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Abstract

This research studies the flexural behavior of concrete beams that are reinforced
longitudinally with the newly discovered Basalt Fiber Reinforced Polymers (BFRP)
bars. The aim is to examine the suitability of using BFRP bars in flexure as compared
to Carbon FRP bars and to validate its compatibility with the recommendations and
guidelines of the current AC1440 Code. The effect of different design parameters such
as BFRP reinforcement ratio, reinforcement axial stiffness and concrete compressive
strength are studied. In addition, this research sheds the light on evaluating the bond-
dependent coefficient (kp) value for this new type of FRP composites. Four-point
loading tests were performed on a total of 14 beams (180 mm x 230 mm x 2200 mm)
to achieve the objectives of this research. The loads vs mid-span deflections, cracks
behavior and widths, ultimate capacities and failure modes of all 14 beams are recorded
and discussed. Results confirmed that BFRP bars could be a valuable alternative to steel
and CFRP bars and can be used in similar applications in the construction industry. The
flexural behavior of BFRP-reinforced beams compared well with the ACI440.1R
guidelines. The experimental moment capacities well-matched their theoretical
counterparts using the code equations. For all the beams, the calculated bond dependent
coefficients (ky) values were found to be lower than the values recommended by the
ACI440.1R code which clearly indicates a strong bond between the FRP bars and
concrete. The test results can be utilized as a control for a long-term durability study on

the performance of BFRP bars under the harsh environment.

Search Terms: Flexure, BFRP bar, CFRP bar, bond-dependent coefficient (kp),
Axial Stiffness (EA)
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Chapter 1: Introduction

Fiber Reinforced Polymers (FRP) material is becoming more common in the
engineering practices. Engineers are being attracted by FRP materials as a better
substitute for reinforcing steel. FRP is defined in the ACI 440 as a “‘composite materials
consisting of continuous fibers impregnated with a fiber binding polymer then molded
and hardened in the intended shape " [1]. The most common FRP materials are carbon
FRP (CFRP), Aramid FRP (AFRP) and Glass FRP (GFRP). Most recently a new FRP
material made of basalt (BFRP) has emerged. FRP materials are available in different
forms, such as bars, sheets and plates. Thorough Studies have been conducted on CFRP
and GFRP materials. On the other hand, BFRP materials are in the state of ongoing
research since they have newly emerged in the engineering industry. This research
focuses on studying the flexural behavior of concrete beams reinforced with BFRP bars

compared to concrete beams reinforced with CFRP bars and conventional steel.

FRP materials have many advantages that make them pull the attention of civil
engineers to consider using them in reinforced concrete structures as an alternative to
conventional steel. They are non-corrosive materials that can resist cruel environmental
conditions that damage conventional steel with time, have low densities and high
strength to weight ratio compared to the usual steel reinforcement. As a result, BFRP
have low transportation cost and they are easy to handle due to its light weight. As per
ACI 440, "FRP bars have a density ranging from 1.25 to 2.1 g/cm? which is one-sixth
to one-fourth that of steel”. With respect to the tensile behavior, the behavior of FRP
composites is different than steel. FRP materials go through full elastic behavior that
ends with failure without going through any ductile behavior as in steel, as shown in

Figure 1.

As per the United Arab Emirates market, FRP composites are commonly used
in repair and strengthening works, whereas, steel rebar is the most favorable reinforcing
material that is used in new construction works. For the 12 mm dimeter, the price of
Carbon FRP bars is approximately 100 AED per linear meter while the costs of Glass
and Basalt bars cost are around 15 and 10 AED per linear meter, respectively. On the
other hand, steel bars (12mm diameter) cost around 2 AED per linear meter. Although
FRP bars are more expensive than steel bars, the FRP-reinforced concrete structures are

12



expected to have longer life spans than conventional steel-reinforced concrete

structures considering the corrosion problems under the UAE harsh environment.

5000 -

S-Glass
Hig -
4000 | o
Strength Kevlar 49 -
e Carbon . E-Glass
& ra P
Z 3000 | R
@ R - ¢
g | High e e
7 Meodulus ,-/ T
2 2000 4 carben ra T,
3 , .
g s
= 4 .
’ -
1000 | S
Rt
KA
e
o
0,0 1,0 20 30 40 50 6,0

Tensile Strain (%)

Figure 1: Stress-strain curve for different FRP composites [2]

Many factors affect the behavior of the FRP materials. The ratio of the fibers
volume fraction to the total volume of the composite predict the tensile behavior of the
composite. Moreover, according to ACI440, the mechanical properties of the FRP
materials are significantly affected by the curing rate and the quality control of the
manufacturing process [1]. The coefficient of thermal expansion of FRP composites
varies between the longitudinal direction and the transverse direction. In the
longitudinal direction, it is mainly affected by the properties of the fibers. In the
transverse direction, it is mainly affected by the type of the resin. Table 1 displays the
mechanical properties of the commonly used FRP materials compared to conventional

steel.

