in the remaining construction projects.



To the best of the authors’ knowledge, this thesis on the moment redistribution of fiber
reinforced concrete continuous beams with basalt FRP bars will be the first study to
investigate numerically the moment redistribution between the critical sections in fiber

reinforced concrete (FRC) continuous beams reinforced with BFRP bars.

1.2 Research Objectives

The principle purpose of the present thesis is to develop a FE model to investigate the
impact of replacing the steel reinforcement by BFRP reinforcement in redistributing the
moments between hogging and sagging sections in FRC continuous beams reinforced
with BFRP bars. The objectives of this study are:

- Developing and verifying a FE model based on a plane stress element that can
assist in prediction the moment redistribution in fiber reinforced concrete
continuous beams reinforced with BFRP bars.

- Use the developed FE model to perform a parametric study to investigate the
effect of different parameters such as BFRP bars reinforcement ratios, BMF
volume fractions and stirrups spacings on the flexural strength and moment
redistribution.

- Conduct statistical regression analysis to generate a linear model that can
predict the moment redistribution in FRC continuous beams reinforced with

BFRP bars without performing FE analysis.



1.3 Thesis Organization

This thesis contains seven chapters arranged as the following:
Chapter 1: It includes the introduction, research significance and research objectives.

Chapter 2: It contains a summary of the previous studies related to the topic of this

thesis.

Chapter 3: It includes the problem description, finite element modeling procedure and

Preliminarily study used to select the mesh size.

Chapter 4: It covers the finite element modeling verification with the experimental

data.
Chapter 5: It describes the parametric study conducted in this study

Chapter 6: It includes the results and discussion and the regression analysis of this

study.

Chapter 7: It presents summary and conclusions of the study and recommendations for

the future work.



CHAPTER 2: LITERATURE REVIEW

Through the past years, the behavior of continuous concrete beams reinforced with steel
bars has been investigated in many studies. Nevertheless, few studies were done to
investigate the flexural behavior and moment redistribution on continuous concrete
beams reinforced with FRP bars. This had led to no recommendation on moment
redistribution on RC continuous beams reinforced with FRP bars on the existing design
standards (CSA, 2012), (ACI Committee 440, 2015) and (1ISIS CANADA, 2007).

In this chapter, a summary of BFRP material characteristics will be reviewed, then the
studies that investigated the flexural behavior of FRP beam will be shown. This will be
followed by the studies that are investigating the moment redistribution in RC
continuous beams reinforced with traditional steel and FRP bars, respectively.

Moreover, a FEM verification in previous studies will be shown.

2.1 Material Properties and Characteristics of BFRP Composites

BFRP composites are produced from basalt rocks which are melt at 1400 °c. In addition,
they are non-toxic and considered to be an environmentally safe material. It has high
stability and insulation characteristics. BFRP bars have been recently used as an
alternative to the steel reinforcement. The fundamental researches to establish design
code and guideline is still under investigating, unlike other types of fiber such as carbon
and glass fiber. Moreover, they have many advantages such as light-weight and easy
handling, high tensile strength, high versatile and increasing the member lifecycle.
Compared to the steel reinforcement, BFRP bars have linear elastic behavior with brittle
failure, low strain at failure and low modulus of elasticity (High, Seliem, El-Safty, &
Rizkalla, 2015).

Chopped fiber can be mixed randomly with the concrete to enhance the shortcomings

properties of the concrete such as low tensile strength, brittle failure and wider cracks.



Although the pore structure of the concrete can be improved by using the traditional
admixtures such as silica fume. However, the high cost and possibility of concrete
shrinkage made researchers to think about an alternative for the traditional admixtures.
The first use of fiber reinforced concrete (FRC) was in 1998. Advantages of FRC are
their high strength with a high elastic modulus, high thermal stability, chemical
stability, good sound insulation and electrical characteristic. It is recommended to use
more that 2% chopped fiber to obtain strain hardening behavior of the concrete while,
lower than 2% is recommended to be used in the applications where there is
requirement of high energy absorption, spalling and fatigue, impact resistance, and
fracture toughness of the concrete (Ayub, Shafiq, & Nuruddin, 2014).

(Ayub et al., 2014) conducted experimental tests on 12 specimens with 73 to 85 MPa
compressive strength and 0 to 3% BMF. The aim of the study was to investigate the
mechanical properties of the FRC such as compressive strength (both cubes and
cylinders), splitting tensile strength, and the flexural strength. The compressive strength
for the three samples was not affected more than + 4% compared to the average
compressive strength. The strain capacity was significantly increased by 4.76%, 9.99
and 12.2% for 1%, 2% and 3%, BMF, respectively. Concrete Post peak behavior in the
stress-strain diagram improved by adding the BMF. In addition, the tensile splitting
strength significantly increased by increasing the BMF and the average increase for the
3 groups were 1.64%, 5.27%, and 23.95% for 1%, 2% and 3% BMF, respectively. The
flexural behavior increased considerably by 18.15%, 36.12% and 27.17% for 1%, 2%
and 3% BMF, respectively. The reduction on the flexural strength for the 3% BMF

specimen took place due to the extra water demand needed for this group.



2.2 Flexural Performance of Simply Supported RC Beams Reinforced with FRP

Bars

(Cai et al., 2017) carried out a study on 18 beams with different compression strengths,
tension strains, tension strengths and longitudinal BFRP reinforcement ratios. The
objective of their study was to investigate the flexural behavior of BFRP engineered
cementitious composite (ECC) beams. It was found that the ultimate strength of the
beams increases linearly with increasing all variables except the tension strength of
ECC which caused 1.5% increment in the ultimate strength. In addition, it was found
that the ultimate deflection increases with increasing the compressive strength and
tension strain of ECC and had no relation with the ultimate stress. Moreover, increasing
the reinforcement ratio had changed the failure mode and had decreased the ultimate
strength.

(Adam et al., 2015) carried out a parametric study on 10 beams to investigate the
flexural behavior of concrete beams reinforced with glass FRP bars. The parameters
used in this study were the reinforcement ratio and compressive strength. The test
results showed that with increasing the reinforcement ratio, the crack width and the
mid-span deflection were significantly decreasing and when the reinforcement ratio
increased to 270%, the ultimate load increased to 97%. When the compressive strength
increased to 45 MPa and 70 MPa, the cracking width decreased to 52%, and 80%,
respectively.

(Pawlowski & Szumigata, 2015) carried out a parametric study on 30 beams to study
the flexural behavior of BFRP beams with different reinforcement ratios. It was shown
that the reinforcement ratio has an effect on the flexural strength and the failure mode.
Also, it is shown that the deflection increased with decreasing of the reinforcement
ratio, while the ultimate loads and stiffness increased with increasing the reinforcement

ratio.



2.3 Performance of Continuous Beams Reinforced with Steel Bars

Many researchers investigated the parameters that affect the performance and the
moment redistribution of continuous beams reinforced with steel bars. It is worthy to
mention that the first study on the moment redistribution was conducted by Glanville
and Thomas in 1935 as reported by (Park, Park, & Paulay, 1975). In the following
sections, different parameters affecting the maximum curvature, ductility, moment
redistribution will be discussed.
2.3.1 Reinforcement Ratio

The reinforcement ratio parameter started with (Park et al., 1975). (Park et al., 1975)
studied the relation between the moment-curvature and reinforcement ratios for both
compressive and tensile failure modes. The study was concluded that the maximum
curvature for the compressive failure beams decreased due to the ductility lost in these
beams. However, this was not the case for the tensile failure beams. On the effect of
reinforcement ratios, it was concluded that increasing the compressive reinforcement
can improve the maximum curvature, while increasing the tensile reinforcement will
decrease the maximum curvature.
(Lin & Chien, 2000) studied the effect of different reinforcement ratios on the moment
redistribution of RC continuous beams reinforced with steel reinforcement. The study
aimed to obtain a formula to calculate the moment redistribution. They showed that the
ductility and moment redistribution can be effectively active by increasing bottom
reinforcement and decreasing top reinforcement.

2.3.2 Concrete Compressive Strength
(Lopes & Bernardo, 2003) studied the plastic rotation on high strength concrete beams.
The objective of their study was to verify if the high strength concrete can provide the

ductility of the structure. They concluded that plastic tendency of the beams increases



with increasing the concrete compressive strength because the neutral axis decreases at
failure as the compressive strength increases.
2.3.3 Sample Size

(Carpinteri, Corrado, Paggi, & Mancini, 2009) simulated a model to study the sample
size effect on the ductility of the reinforced concrete elements. They concluded that the
beams behavior tends to be more brittle with increasing the beams depth.