Similar to carbon fibers, basalt fibers are produced through the melting process
of the naturally molten volcanic rocks [3]. Basalt fibers contain natural raw materials
which make it cost effective material compared to carbon fibers. It is a nontoxic
material, environmental friendly and corrosion resistant. Similarly, basalt fibers are
magnetic insulators and have high fatigue resistance. Recent studies are being
conducted on BFRP bars to replace the conventional FRP materials (CFRP, GFRP and
AFRP) as main reinforcement in reinforced concrete structures. Besides, BFRP

materials are durable and can resist harsh environmental conditions.
13



Table 1: Mechanical properties of FRP bars According to ACI440 committee [1]

Steel GFRP CFRP AFRP

Nominal yield stress
(MPa)

276 to 517 N/A N/A N/A

Tensile strength (MPa) 483t0690 483t01600 600to3690 1720 to 2540

) 120.0 to
Elastic modulus (GPa) 200.0 35.0t051.0 41.0t0 125.0
580.0
] ] 0.14 to
Yield strain % N/A N/A N/A
0.25
Rupture strain% 6.0t012.0 1.2t03.1 05t01.7 19to 4.4

Density (g/cm?®) 7.90 1.25t02.10 1.50to0 1.60 1.25t01.40
Longitudinal 11.7 6.0 to 10.0 -9.0t0 0.0 -6.0t0 -2.0
Transverse 11.7 21.0t023.0 74.0to104.0 60.0to80.0

It is essential to study the bond of the reinforcing material with concrete. To
achieve high capacities, the bond between the reinforcement and the concrete must be
high. Not only the capacity, the bond is also critical in determining the anchorage of
the bar, crack distribution and serviceability. A good bond between the reinforcing bars
and the concrete indicates a long-life span of the structure which also leads to a more
durable structure. The bond of the FRP bars with concrete is different to that of steel.
The bond of steel bars with concrete is mainly affected by the shear strength of the
concrete. Researchers are studying the bond of the BFRP bars with concrete.
Furthermore, studies are conducted to explore the bond strength of the BFRP bars with

concrete under harsh environmental conditions.

1.1 Problem Statement

With the increased demand of the newly emerging construction material, studies
are increasing on those materials to examine their effectiveness on the structural
performance. Studies have shown that steel bars are subjected to corrosion when placed
in concrete. When steel bars corrode, concrete section cracks causing failure. Once the
steel bars corrode, special repair methods and techniques need to be applied to restore

the capacity of those bars. Repair methods are time consuming and expensive. The

14



newly developed BFRP bars are high strength anti-corrosion materials. In this research,
different sizes of BFRP bars will be examined when used as longitudinal reinforcement
in concrete beams. Eight concrete beams longitudinally reinforced with Basalt FRP bars
are tested in flexure and compared to four concrete beams reinforced with steel bars
and two concrete beams reinforced longitudinally with Carbon FRP bars. Moreover,
The ACI440 committee recommends a bond-dependent coefficient (kp) default value
of 1.4 to calculate crack width for new FRP material [1]. The proposed research aims
to tackle this conservative recommendation with experimental results so that it can be

reduced.

1.2 Research Significance

The significance of this research is to study and investigate the newly emerged
BFRP bars as a viable alternative reinforcement in structural concrete members. This
research examines the flexural performance of the BFRP bars in reinforcing concrete
structures compared to FRP bars made of carbon and conventional steel bars. The
evaluation of the bond-dependent coefficient (kv) of the BFRP bars is also part of this
study. The behavior of different sizes of the newly developed sand-coated BFRP bars
is investigated in different aspects. In addition, two different concrete mixes with
normal and high compressive strengths will be used for comprehensive understanding.
The results will be utilized to provide recommendations to the ACI Committee to adopt
the new BFRP bars in the ACI1440 guidelines.