2.3.4 Moment Redistribution
(Ernst, 1958) studied the moments and forces distribution after the first yielding in
continuous beams. He concluded that all beams have the same behavior in moments
and forces distribution.
(Kodur & Campbell, 1996) conducted a nonlinear FE analysis on a continuous
prestressed concrete beam. The aim of their study was to investigate the beams
moments redistribution. They have derived several conclusions about the moment
redistribution such as moment redistribution can be increased with increasing the beam
stiffness, moment redistribution can be decreased with increasing the neutral axis depth
to effective depth (c/d) at the support section, moment redistribution decreases when
the span length to effective thickness (1/d) is increasing.
(Jedrzejczak & Knauff, 2002) conducted a study on moment distribution between the
critical sections. They showed the moment redistribution depends on the order of the
cracks and not necessary to move from hogging to sagging sections.
(Do Carmo & Lopes, 2006) have investigated analytically the parameters that affect the
moment redistribution on continuous beams reinforced with traditional steel
reinforcement. The parameters studied are the structural type, type of load, compressive
strength, and slenderness of the beam. It was concluded that higher plastic rotation can

be achieved by higher compressive strength. Plastic rotation for the concentrated load
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is less than the uniformly distributed load. Beams that have two-spans have less plastic-
rotation than the higher number of spans. The plastic rotation increases with higher span
to depth ratio.
(Piotr & Krzysztof, 2017) conducted an experimental study to investigate the moment
redistribution on continuous beams reinforced with steel bars, they concluded that the
direction of the moment is not constant, and some beams experienced an inverse
moment redistribution.
(Bagge, O’Connor, Elfgren, & Pedersen, 2014) conducted an experimental study on 12
beams. The objective of the study was to investigate the influence of longitudinal and
transverse reinforcement ratios, and the concrete strength on the continuous beams
reinforced with steel bars. They concluded that increasing the tensile reinforcement will
cause a reduction in moment redistribution and may redistribute the moment before
steel yielding. However, the transverse reinforcement did not show a significant effect
on the studied beams. Moreover, they concluded that increasing concrete strength can
increase the moment redistribution.

2.3.5 Design Codes for Moment Redistribution
Euro code (EN, 2004) stated the condition in which the rotation angle in the concrete

sections can be ignored. To implement this, the redistribution coefficient § shall be:
§>044+125for f'c <50MPa

§>056+133>forf'c >50MPa

Where:

6 is the ratio between the redistributed bending moment to linear elastic bending

. . M istri X . - - .
moment which is equal to —redistributed = js the relative height of the compressive zone.

linear elastic

Standards such as (EN, 2004) and (ACI 318-08) are allowing to use linear elastic

analysis with limited moment redistribution at ultimate limit state. The allowable
11



moment redistribution is different from code to another; in Eurocode and Canadian

standards, moment redistribution is a function of the ratio of the compressive strength
to effective depth ;—(, but in American code, it function of the strain in the tensile

reinforcement in which €., > 0.0075, Eurocode is limiting the moment redistribution

up to 30% while it is limited to 20% in the American and Canadian standards.

2.4 Behavior of Continuous Beams Reinforced with FRP bars

As shown in the previous section, continuous beams can redistribute the forces between
the critical sections due to ductility property of the steel which is not applicable in the
FRP reinforcement, i.e., FRP reinforcement stress-strain relationship is linear up to
failure, which is the reason of not recommending moment redistribution in design codes
and standards of FRP beams.

(Tezuka, Ochiai, Tottori, & Sato, 1995) did an experimental and numerical work on RC
beams reinforced by FRP or steel bars or pretensioned wire. The aim of their study was
to determine the moment redistribution in RC continuous beams. The beams length was
4400 mm with a cross section of 120 x 200 mm. The parameters used in this study were
reinforcement type such as Aramid FRP, Glass FRP, steel prestressing wire. The
outcomes of this study were: the moment redistribution obtained from the AFRP and
CFRP beams were 14.1% and 29.7%, respectively.

(Grace, Soliman, Abdel-Sayed, & Saleh, 1998) conducted an experimental study to
investigate the performance and elasticity of RC beams reinforced with FRP and steel
bars. The reinforcement type used were steel, carbon fiber reinforced polymers (CFRP),
and glass fiber reinforced polymers (GFRP). They concluded that by using GFRP
transverse reinforcement, the shear deformation and deflection will increase. In
addition, using GFRP stirrups will change the failure mode from flexural failure to

shear failure or flexural shear failure. In general, it was found that the beams that are
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reinforced with FRP are experiencing more deflection than the than beams that are
reinforced with steel reinforcement.

(Razagpur & Mostofinejad, 1999) conducted an experimental study on the shear
behavior of continuous beams reinforced with CFRP and steel shear reinforcement. The
objective of the study was to test the ability to use FRP material in the transverse
reinforcement. They concluded that CFRP reinforcement has the same performance of
steel reinforcement in shear behavior. Moreover, they found that 80% of the beam’s
strength has been retained when over-reinforcement is used which means that FRP bars
may have some ductility in this condition.

(Habeeb & Ashour, 2008) investigated the flexural behavior of continuous beams
reinforced with steel or GFRP bars and steel stirrups. For the beams that have top
reinforcement ratio less than bottom reinforcement ratio, moment redistribution was
observed. The beams which were reinforced with GFRP reinforcement have wider
cracks than the beams reinforced with steel reinforcement. The load capacity was not
significantly affected by increasing the top reinforcement. However, it was improved
with increasing the bottom reinforcement. The deflection values were compared against
the equations established in (ACI Committee 440, 2015) and a good agreement was
obtained in the comparison.

(Gravina & Smith, 2008) investigated analytically the moment redistribution and cracks
in continuous beams reinforced with FRP and steel bars. The parameters studied were
steel with different ductility type, CFRP and GFRP bars, ribbed or grain FRP bars. Top
and bottom sections were reinforced with the same amount of reinforcements. The
effect of grain FRP type was negligible which is an indication of the independence
between load and the bond. However, the beams which reinforced with grain coated

bars experienced fewer cracks than the ribbed reinforcement. The moment’s ratio
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between the two sections was slightly increased then stopped in FRP beam; hence, in
the steel beams, it was not stopped due to steel ductility. FRP beams experienced more
deflection than the steel beams which resulted in more rotational capacity.

(El-Mogy, El-Ragaby, & El-Salakawy, 2010) investigated the flexural behavior of
continuous concrete beams reinforced with FRP bars. Four beams with a dimension of
200 x 300 mm over two spans each span is 2800 mm have been tested. The parameters
studied were reinforcement type and the longitudinal reinforcement ratios. Two beams
reinforced with GFRP, one with CFRP, and one with steel reinforcement for
comparison purpose. The study outcomes were increasing GFRP at the mid-span will
decrease the mid-span displacement. It was observed also that moment was
redistributed in the steel beams before yielding. For the GFRP and CFRP beams, it was
found that 23% and 42% of the moment were transferred to mid-span sections,
respectively. In the second beam where it was reinforced with GFRP, top reinforcement
ratio was increased which caused inverse moment redistribution. They concluded that
designing a beam with 20% moment redistribution will not affect the performance in
service and ultimate states.

(EI-Mogy, El-Ragaby, & El-Salakawy, 2011) published an article discussing the effect
of transverse reinforcement on flexural behavior of continuous concrete beams
reinforced with FRP bars. Seven beams have been investigated up to failure. Six of
them were reinforced with GFRP as longitudinal reinforcement, while one was
reinforced with steel reinforcement. The beams have a dimension of 200 x 300 mm
over two spans each is 2800 mm. GFRP and steel bars were used in transverse
reinforcement. All beams were designed for 20% moment redistribution. It was shown

that the beams have moment redistribution values from 23% to 33%. It was observed

14



also that the moment redistribution can be improved by decreasing the transverse
reinforcement spacing.

(Kara & Ashour, 2013) conducted an experimental study on RC continuous beam
reinforced by FRP reinforcement to study the moment redistribution. They concluded
that the failure for under-reinforced FRP sections was sudden and there was no
possibility of moment redistribution. On the other hand, over-reinforced sections
experienced the same failure, but with higher curvature at failure.

(Lou, Lopes, & Lopes, 2015) conducted a study to investigate the effect of neutral axis
depth on the moment redistribution. The FRP types used are GFRP and CFRP. The
position of neutral axis before cracking was not changed and the change of curvature
with the change of neutral axis is negligible. However, after cracking, the neutral axis
depth decreased and tended to stabilize with stabilization of cracks and the change of
neutral axis with the curvature was started very fast and then slowed down. This
movement depends on the elastic modulus and ductile characteristic of the
reinforcement. Steel beams were slower than FRP beams before yielding and much
faster after yielding. The moment started to redistribute when the first crack occurred
in the middle support. GFRP beams experienced higher moment redistribution than the
CFRP beams.

(Rahman, Mahmoud, & El-Salakawy, 2016) conducted an experimental study to
investigate the performance of the continuous RC beams reinforced with GFRP and
steel bars. Seven T-beams were studied. It was noticed from the tests that prior to first
cracking load, the end reaction is equal to the elastic theory reaction. The beam
reinforced with steel bars experienced 17.1% moment redistribution before yielding.
After the steel yielded, the moment redistribution was decreased to 10.1% at the failure

load. The beams which were designed not to redistribute the moments resulted in 4.8
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to 5.7% moment redistribution at the failure load. The beams which were designed to
have 15% moment redistribution resulted in 7.2 to 15.2 % moment redistribution at the
design load and 8.2 to 23.3% moment redistribution at the failure load. They have
concluded that more lateral reinforcement in the flange will increase the flexural
stiffness of the sagging section and will increase the moment redistribution. They
showed also, the transverse reinforcement effect on the moment redistribution.
(Rahman, Mahmoud, & El-Salakawy, 2017) investigated the unsymmetrical loading on
moment redistribution in RC continuous beams reinforced by GFRP reinforcement. Six
beams had been studied up to failure. Three loading conditions were considered. The
First condition, loading both spans equally, the second condition, loading both spans
with a ratio of 1.5 and the third condition, loading one span only. The beams tested
under symmetrical load exhibited a higher percentage of moment redistribution than
the same beams tested under 1.5 loading ratio. This is because of the high crack at the
middle support under symmetrical loading condition. In the case of unsymmetrical
loading, the high load span had less crack width, strain, and deflection. The beams with
one load only experienced similar behavior of symmetrically loaded beams.
2.4.1 Design Codes for Moment Redistribution in FRP beams

Flexural design formulas can be found in Canadian code (CSA, 2012) and American
code (ACI Committee 440, 2015). However, they are not allowing for moment

redistribution in FRP beams.

2.5 Finite Element Modeling Verification.

(Cai et al., 2017) carried out a nonlinear finite element model using ATENA software
to study the flexural behavior of the beams reinforced with steel and BFRB bars. In
their model, concrete was designed as quasi-brittle and both cracks and crash will be

under tension and compression loads. Concrete cracking and crushing were simulated
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by employing the rankine failure criterion and Menetrey-Willam failure. The steel and
BFRP bars were modeled as discrete reinforcing bars in the form of truss element and
1D reinforcement material. The bond between the concrete and BFRP was incorporated
due to the brittle effect of the concrete. To validate the model, four beams were tested
experimentally and compared with the FE model. The comparison was in terms of the
ultimate load, loads versus deflection and failure mode. The load capacities gave a
maximum ratio of 1.06.

(Adam et al., 2015) carried out a nonlinear FEM by the nonlinear software ANSYS. A
comparison to validate the model was done between experimental results and FE model
in terms of ultimate loads, first cracking load and maximum deflection. The crack
locations and directions that was predicted by ANSYS met with the experimental
results.

The cracking loads and ultimate strength values from ANSYS and from the
experimental results were close, the crack loads ratio vary between 0.82 to 1.16, and
the ultimate strength ratio vary between from 0.81 to 1.06.

(Mostafa & Razaqpur, 2017) carried out a nonlinear finite element model for the FRP-
retrofitted beams in flexure using the nonlinear software LS-DYNA. The study was to
predict the debonding load, shear stresses, and strain after verifying the model. A
comparison to validate the model was done between test results and the FE model in
terms of delamination loads and mid-span deflection. The delamination load ratios
varies from 0.89 to 1.16 and the mid-span deflection ratios values vary from 0.76 to
1.73.

(Pawlowski & Szumigata, 2015) carried out a nonlinear FE model by the nonlinear
software ABAQUS to study the failure mechanism, deflection, and ductility of a simply

supported beam. The applied loads were in displacement control mode with a
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displacement rate of 1.0 mm/min. Concrete damaged plasticity (CDP) was assumed for
the concrete which is based on brittle-plastic degradation model. Linear elastic isotropic
material was assumed for BFRP reinforcement while the steel reinforcement was
assumed as linear elastic isotropic. The reinforcements were modeled as 2-nodes truss
elements embedded in 4-nodes element of plane stress. A comparison to validate the
model was done between test results and FE model in terms of load-midspan deflection
curves and the predicted values agree with experimental values.

(Metwally, 2017) carried out a nonlinear FE model to simulate deep beams reinforced
with GFRP bars. The objective of the study was to investigate the failure mechanism,
deflection, and ductility of a simply supported beam. In the FE model, concrete was
modeled by CDP. GFRP reinforcement was simulated as elastic isotropic 1D material
until failure using 3D 2 nodes first order truss elements. All the elements in the model
have the same size of the mesh to ensure that any material shares the same node. Full
bond was assumed between GFRP and the concrete. The FE model was verified using
load-deflection response. It showed that the FE model gives stiffer results than the
experimental results because of the micro-crack which shown in the lab and neglected
in the software. The mean ratio of the experimental diagonal crack to the numerical
model is 0.99. Failure mode was accurately predicted and it was matching the

experimental results.
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CHAPTER 3: FINITE ELEMENT MODELING PROCEDURES
In this study, the objective was to generate a FE model that simulates all characteristics
of FRC beam reinforced with BFRP bars. The model was employed to perform a
parametric study to study the effect of different parameters on the moment
redistribution of continuous beams reinforced with BFRP bars using the ABAQUS 6-
14 nonlinear FE software. The modeling procedures used in this study is reported in the
following sections. The results obtained by the FE model was compared with the
experimental results which were collected from Qatar University lab as it will be shown

in Chapter 4.

3.1 Model Description

All the modeled beams have a rectangular cross section of 200 x 300 mm with a total
length of 4000 mm and clear span of 3600 mm. The beams were modeled as a
continuous beam over two spans each one is 1800 mm. The loading was simulated as
an equal concentrated load at the middle of each span. BFRP reinforcement was
simulated for the flexural reinforcement, while regular steel was simulated for the
transverse reinforcement. The FRC was modeled by merging BMF properties in the
concrete properties. The geometry and dimension of the simulated beams are shown in

Figure 1.
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Figure 1: Geometry and dimensions of modeled beams
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3.2 Problem Description

The equivalent elastic shear force and bending moment diagrams for the modeled

beams which are continuous over two spans and loaded at each mid-span with a value

of P kN are shown in Figure 2.
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Figure 2: Elastic bending moment and shear force diagrams for the modeled beams

As shown in Figure 2, the moment at the hogging section is higher than the moment at
the sagging section. However, when the beam is loaded and the first crack occurred,
the moments between hogging and sagging sections will start to redistribute from the

lower stiffness section to the higher stiffness section as shown in Figure 3.
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Figure 3: Elastic and actual bending moment diagram for the modeled beams

The redistribution procedures are available in the design codes for the RC beams
reinforced with steel bars, but it is still under investigation for the beams that are

reinforced with FRP bars because of the brittle material property of the FRP bars.

3.3 Materials Modeling
3.3.1 Concrete Element

FRC was modeled using two dimensional four nodes solid and homogeneous element.
Concrete Damage Plasticity (CDP) provided by ABAQUS 6-14 was adopted to model
the concrete. The nonlinear behavior was simulated using the stress-strain relationship
governed by equation 3. The concrete compressive strength (f'c) used in this model
was equal to 50 GPa for all modeled beams. The properties of CDP model are that it
can represent the inelastic behavior of concrete. Moreover, it is applicable for plain and
reinforced members. In addition, it can model the monotonic, cyclic and dynamic
loading, and it allows for the stiffness recovery effects at the loading stage. The two
main failure conditions for this model are compressive crushing and tensile cracking

(Abaqus 6-14).
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Figure 4: Concrete unloading response at different stages (Jason, Pijaudier-Cabot,

Huerta, & Ghavamian, 2004)

Figure 4 shows the concrete unloading response of a) elastic plastic damage, b) elastic
and c) plastic models. A shown in 4b, we can see the zero stress is corresponding to
zero strain, which is underestimating the damage. On the other hand, when elastic
plastic relation is used, the unloading curve will follow the elastic slope which
represents an overestimated value of strain as shown in the Figure 6¢c. However, the
CDP model combines the previous two behavior and it captures the actual unloading

curve as shown in Figure 6a (Jason et al., 2004)
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Figure 5: Concrete response to uniaxial loading in tension (Systemes, 2013)

As presented in Figure 5, the concrete tensile response will follow a linear elastic
relation until the stress is reached to the failure stress, o,,. After this point, the elastic
stress strain relationship will be converted to stress versus inelastic strain. At the
inelastic region, if the concrete specimen is unloaded, the unloading response will be
affected by the tension damage, d, causing plastic strain, & ‘. The damage parameter
has a value from zero to one in which zero represents no damage and 1 represents a full

damage.
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Figure 6: Concrete response to uniaxial loading in compression (Systémes, 2013)

As shown in Figure 6, the compression stress-strain diagram will follow a linear elastic
relation until the stress is reached to the initial yield stress, o.y. After this point, the
stress strain relationship will be converted to stress versus inelastic strain. At the
inelastic curve, if the concrete specimen is unloaded, the unloading response will be
affected by the compression damage, d. causing plastic strain, &? ‘. The damage
parameter has a value from zero to one in which zero represents no damage and 1
represents a full damage. In both tension and compression, the CDP assumes the
reduction of the initial modulus of elasticity is governed by:
E=(1-d)Eo. Q)
Where, d is the damage parameter and E, is the initial modulus of elasticity.
The parameters that need to be defined in plasticity CDP are:

1. Poisson’s ratio v which control the volume change for the inelastic behavior. In

this study, v was assumed to be 0.18.

2. Angle of dilation ¢ which control the plastic strain developed during plastic

shearing. In this study, the default value of 20 was assumed.
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Eccentricity € which is the eccentricity of the plastic potential surface with

default value of 0.1. In this study, the default value was used.

The ratio of initial biaxial compressive to initial uniaxial compressive yield

stress, obo/ oco with default value of 1.16. In this study, the defult value was

used.

The ratio of second tensile stress to compressive stress K¢ with a default value

of 0.67. In this study, the defult value was used.
Concrete density p which was assumed to be 2.5 %

Modulus of Elasticity E:

In this model, the following formula is used to calculate modulus of elasticity E,

E. = (110300 — 400 V;)3/f’c (in MPa) (Ayub, Khan, & Shafig, 2018) (2)

Where:
V¢ is the chopped fiber volume used.

f’c is concrete compressive strength.