1.3 Research Objectives

Since BFRP is a newly revealed material, few researches have been conducted
on this material. Many researches focused on the mechanical properties of the BFRP
including the tensile properties and the bond with concrete. This research aims to add
to the literature some experimental results on the flexural performance of BFRP bars as
the main reinforcement in structural concrete members. The objectives of this research

are summarized as follows:

1. To study the flexural behavior and serviceability performance of concrete
beams reinforced with newly developed sand-coated BFRP bars of different
sizes. The aim is to understand the flexural response in terms of, moment

capacity, mode of failure, cracking patterns and deflection.
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2. To evaluate the bond-dependent coefficient (kp) for the sand-coated BFRP
bars in order to provide recommendations to the ACI committee of the bond-
dependent factor (kp) values that may be used for this new type of FRP bars.

3. To study the effect of concrete compressive strength on the overall flexural
behavior of concrete beams reinforced with BFRP bars by considering two
different concrete mixes, normal and high strength.

4. To compare the performance of BFRP-RC beams with CFRP-RC and steel-
RC beams.

1.4 Thesis Structure

This thesis is divided into several chapters that serve the purpose of this
research. After the abstract, the thesis starts with the introduction chapter which
enlightens the reader by describing the use of several types of FRP bars along with steel
bars. The first chapter also states the problem statement and the objectives of this
research. The second chapter presents the outcomes of previous studies that have been
done by other researchers on different FRP composites including BFRP. Chapter 3
explains the experimental setup and the procedure used in this research. In addition, it
presents the testing matrix and materials along with instruments that have been used.
Chapter 4 summarizes all the results from the experimental test. The cracking behavior,
maximum load and deflection are displayed in the same chapter. Chapter 5 explains the
design considerations for FRP-reinforce concrete beams as per ACI1440 guidelines. In
the sixth chapter, the results obtained are discussed and processed. The comparison
between all types of beams are carried out in chapter 6. Chapter 7 highlights the results
and conclusions of this research. Furthermore, it captures all the key points of this study

along with recommendations for future researches.
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Chapter 2: Literature Review

2.1 Background on Fiber Reinforced Polymers (FRP) Composites

Fiber Reinforced Polymer (FRP) materials are manufactured to produce a
synergistic material [2]. Using a polymeric resin and small-diameters fibers, these kinds
of materials are combined at microscopic level making it one of the most commonly
used materials in the construction industry over recent years. Having a high tensile
strength and being lightweight are the most attractive features of the FRP materials.
Moreover, its nonconductive behavior and high corrosion resistance made these
materials more desirable by engineers. These features make the FRP material the first
option that any structural engineer will think of not only in strengthening structural
elements but also in designing new concrete members. Numerous studies have been
conducted on FRP composites and steel bars to understand its behavior, see (Alhamad
et al. [4], Altalmas [5] and Abedi [6].

2.2 Fiber Reinforced Polymers (FRP) Forms

The FRP composites have been used in wide range of application in several
fields including water retaining structures, airports and bridges. Various FRP
composites are used extensively in structures that are exposed to harsh environment.
According to Columbia et al. [7], FRP composites are manufactured through a process
called pultrusion. It generates prismatic thin elements by continuous manufacturing
process. FRP composites can be in a form of fibers, sheets, bars or plates. The most
common types of FRP composites are sheets and bars which are widely used in
structural elements. They can be embedded internally in the structural elements as main
reinforcement, or they can be bonded externally to strengthen an existing structural
element. FRP composites are brittle and tend to break when reaching the ultimate load

carrying capacity.

2.3 The Bond of Fiber Reinforced Polymers (FRP) Bars

The bond of FRP bars is the main characteristic that distinguish FRP material
from other conventional materials like steel. According to several studies, FRP bars
showed good bond to concrete. In addition, Rafi et al. [8] stated that the development
length of the bar affects its bond strength. As per ACI440, the bond of longitudinally

reinforcing FRP bars must be fully developed to avoid failure caused by bar slip [1].
17



The development length of FRP bars vary between 26 to 37 times the bar diameter

depending on the FRP material.