Stress-Strain Curves:

FRC stress-strain compressive curve consists of two curves: the ascending

branch and the descending branch. The ascending branch can be predicted using

the following equation (Ayub et al., 2018) ;

nﬁf’c(?—;)
=— %  (in MPa 3
= g (MR O

Where:
fc= concrete stress at any strain (in MPa).

&= concrete strain at stress f.

£op=Maximum strain at f’c.

n= constant contributing the toughness of the stress strain curve.
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B= depends on the shape of experimental stress strain curve and can be

calculated as the following:

’ 3
For control specimens: § = (6];—53) + 2.59 (Ayub etal., 2018) 4)
For FRC specimens: g = ((—lch)) (Ayub et al., 2018) (5)
1_ —_—
Eit

3.3.2 Reinforcement Material

In this study, longitudinal and transverse reinforcements were modeled using a one
dimensional, two nodes truss element. Truss element has been selected because it is
carrying only axial load and it has only one degree of freedom, i.e., displacement
occurred in the direction of the axial load only. Truss element can simulate the
nonlinearity and plastic deformation of the reinforcement. The concrete interaction with
the reinforcement was modeled as an embedded region constraint. Figure 7 shows truss

degree of freedom in 3D.

global node j
local node 2

Figure 7: Truss element used in reinforcement modeling
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1. Steel Reinforcement
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Figure 8: Stress-strain relationship for steel reinforcement material

Steel reinforcement was modeled as an isotropic elastic perfectly plastic stress-strain
relationship as shown in Figure 8. The elastic part is defined using the modulus of
elasticity and poisson’s ratio, while the plastic part is defined using the yield stress and
the inelastic strain. Steel reinforcement was used for all stirrup’s reinforcement. The

mechanical properties of the used steel reinforcement are presented in Table 1.
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Table 1: Mechanical Properties of Steel Reinforcement

Property Value
Poisson’s Ratio 0.3
Modulus of Elasticity (GPa) 195
Yield Strain 0.027
Yield Stress (MPa) 520
Ultimate Stress (MPa) 660

2. BFRP Reinforcement
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Figure 9: Stress-strain relationship for BFRP reinforcement material



BFRP reinforcement was modeled as an elastic linear material up to failure as shown
in Figure 9. The mechanical properties of the used BFRP bars are presented in Table

2.

Table 2: Mechanical Properties of BFRP Bars

Property Value
Poisson’s Ratio 0.18
Modulus of Elasticity (GPa) 50
Ultimate Stress (MPa) 1170
Ultimate Strain 0.023

3.4 Geometric Modeling

Displacement controlled method with a dynamic explicit form was carried out to
investigate the studied beams in the FE software ABAQUS 6-14. The beams were
modeled as 2D 4 nodes elements. The model was converged at a mesh size of 30 mm.
Reinforcement area was modeled by multiplying the actual quantity by the element
area. Perfect bond was assumed between the concrete and the reinforcement. To avoid
any stress concentration under the load, 50 mm under the load was modeled as a rigid
material with a modulus of elasticity = 90 GPa as shown in the brown color in Figure

10. The method of loading was chosen to be enforcing the vertical displacement at a
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rate of 1 mm/step up to failure. The applied load (P) and displacement values were

continually measured at each step.

1mm/step 1mm/step

4 nodes plain stress

concrete element 2 nodes truss
reinforcement

element

Figure 10: 2D view of the modeled beams

As shown in Figure 10, three nodes were added at the supports set. Two for roller
supports and one for the pin support at the middle. The pin support was designed to
have 2 degrees of freedom, while the roller support was designed to have 1 degree of
freedom. In addition, two nodes were added for the loading set at the top mid-span of
each beam. The displacement was measured by adding two nodes in the bottom of each

mid-span which will act as strain gauges.

Figure 11: Simulated locations of supports, loading sets and strain gauges

Sensitivity study was conducted to select the optimal mesh size for the model. Trials
were conducted on one beam using different mesh sizes. The selected range of mesh
was from 10 mm to 50 mm. The selected beam was R2R3 which has 4 ¢ 10 in the top

and 6 ¢ 10 in the bottom. The suitable mesh is the mesh which has high accuracy with
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less nodes and less computational time. So, 30 mm mesh was selected in this model.

The results of the mesh trials are shown in Figure 12.
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Figure 12: Mesh sizes sensitivity study
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CHAPTER 4: FINITE ELEMENT MODEL VERIFICATION
Finite element modeling scheme shown in Chapter 3 can be verified by comparing the
results obtained by the FE model against the experimental results of FRC continuous
beams obtained from Qatar University lab. In this chapter, experimental results will be

used to verify the accuracy of the proposed FE model.

4.1 Experimental Works

A total of 5 beams had been tested at the Qatar University structural lab. The beams
were loaded at five-points with a loading span of 1800 mm. The beams were designed
to have a flexural failure by maintaining the minimum stirrups spacing governed by the
design code. The minimum spacing required to maintain a flexural failure is 120 mm
(d/2). All beams had a cross section of 200 x 300 mm and were continuous over two
spans with a total length of 4000 mm and clear span of 3600 mm. The beams were
loaded as a displacement control loading using the universal testing machine (UTM).
The deflections at each mid-span were reported using LVDT. Strain gauges were used

to measure the strain in concrete and steel (See Figure 13).
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Figure 13: Tested beams at Structural Lab. at Qatar University

The clear cover used in the experiment was 30 mm for all beams with 25 mm spacing
between longitudinal reinforcement. The spacing between the transverse reinforcement
was varying from 80 mm to 120 mm, while all stirrups had been chosen to be 10 mm
diameter. The longitudinal reinforcement had three types, steel, BFRP ribbed bars and
BFRP sand coated bars. The volume of fraction of BMF used in this experiment was

varying from 0% to 1.5%. Table 3 shows the testing matrix of the tested beams.
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Table 3: Testing Matrix of the Tested Beams

Beam Bottom Top Stirrups  %BMF  Longitudinal
No. Reinforcement Reinforcement Spacing Reinforcement
(mm)

1 6 ¢ 10 4410 120 0 BFRP-Ribbed
Bar

2 6 ¢ 10 4¢10 120 0.75 BFRP-Ribbed
Bar

3 410 6¢10 120 0.75 BFRP-Ribbed
Bar

4 4¢ 12 312 120 0.75 Steel

5 6 & 10 4410 120 15 BFRP-Ribbed
Bar

For the verification purpose, all beams were chosen. Beam 1 was selected to verify the
BFRP reinforcement bars. Beam 2 and 3 were selected to verify the different ratios of
longitudinal reinforcement and BMF. Beam 4 was selected to verify the steel
reinforcement. Beam 5 was selected to verify the steel reinforcement and different
ratios of BMF. The comparison was in terms of load-displacement diagram for the

numerical model and the experimental results.

4.2 Stress-Strain Verification

To validate the compressive stress-strain relation in equation 3, the predicted curve was
compared with the experimental values for fiber percentages of 0%, 0.75% and 1.5%,

respectively.
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The results obtained for the 0% FRC with f'c =39.39 MPa are summarized Figure 14.
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Figure 14: Experimental and predicted stress-strain diagram for 0% FRC

As shown in Figure 14, good agreement was achieved between the experimental and
the predicted FRC stress-strain curve governed by equation 3.
The same analysis was done on the 0.75% FRC samples. The predicted stress-strain

curves were drawn and checked with the experimental curve as shown in Figure 15.

36



o
o

o N e gt~ |

30 f----o--emdonooooeoe- AT boooooooooes
W25 por e -----------
P |
D R R e b e
@ i —s—Expernimental results
@ —s—Predicted resulis

10 - i T

Y S N S — AN —

O 1 1 1 :

0 0.0005 0.001 0.0015 0.002 0.0025 0.003

Strain (mm/mm)

Figure 15: Experimental and predicted stress-strain diagram for 0.75% FRC

From Figure 15, the two curves are matching with good agreement. The same formula

was used for the samples of 1.5% FRC and the results obtained are shown in Figure 16.
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Figure 16: Experimental and predicted stress-strain diagram for 1.5% FRC

From Figure 16, there is a good matching between stress-strain curves between the
prediction value and the lab results.

For the descending branch the following formula was used (Ayub & Khan, 2017):

& gcrlimy 1
fo= feumxexp(1=n+01v%) x = =)0 (6)

Where:

feuim and gc¢lim are the stress and strain at 0.96 f'c, respectively.

For the tensile behavior in this study, trial and error were used to obtain the optimum
model.

4.3 Load-Displacement Diagram Verification

As discussed in section 4.1, beams 1, 4, 5, 6 and 10 were chosen for FE verification.
The reaction forces and mid-span deflection values have been calculated at each step
of the analysis. Load-displacement diagrams have been plotted for the five beams and

compared with the experimental results. The chosen beams are summarized in Table 4
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Table 4: Selected Beams for Load-Displacement Diagram Verification with the

Experimental Results

Beam Bottom Top Stirrups  %BMF  Longitudinal
No. Reinforcement Reinforcement Spacing Reinforcement
(mm)

1 6 ¢ 10 4410 120 0 BFRP-Ribbed
Bar

2 6¢ 10 4¢10 120 0.75 BFRP-Ribbed
Bar

3 410 6¢10 120 0.75 BFRP-Ribbed
Bar

4 4¢12 312 120 0.75 Steel

5 6 & 10 4410 120 15 BFRP-Ribbed
Bar

The comparison between the experimental and FE model load-displacement diagrams

at the mid-span is shown in Figure 17.

39



| i i | | | i 400
i i i i i | i
350 f----- Ammmmn femne emmnn rmmnn Fmmmmnn mmmmm | 15
1 1 1 1 1] 1 ‘730 :
= i I i | | i
G o o L L
= : i i '
g 250 fo--o- a-- AL R LR e o Z 250
= i i i | l i %
) i i 1 1 i - i
200 dmmmm e TR S Hi—— —— =
: : : —Experimental results E
150 L.... :L _____ :: ______ i ______ xperimental results | .
100 Vo j ______ :L _____ i ______ i ______ —Predicted results 100
i i | | ; T f
ol e I oo . R I [ 50
1 i i i 1 i i
0 : : : . : 1 . 0
5 10 15 20 25 30 35 40
Displacement (mm) Displacement (mm)
a) Beam# b) Beam#
0 - 500
'L MR (R W ot [RRRY (SRR RS PR
300
100 |------ - - - - i - - - - - - -
250 350
5, Z 300
gmo Z
= = 250
g 15 g
S 150 ! , - =200
) | | ==Experimental results;
____________ 150 - )
100 ] ! ! |=——Experimental results|
! ' | —Predicted results 100 L-
0 ff T T T T T P17 R SR S ¢ | —Predicted results
0 0
0 5 10 15 20 30 35 0 10 1 20 25 30 35
Displacement (mm) Displacement (mm)
c) Beam# d) Beam#
400 T T T T T T
Q P F 7y
B Cagscsss Gisseesiassa st e bt s
300 f------- ponemeed ioaoce e BA L PR frrmnsne
i |
250 foeenn-- NP 1., .o S S (A S I
| I
1| RN, U N S R [ — LLERERE—
g |
T 150 foofofm e _
g ! ! |——Experimental results
=100 Hfeee boneeees
: ! ] I |——Predicted results
L1 /- — I fhzzzasy L disz
i i i i i i
0 | I i i i |
0 5 10 15 20 25 30 35
Displacement (mm)
e) Beam#

Figure 17: Experimental and predicted load-displacement diagrams for all beams

Another verification for the P values in Figure 17 can be done using the analytical
equations provided by (ACI 318-08) for beam 4 and (Rjoub, 2006). The P values can
be calculated using equation 15 while the nominal moments can be calculated using

equation 16-18:

40



_2(2xMt+M™)
L

P

Mnc = Asfy (d - g)

AFTS xbxh?

Mnf = .

Mn,total = Mnc + Mnf

(7)

(8)

(9)

(10)

The results obtained from these analytical are summarized in Table 5

Table 5: Actual Versus Predicted P Values

Beam # Predicted Actual Actual/ Predicted
P (kN) P (kN) P

1 335 344 1.03

2 337 344 1.02

3 316 308 0.97

4 441 450 1.02

5 360 351 0.98

From Figure 17, it is shown that the predicted load-displacement curves are stiffer than

the experimental curves. The reason behind this higher stiffness in FE model is due to

the microcracks in the concrete which is not included in the FE model. For all beams,

there is good agreement in the predicted and measured load-displacement diagrams.

The maximum ratio of experimental-to-predicted ultimate load was 1.03. On the other

hand, the maximum ratio of experimental-to-predicted displacement was 1.09. This

indicates that the FE model which is used for FRC and BFRP bars can capture all the
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behavior of continuous FRC beams reinforced with BFRP bars. The drop in predicted
curve in 17a and 17b is due to the higher number of bottom reinforcement which is
arranged in two layer, three bars in each layer, in which if one fail, the remaining will

continue in carrying the load.
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CHAPTER 5: PARAMETRIC STUDY

The main objective of conducting the parametric study is to investigate the effect of
different parameters on the flexural strength and moment redistribution of a continuous
beam reinforced with BFRP bars. The main parameters taken into consideration were
the BFRP bars reinforcement ratios, volume fraction of BMF and stirrups spacing. The
parametric study was used also to conduct statistical regression analysis to generate a
linear model that can predict the moment redistribution percentages of the beams
reinforced with BFRP bars without performing FE analysis. Every investigated
parameter was changed to cover a wider range that was not studied experimentally or
analytically.

5.1 Longitudinal Reinforcement Ratios

The balanced reinforcement ratio for the FRP bar can be calculated as per (ACI

Committee 440, 2015):

_ fc!  Efécy
psp =0.85p FraErecatern (11)

Also, it can be calculated as per (CSA, 2012):

! 0.0035
— a1B1fc x (12)
Efrpgfrpu (0.0035+8frpu)

Prb

The balanced reinforcement ratios were 0.002605 and 0.002183 as per (ACI Committee
440, 2015) and (CSA, 2012), respectively. The parametric study was chosen based on
the reinforcement ratio as under-reinforcement, balance-reinforcement and over-
reinforcement ratios. 4 levels of reinforcement were selected to monitor the behavior
of the continuous beams. The studied levels have reinforcement ration starting from 0.6

prp 10 2.8 pgy, as shown in the Table 6.
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Table 6: Reinforcement Configuration of Simulated Beams

Code Reinforcement

Pfb pe/ Py pe/ Py

(ACI440.1- (S806-

15) 12)
RO 268 0.00167 0.640 0.593
RL 2¢10 0.00262 1.005 0.930
R2 4¢10 0.00523 2.009 1.860
R3 6410 0.00760 3.013 2.791

A matrix was set to have a combination of these 4 levels of reinforcement ratios as

shown in Table 7

Table 7: Matrix of the Simulated Beams

Top

Reinforcement

Bottom

Reinforcement

RO

R1

R2

R3

RO

RORO

R1RO

R2R0

R3R0O

R1 R2 R3
ROR1 ROR2 ROR3
R1R1 R1R2 R1R3
R2R1 R2R2 R2R3
R3R1 R3R2 R3R3
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As shown in Table 7, the matrix has a combination of 16 beams. The matrix will be

repeated for each investigated variable of stirrups spacing and volume fraction of BMF.

5.2 Stirrups Spacing (SS)

The stirrups chosen for all beams were steel stirrups with a diameter of 10 mm. Flexural
behavior is governed by using ¢ 10 @ 120 mm. The stirrups spacing was changing,
while the diameter was kept 10 mm to separate the effect of stirrups spacing. In this
study, three levels of spacing were used as follow (80 mm, 100 mm and 120 mm).

5.3 Basalt Macro Fiber (BMF) Percentages

Three volume fractions of BMF were chosen to be studied as follow (0%, 0.75% and
1.5%).

The matrix shown in Table 6 which consist of 16 beams was repeated for each
investigated parameter of stirrups spacing and volume fraction of BMF. So, a total of

144 (16 x 3 x 3) beams were modeled and the results are presented in Chapter 6.
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CHAPTER 6: RESULTS AND DISCUSSIONS
The results obtained from the parametric study are presented and discussed throughout
this chapter. As previously mentioned, 144 FRC continuous beams over two spans were
numerically modeled using ABAQUS 6-14 software. The displacement and end
reaction values were recorded in every loading step. The three main effects to be
examined in this study are the volume of fraction of BMF, BFRP reinforcement ratios,
and the stirrups spacing. All the modeled beams were designed to have a flexural failure
by maintaining the minimum transverse reinforcement spacing. The results showed 117
beams failed in compression by concrete crushing while 27 failed in tension by BFRP
rupture. The beams that failed in tension were the group with the following

reinforcement R2R0, R3R0 and R3R1.

6.1 Ultimate Flexural Strength

The effect of three parameters namely, volume of fraction of BMF, stirrups spacing,
and bottom longitudinal reinforcement ratios on the maximum applied load (P) was
investigated. The first two parameters were studied as a combination to investigate if
there is an effect of combining both parameters on the (P) values, while the third

parameter was studied individually.

6.2 Effect of BMF and Stirrups Spacing

In this section, three different BMF volume fractions were investigated: 0%, 0.75% and
1.5%. Also, three stirrups spacing were used: 80 mm, 100 mm and 120 mm. The effect
of these two parameters on the (P) values was studied by dividing the model into sets
based on the top reinforcement. Each set has a specific top reinforcement namely, RO,

R1, R2 and R3, and different values for other parameters.
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6.2.1 Top Reinforcement (R0)

The set that has RO as top reinforcement was the first set being modeled. This set was

modeled with 2 ¢ 8 BFRP bars as the top longitudinal reinforcement, while it has

different values of the other parameters. A total of 36 were modeled in this set as shown

in Table 8:

Table 8: Testing Matrix for RO Set

Beam

No.

Bottom

Reinforcement

Top

Reinforcement

%BMF  Stirrups

Spacing

(mm)

RORO

ROR1

ROR2

ROR3

268

2410

410

6 10

268

268

268

268

0.75

15

0.75

15

0.75

15

0.75

15

80

100

120

80

100

120

80

100

120

80

100

120
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BMF and stirrups spacing effect on the maximum applied load is shown in Figure 18.
In this Figure, it is clear to see that the addition of BMF with different volume fractions
did not contribute in enhancing the (P) values for all the beams regardless of the stirrups
spacing. Also, it is shown that there was no clear trend for the relation between (P)
values with the BMF and stirrups spacing. The conclusion confirmed that the BMF and
stirrups spacing have no effect on (P) when the top reinforcement ratio = 0.6 p,,. The
main role of the stirrups is to resist the shear forces. On the other hand, BMF main role
is to enhance the concrete behavior such as reducing the crack width. This is the reason

behind not getting a significant effect on (p) with different values of stirrups spacing

and BMF.
-RORO -ROR1
250 300
Z 200 % 250
o a
200
Z 150 &
g =80 mmSS 2 150 "80 mmSS
8 100 8
s 2100mmss | 5 109 5100 mm SS
2 s 120 mm SS 3 &5 120 mm SS
0 (]
0 0.75 15 0 0.75 15
%BMF % BMF
ROR2 ROR3
350 400
300 350
z <
= 250 2, 300
a (-8
S5t $ 250
o =80 mmSS S 200 80 mmSS
2 150 2
S 100 mm SS § 150 ® 100 mm SS
T 100 °
8 120 mm SS 100 120 mmS$
50 50
0 0
0 0.75 15 0 0.75 15
% BMF % BMF

Figure 18: Load capacity for different stirrups spacing and BMF percentages for RO

group
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6.2.2 Top Reinforcement (R1)

A similar analysis was conducted on the set that has R1 as top reinforcement. The

modeled beams in this set are shown in Table 9.

Table 9: Testing Matrix for R1 Set

Beam Bottom Top %BMF  Stirrups
No. Reinforcement Reinforcement Spacing
(mm)

0 80
RIRO 268 2 $ 10 0.75 100

15 120

0 80
R1R1 2¢ 10 2910 0.75 100

15 120

0 80
R1R2 4 ¢ 10 2910 0.75 100

15 120

0 80
R1IR3 6¢ 10 2¢ 10 0.75 100

15 120
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As shown in Figure 19, similar results to RO set were observed.
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Figure 19: Load capacity for different stirrups spacing and BMF percentages for R1

group
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6.2.3 Top Reinforcement (R2)

The set that has R2 as top reinforcement were modeled with the similar concept of RO

set. The modeled beams in this set are shown in Table 10.

Table 10: Testing Matrix for R2 Set

Beam

No.

Bottom

Reinforcement

Top

Reinforcement

%BMF  Stirrups

Spacing

(mm)

R2R0O

R2R1

R2R2

R2R3

410

4 ¢ 10

410

6 ¢ 10

2 ¢ 10

2 ¢ 10

2 ¢ 10

2 ¢ 10

0.75

1.5

0.75

1.5

0.75

1.5

0.75
1.5

80

100

120

80

100

120

80

100

120

80

100
120

Figure 20 presents the results to RO set. It can be shown that there is no relation between

stirrups spacing and BMF with the P values regardless of the longitudinal

reinforcement.
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Figure 20: Load capacity for different stirrups spacing and BMF percentages for R2

group
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6.2.4 Top Reinforcement (R3)

The set that has R3 as top reinforcement was modeled with the similar concept of RO

set. The modeled beams in this set are shown in Table 11.

Table 11: Testing Matrix for R3 Set

Beam

No.

Bottom

Reinforcement

Top

Reinforcement

%BMF  Stirrups

Spacing

(mm)

R3R0O

R3R1

R3R2

R3R3

410

4 ¢ 10

410

6 ¢ 10

6 ¢ 10

6 ¢ 10

6 ¢ 10

6 ¢ 10

0.75

1.5

0.75

1.5

0.75

1.5

0.75

1.5

80

100

120

80

100

120

80

100

120

80

100

120
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As expected, Figure 21 shows similar results as the previous sets.

% BMF

% BMF
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Figure 21: Load capacity for different stirrups spacing and BMF percentages for R3

group

6.3 Effect Bottom Reinforcement

In this section, four different bottom reinforcement ratios were investigated to study the

effect of bottom reinforcement ratio on the (P) values. The studied ratios were 0.6 r,

1rs, 1.8 and 2.8y, The model was divided into sets based on the BMF, i.e., each

set has same the BMF volume fraction with different values of other parameters. In

each set, 48 beams were modeled.

6.3.1 Beams with Vigmr = 0%

This set was modeled to have Vismr = 0% with different values of the other parameters.

The effect of increasing the bottom reinforcement is shown in Figure 22. As shown in

Figure 22, it is clear that increasing the bottom reinforcement along all levels of top
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reinforcement had almost linear increment effect on all the ultimate moments of the

modeled beams. The maximum rate of increment was 23% when the bottom

reinforcement increased to R2. This is happened because bottom reinforcement R2 has

over-reinforcement ratio.

RO Top Reinforcement R1 Top Reinforcement

400 400

350 350
£ 300 < 300
$ 250 3250
8 200 80 mmss § 200 580 mmss
8 150 ®100mmss | & 150 5100 mmss
T T
§ 100 120 mmss G 100 #120 mmss

50 50
o
0 0% BMF 0 0% BMF
RO R1 R2 R3 RO R1 R2 R3
Bottom Reinforcement Category Bottom Reinforcement Category
R2 Top Reinforcement R3 Top Reinforcement

400 400

350 350
£ 300 £ 300
a a
% 250 2 250
§zoo W80 mmss Ezoo W80 mmss
8 150 m100mmss | & 150 100 mmss
-1 T
8 100 H120mmss [ § 100 =120 mmss

50 50
0 0% BMF 0 0% BMF
RO R1 R2 R3 RO R1 R2 R3
Bottom Reinforcement Category Bottom Reinforcement Category

Figure 22: Effect of bottom reinforcement for Vi ewmr = 0% set

6.3.2 Beams with Vi gvr = 0.75%

The set that has Vr,emr = 0.75% were modeled with the similar concept of 0% BMF set.

As shown in Figure 23, the rate of increment in this set is equal to 26% which is higher

than the Vs ewr = 0% set.
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Figure 23: Effect of increasing bottom reinforcement for Vismr = 0.75% set

6.3.3 Beams with Vigmr = 1.5%
The set that has Viesmr = 1.5% were modeled with the similar concept of the 0% BMF

set. As shown in Figure 24, the rate of increment is not increasing more that 26% which

is the same rate of increment obtained from Vs emr = 0.75%.
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Figure 24: Effect of increasing bottom reinforcement for Vismr = 1.5% set

6.4 The Moment Redistribution

The moment redistribution of the continuous beams was investigated through the effect
of three parameters namely, BMF volume fraction, stirrups spacing, and longitudinal
reinforcement ratios. The first two parameters were studied as a combination to
investigate if there is an effect of combining both parameters on the moment
redistribution, while the third parameter was studied individually.
6.4.1 Forces and Moments Calculations

As mentioned earlier, three nodes were added at the supports in the FE model to record
the reaction values at each loading step. The recorded reactions have been used in the
calculation of the actual bending moments. In addition, the maximum applied load (P)
before failure was recorded for each beam. The actual moments at the critical sections

can be calculated from the following formulas:

Mid-span Moment = R4 X (g) 9)
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Middle Support Moment = (P X (g)) — RyxL (10)

Where:

R, is the actual end reaction, L is the span length, P is the maximum applied load.
The elastic bending moments at the critical sections for the two spans beams can be
calculated as:

Mumig-span = 0.156 X P X L (11)
Middte-support = 0.188 X P X L (12)

The distribution of the moments is shown in Figure 25.

0.188 P L

R=0.312 P el -

Elastic Bending Moment

------------------------------- Actual Bending Moment

Figure 25: Elastic and actual bending moments

The moment redistribution percentages can be calculated from the following formula:

% Moment Redistribution = (factua™ Melastic y y 100, (13)

actual

Where:

M gastic and My .q,q; @re the elastic and actual moments, respectively.
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6.4.2 Effect of BMF and Stirrups Spacing

In this section, two main parameters were investigated; BMF and stirrups spacing. All
modeled beams in this section were analyzed by dividing the beams into four sets based
on the top reinforcement ratio. Each set had similar top reinforcement ratios with
different values of other parameters. In each set, 36 beams were modeled.
6.4.3 Top Reinforcement (R0)

All the modeled beams in this set had a similar top reinforcement ratio and different
values for the bottom reinforcement ratio, BMF and the stirrups spacing.

The effect of BMF and stirrups spacing on the moment redistribution is shown in Figure
26. In Figure 26, it was found that the effect of BMF is more noticeable than the effect
of stirrups spacing such the 20% increment that was observed when 1.5% of BMF is
added in RORO (120 mm stirrups spacing) beams. However, there was no clear trend on
the relation between the stirrups spacing and the moment redistribution. This is because
the main role of stirrups is to resist the shear forces and they are not contributing to the
flexural behavior. On the other hand, an increment on the moment redistribution was
observed with increasing the bottom reinforcement regardless of the remaining
parameters because as the bottom reinforcement increases, the flexural strength will
increase and will be able carry more loads. The effect of reinforcement ratios on the

moment redistribution will be discussed in section 6.5.
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Figure 26: Moment redistribution for different stirrups spacing and BMF percentages

for RO group

6.4.4 Top Reinforcement (R1)

The set that has R1 as top reinforcement was modeled similar to RO set. As shown in
Figure 27, this set has experienced a significant reduction in the moment redistribution
in all beams compared to the RO set. It is known that when the top reinforcement
increased, the stiffness will increase, therefore, this reduction in the moment
redistribution can be attributed to the stiffness of the top reinforcement. The results
showed also close values of moment redistribution with different stirrups spacing.
However, a better moment redistribution values were noticed with the addition of BMF,
except the beams belong to R1RO has higher stiffness in the top. The maximum
increment was 44% which is corresponding to 1.5% BMF R1R1 (120 mm stirrups

spacing)
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Figure 27: Moment redistribution for different stirrups spacing and BMF percentages

for R1 group

6.4.5 Top Reinforcement (R2)

The set that has R2 as top reinforcement was modeled similar to RO set. As shown in

Figure 28, this set has experienced more reduction in the moment redistribution

compared to RO, R1 sets. The values of the moment redistribution had a sudden jump

after R2R0 and R2R1 beams, which is expected due to the arrangement of the

longitudinal reinforcement and the tension failure that occurred in both. For R2R2 and

R2R3 beams, the results showed an insignificant effect of the stirrups spacing, while it

showed a clear improvement in the moment redistribution with the addition of the BMF.

The maximum increment in the moment redistribution for this set was observed in

R2R3 with120 mm stirrups spacing beams when 1.5% volume fraction is added.
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Figure 28: Moment redistribution for different stirrups spacing and BMF percentages

for R2 group

6.4.6 Top Reinforcement (R3)

The set that has R3 as top reinforcement was modeled similar to RO set. As shown in

Figure 29, this set has experienced more reduction in the moment redistribution

compared to RO, R1, R2 sets. The values of the moment redistribution are the highest

in in the R3R3 beams due to the arrangement of the longitudinal reinforcement. In

R3R3 beams, the results showed an unclear trend in the relation between the stirrups

spacing and moment redistribution, while it showed a significant improvement in the

moment redistribution with the addition of the BMF. It was increased by 35% when

0.75% of BMF was added in the beams that belong to R3R3 and they have 120 mm

stirrups spacing.
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Figure 29: Moment redistribution for different stirrups spacing and BMF percentages

for R3 group

6.5 Effect of Reinforcement Ratios

The effect of the longitudinal reinforcement ratios on the moment redistribution of

BFRP continuous beams is presented in this section. The analysis was conducted by

studying the effect of increasing the reinforcement ratio step-by-step from RO to R3 for

both the bottom and top reinforcement ratios.
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6.5.1 Increasing Bottom Reinforcement from RO to R1

This section aimed to study the effects of increasing the bottom reinforcement from RO

to R1, the modeled beams are listed in Table 12.

Table 12: Testing Matrix for the Studied Beams

From To

RORO ROR1

R1IRO R1R1

R2RO R2R1

R3R0O R3R1

As presented in Tablel1, in each top reinforcement category, the bottom reinforcement

is increasing from RO to R1. The results obtained are summarized in Figure 30.
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Figure 30: Moment redistribution for different stirrups spacing and BMF percentages

for R1 bottom reinforcement

As shown in Figure 30, increasing the bottom reinforcement from RO to R1 resulted in

increasing the moment redistribution up to 77% for all beams except the beams that

have R2 and R3 as top reinforcement, these beams have experienced a dramatic

reduction in the moment redistribution. The reason behind this is believed to be the

tension failure that occurred in R2R0, R3RO0, and R3R1 beams and caused an inverse

moment redistribution.

It was noticed that the rate of reduction and increment is not affected by the stirrups

spacing and volume fraction of BMF. The results led to a conclusion that increasing the

bottom reinforcement has a positive effect on the moment redistribution of the

continuous beams.
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6.5.2 Increasing Top Reinforcement from RO to R1

This section aimed to study the effects of increasing the top reinforcement from RO to

R1, the simulated beams are listed in Table 13.

Table 13: Testing Matrix for the Studied Beams

From To

RORO R1RO

ROR1 R1R1

ROR2 R1R2

ROR3 R1R3

As presented in Table 12, in each bottom reinforcement category, the top reinforcement

is increasing from RO to R1. The results obtained are summarized in Figure 31.
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Figure 31: Moment redistribution for different stirrups spacing and BMF percentages

for R1 top reinforcement

As shown in Figure 31, increasing the top reinforcement from RO to R1 resulted in
decreasing the moment redistribution in all beams. The rate of reduction was less with
higher values of bottom reinforcement because the extra bars added in the bottom
contribute in increasing the stiffness. It was observed that the rate of reduction is not
affected by the stirrups spacing and BMF. A conclusion can be written that when
increasing the top reinforcement ratio and keep the bottom reinforcement ratio constant
will have a negative effect on the moment redistribution of the continuous beams.
6.5.3 Increasing Bottom Reinforcement from R1 to R2

In this section, the increment in the moment redistribution when the bottom
reinforcement is increasing from R1 to R2 will be presented. The modeled beams

covered in this analysis are listed in Table 14.
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Table 14: Testing Matrix of the Studied Beams
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Figure 32: Moment redistribution for different stirrups spacing and BMF percentages

for R2 bottom reinforcement

As shown in Figure 32, increasing the bottom reinforcement from R1 to R2 resulted in
increasing the moment redistribution in all beams. The rate of increment was increasing
with increasing the top reinforcement, except for R3 series. The rate of this series was

less compared to the other series due to the tensile failure of the R3R0 beam. Again,

68



both BMF and stirrups spacing did not show clear a trend with the moment
redistribution.

6.5.4 Increasing Top Reinforcement from R1 to R2
In this section, the change in the moment redistribution when the top reinforcement is
increasing from R1 to R2 will be presented. The modeled beams covered in this analysis

are listed in Table 15.

Table 15: Testing Matrix of the Studied Beams

From To

R1IRO R2RO

R1R1 R2R1

R1IR2 R2R2

R1IR3 R2R3
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The results obtained are summarized in Figure 33.
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Figure 33: Moment redistribution for different stirrups spacing and BMF percentages

for R2 top reinforcement

For the first series, where R1R0 beams were increased to R2R0, the beams failure mode
was changed from compression to tension failure. Hence, the rate of increment in this
series is described in the tensile behavior mode, where the moment is transferring from
sagging to hogging support sections. For the second series, where R1R1 beams were
increased to R2R1, the beams moment redistribution had dramatic reduction due to the
difference in the stiffness between the top parts of R1R1 and R2R1 beams. A positive
increment in the moment redistribution occurred for the third series, where the beam’s
top reinforcement was increasing from R1 to R2. There was a reduction in the moment

redistribution for the fourth series, where beam’s reinforcement was increased from

70



R1R3 to R2R3. This reduction took place due to the top stiffness was increased to an

over reinforced section.

6.5.5 Increasing Bottom Reinforcement from R2 to R3

The aim of this section is to study the effects of increasing the bottom reinforcement

from R2 to R3, the modeled beams are listed in Table 16.

Table 16: Testing Matrix of the Studied Beams

From To

ROR2 RORS3

R1R2 R1R3

R2R2 R2R3

R3R2 R3R3
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The results obtained are summarized in Figure 34.
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Figure 34: Moment redistribution for different stirrups spacing and BMF percentages

for R3 bottom reinforcement

As shown in Figure 34, moment redistribution is increasing with increasing the bottom

reinforcement from R2 to R3 for all values of top reinforcement. BMF and stirrups

spacing parameters did not show any correlation with the moment redistribution.
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6.5.6 Increasing Top Reinforcement from R2 to R3

The aim of this section is to study the effects of increasing the top reinforcement from

R2 to R3, the simulated beams are listed in Table 17.

Table 17: Testing Matrix of The Studied Beams

From To

R2R0O R3RO

R2R1 R3R1

R2R2 R3R2

R2R3 R3R3
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The results obtained are summarized in Figure 35.
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Figure 35:Moment redistribution for different stirrups spacing and BMF percentages

for R3 top reinforcement

For both first and second series, where R2R0 and R2R1 beams were increased to R3R0
and R3R1, respectively, the beams failure mode was changed from compression to
tension failure. Hence, the rate of increment in this series is described in the tensile
behavior mode, where the moment is transferring from sagging to hogging sections.
For the third series, the beams have experienced a reduction in the moment
redistribution due to the increase in the top stiffness. The fourth series showed that
increasing the top reinforcement in R2R3 beams will have very limited effect on the
moment redistribution because both sections are over-reinforced. Again, it can be
concluded that the effective moment redistribution occurs in the beams that have

bottom reinforcement equal to or higher that the top reinforcement.
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6.6 Statistical Analysis of the Results

A multiple linear regression analysis was performed on the moment redistribution
results extracted from FE model. The analysis was performed using Minitab software.
The relationship describing the multiple linear regression is shown in equation 13:
Y = By + B1x1 + foxy + Baxs (13)
Where Y represents the response variable, x1, x2, x3 represent the predictor variables,
and B,, By, B, and [ represent the regression coefficients. The regression coefficients
were estimated by the curve fitting analysis.
Six groups are used to derive the proposed model for the moment redistribution as:

1. Beams that have RO top reinforcement.

2. Beams that have R1 top reinforcement.

3. Beams that have R2 top reinforcement.

4. Beams that have R3 top reinforcement.

5. Combination of beams 1, 2, 3 and 4 including the outliers.

6. Combination of beams 1, 2, 3 and 4 excluding the outliers.

For all groups, the proposed model is a function of volume of fraction of BMF, stirrups

spacing, and reinforcement ratios.
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6.6.1 Top Reinforcement (RO)

In this part, the regression was performed on all the beams that have RO as top

reinforcement. The results obtained are summarized in Table 18 and Figure 36.

Table 18: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept 4.78
BMF 0.5
Spacing 0.025
Bottom

0.03522

Reinforcement
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Figure 36: Residual plot for the moment redistribution of RO set

76



The regression equation for this group can be expressed as shown in equation (14):
%MR = 4.78 + 0.5 FC% + 0.0125 stirrups spacing +
0.0352 bottom reinforcement(14)
The mean square of the error which is variance is equal to 1.072 which is adequate for
the multiple linear regression. R? is equal to 96.14 % which means that the predicted
model is covering 96.14% of the provided data which means highly correlated. From
the normal probability plot, residual is plotted versus percent and it is shown that it is
linear relation which means that the data are perfectly normally distributed in each level
of predictors. From the histogram, it is noticed that the histogram is perfectly drawn
which means that observations are normally distributed in each level of predictors.
From residual versus fitted value diagram, it is shown that the points are randomly
distributed around 0 line which indicates the assumption of linear relationship is valid.
Also, the residual roughly from 0 lines which means the variance of the error is equal.
6.6.2 Top Reinforcement (R1)
In this section, the analysis of the beams that have R1 top reinforcement is presented.

The results obtained are summarized in Table 19 and Figure 37.

Table 19: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept -1.83
BMF 0.389
Spacing 0.0354
Bottom

0.03871

Reinforcement
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Figure 37: Residual plot for the moment redistribution of R1 set

The regression equation for this group can be expressed in equation 15:

%MR = —1.83+0.389 FC% + 0.0354 stirrups spacing

+ 0.03871 bottom reinforcement  (15)

The variance is equal to 4.89 which is higher than the previous section. R? is equal to
86.81 % which means moderately correlated. R? in this group is less than the previous
group due to the dramatic reduction in the moment redistribution in R1RO beams
compared to the other beams in the same group which is shown in normality plot that
the first point is away from the fitting line. The negative value of the intercept can be
interpreted as a reduction on the moment redistribution as discussed in section 6.4.4
which showed that moment redistribution will be decreased if the top reinforcement
ratio increases to balanced reinforcement ratio. From the histogram, it is noticed that
the histogram is drawn with accepted normality which means that observations
normality level is accepted. From the residual versus fitted value diagram, it is shown

that the points are randomly distributed around 0 line which indicates the assumption
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of linear relationship is valid. Also, the residual roughly from 0O lines which means the

variance of the error is equal.

6.6.3 Top Reinforcement (R2)

The analysis of the beams that have R2 top reinforcement is presented in this section.

The results obtained are summarized in Table 20 and Figure 38.

Table 20: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept -1.94
BMF -0.056
Spacing 0.0208
Bottom

0.03342

Reinforcement
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Figure 38: Residual plot for the moment redistribution of R2 set

The regression equation for this group can be expressed in equation 16:

%MR = —1.94 —0.056 FC% + 0.0208 stirrups spacing + 0.03342 bottom reinforcement
(16)

The variance is equal to 8.21 which is higher than the previous two sections. R2is equal
to 74.04% which means slightly correlated. R? is low in this group due to the inverse
moment redistribution in R2R0 beams. From the normal probability plot, it is shown
that many outliers in the best fit line which is affecting the linearity of the model. From
the histogram, it is noticed that the histogram is drawn with less linearity. From residual
versus fitted value diagram, it is shown that the points are not perfectly randomly
distributed around 0 line which indicates that it has a less linear model.

As expected, the intercept for this group was less than the previous groups because in
this group there are R2R0 and R2R1 in which both are causing a reduction in the

moment redistribution.
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6.6.4 R3 Top Reinforcement

The analysis of the beams that have R3 top reinforcement is presented in this section.

The results obtained are summarized in Table 21 and Figure 39.

Table 21: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept 2.12
BMF 0.278
Spacing 0.0292
Bottom

0.01920
Reinforcement
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Figure 39: Residual plot for the moment redistribution of R3 set
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The regression equation for this group is shown in equation 17:
%MR = =212+ 0278 FC% + 0.0292 SS

+ 0.0192 bottom reinforcement @an
As expected, the regression of this group was the lowest in the linearity properties. The
standard deviation is equal to 11. R?is equal to 39.73 % which means that predicted
model is covering only 39.73 % of the provided data which means poorly correlated
due to the inverse moment redistribution in R3R0, R3R1 beams, and opposite
arrangement of the reinforcement in R3R2 beams, i.e., top stiffness is higher than
bottom stiffness.
The positive value of the intercept can be interpreted as the bottom reinforcement
increase, the inverse %MR will decrease. From the normal probability plot, it is shown
that most of the points are outliers which is affecting the linearity of the model. From
the histogram, it is noticed that the histogram is drawn with no linearity. From residual
versus fitted value diagram, it is shown that the points are not randomly distributed

around O line which indicates that it has poor linear model.
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6.6.5 Combination with Outliers

In this section, all values have been combined to generate a linear model, the

coefficients obtained are shown in Table 22 and Figure 40.

Table 22: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept 4.28
BMF 0.278
Spacing 0.0245
Top

-0.0134

Reinforcement

Bottom
0.03164
Reinforcement
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Figure 40: Residual plot for the moment redistribution of combination with outliers
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The regression equation for this group is shown in equation (18):

%MR = 4.28 +0.278 %FC + 0.0245 SS — 0.01343 top reinforcement

+0.03164 bottom reinforcemnt (18)

The R? value obtained in this model is 71.71% which is poorly correlated. Standard
deviation is equal to 9.78. This is because of the reasons mentioned in the previous
sections.

6.6.6 Combination Excluding the Outliers
In this section, R2R0, R3R0, and R3R1 have been eliminated to generate a better model,

the results obtained are shown in Table 23 and Figure 41.

Table 23: Regression Coefficients of the Studied Beams

Coefficient Value
Intercept 3.72
BMF 0.444
Spacing 0.0212
Top

-0.0250

Reinforcement

Bottom
0.04102
Reinforcement
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Residual Plots for Moment Distribution %
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Figure 41: Residual plot for the moment redistribution of combination without

outliers

The regression equation for this group is shown in equation (19):

%MR = 3.72 + 0.444 %FC + 0.0212 SS — 0.02505 top reinforcement + 0.04102 bottom reinforcemnt

(19)

This model has R? value as 87.28% which is moderately correlated. Standard deviation
is equal to 4.87 which is less than the value obtained in section 4.7.2. From the
probability plot, it is clearly shown that the model is linear except for the two outliers
point which related to R1R0 and R2R1. From the histogram, it is clearly shown that the
histogram is drawn with accepted normality which means that observations normally
level is accepted. From residual versus fitted value diagram, it is shown that the points
are randomly distributed around O line which indicates the assumption of linear
relationship is valid. Also, the residual roughly from 0 lines which means the variance

of the error is equal.
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6.6.7 Validating the Regression Equation

In this section, a new FE model which was not part of the previously studied matrix
will be used to validate the regression equation 19. The model that have been chosen

is shown in Table 24.

Table 24: FEM Model to Validate the Regression Equation

Bottom Top Stirrups  %BMF  Transverse Longitudinal
Reinforcement Reinforcement Spacing Reinforcement  Reinforcement
(mm)
3410 4¢10 110 0.75 Steel BFRP-Ribbed
Bar

A comparison between FEA and the regression equation is shown in Table 24. From
Table 25, the percentage error is 3.6% which verify the accuracy of the regression

equation.

Table 25: Model Moment Redistribution Result and Percentage Error

P End Moment Moment %Error
(kN) Reaction Redistribution Redistribution

(KN) (FEA) (Regression)

3205 114 13.9 13.4 3.6
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CHAPTER 7: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

This study has investigated the moment redistribution in the beams reinforced with
BFRP bars using finite element method (FEM). The key parameters considered in this
study were: volume fraction of BMF, stirrups spacing and longitudinal reinforcement
ratios. The results showed a significant improvement in the moment redistribution when
both top and bottom reinforcement are over-reinforced. Also, adding BMF to the
concrete mix showed a positive effect in improving the moment redistribution while,

the moment redistribution did not show clear trend with the stirrups spacing.

7.2 Conclusions

The following conclusion can be drawn from this study:

1. FRC stress-strain diagram used in this study was accurately predicted using
numerical equation and it was verified with the experimental stress-strain
diagram and good agreement was achieved.

2. The proposed FE model was verified against experimental results of FRC
continuous beams obtained from Qatar University structural lab.

3. Volume fraction of BMF and stirrups spacing has negligible effect on the
maximum applied load (P). This is because both parameters have no effect on
the compressive flexural strength.

4. Beam’s (P) values is increasing with increasing the bottom reinforcement ratio.

5. The effect of the bottom reinforcement ratio on the moment redistribution was
more pronounced than the top reinforcement ratio. This is because the bottom

reinforcement has a significant effect on the compressive strength.

6. Moment redistribution was effectively observed on the beams that have top

reinforcement ratio equal or less than the bottom reinforcement ratio.
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7. The ratio between bottom reinforcement to top reinforcement should be higher
than 0.3 in order not to change the failure mode.
8. Linear regression model that can predict the moment redistribution in FRC

continuous beams reinforced with BFRP bars was generated with high accuracy.

7.3 Recommendations for Future Work

For future work related to the moment redistribution on the BFRP beams, it is
recommended to conduct more experiments on the performance of BFRP beams with
different loading configuration and other types of cross-sections such as, T section.
Furthermore, it is necessary to model the beams with different types of fibers,

different compressive strengths, and more than two spans.
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