2.4 Carbon and Glass Fiber Reinforced Polymers (CFRP, GFRP)

Many studies have been conducted on Fiber Reinforced Polymers bars, Carbon
FRP, Glass FRP and Basalt FRP. Abed et al. [9] studied the shear characteristics of
concrete deep beams reinforced with GFRP bars and without web reinforcement. A
four-point load test was conducted to a total of 13 beams until failure; nine beams were
reinforced with Glass FRP bars and four beams were reinforced with conventional steel
bars. The purpose of the study was to investigate the effect of shear span to depth ratio
(a/d) on the ultimate shear capacity of the beams. In addition, the effects of the
reinforcement ratio, the concrete compressive strength and the effective depth of the
beam (d) were investigated. The study showed that the GFRP reinforced beams
experienced higher deflection at mid-span than the steel reinforced beams, due to the
low modulus of elasticity of the GFRP bars. As a result, the beams reinforced with
GFRP bears exhibited wider cracks and lesser aggregate interlock. Besides, the low
modulus of elasticity led to lower dowel action presented in the GFRP reinforced
beams. The study reported that increasing the reinforcement ratio improved the shear

strength but not significantly.

In (1998), Theriault et al. [10] inspected how the flexural behavior of beams
that are reinforced with FRP bars is affected by the main reinforcement and concrete
strength. A flexural test was conducted on twelve beams reinforced longitudinally with
GFRP bars. The study reported that the crack spacing was negligibly affected by the
main reinforcement ratio and the compressive strength of concrete. In addition, the
study conveyed that when the reinforcement ratio increased, the crack width values

decreased.

In 2015, El refai, Abed and Al-Rahmani [11] investigated the perforcmance
and serviceacility of Glass FRP reinforced concrete beams and steel reinforced concrete
beams. Six beams reinforced with GFRP and steel bars were tested in flexure. The study
showed that using GFRP bars along with steel bars enhanced the behavior of the
concrete beams in terms of load carrying capacity, cracking stiffness and deformability.

The study recommended that steel yielding shall be considered prior to crushing of

18



concrete or rupturing of the FRP bars when designing hybrid-reinforced beams. The
study reported that all hybrid-reinforced beams failed in steel yielding followed by

concrete crushing.

Sagher et al. [12] has done a parametric study in (2017) on the shear behavior
of short concrete beams that are reinforced with GFRP bars. The purpose of the study
was to investigate the effect of different parameters including the reinforcement ratio,
beam’s span to depth ratio and beam’s height on the shear strength of GFRP-reinforced
beams. The study reported a 33% increase in shear strength when the reinforcement
ratio of the beams increased from 0.26% to 1.64%. The study claimed that the increase
in the shear capacity is due to the contribution of the GFRP bars in resisting the shear
load as a tension tie. In addition, the study showed that increasing the beam’s height by
12.5% led to a 22% increase in the shear strength as a result of the arch-action
mechanism. Moreover, the study reported that decreasing the span to depth ratio

increased the shear strength of the beams.

A study done by Habeeb et al. [13] investigated the flexural behavior of GFRP-
reinforced continuous concrete beams. The main parameter of the experimental
program of the study was the reinforcement ratio. A total number of five beams were
tested in the study; two beams were simply supported, and three continuous beams
reinforced with GFRP bars. For comparison purposes, one concrete beam reinforced
with steel bars was cast and tested in the study. Some of the beams were designed as
over-reinforced with GFRP bars and some of them were under-reinforced in negative
and positive moment regions. The first crack in the over-reinforced beams initiated at
a higher load than in the under-reinforced beams at the middle of the span. In addition,
the cracks originated at the hogging moment region in the over-reinforced beams. On
the other hand, cracks propagated in the sagging moment region in the under-reinforced
GFRP beams. According to the study [13], the under-reinforced beams failed in FRP
rupture. In contrast, the over-reinforced GFRP beams failed in concrete crushing. In
addition, concrete failure along with shear failure was reported as a third mode of failure
in the concrete beams that are over-reinforced with GFRP bars. The study justified that
the compression resistance in the over-reinforced GFRP beams was very high which
altered the mode of failure to be dominated by shear. The outcomes of the study showed

that the ultimate load of the continuous over-reinforced GFRP beams was higher by
19



50% than the simply supported over-reinforced GFRP beams. Similarly, the continuous
under reinforced GFRP beams failed at a 40% higher load than the simply supported

under reinforced GFRP beams.

Another research was done by Zhang et al. [14] studied the bond failure of the
near surface mounted FRP bars and concrete. The study was done on 23 beams
strengthened with NSM-FRP bars. The forms of failure observed were splitting of the
epoxy adhesive, local deboning caused by concrete cracking, and FRP rupturing.
Moreover, the FRP bars enhanced the flexural capacities of the strengthened beams. It
was noticed that at low level of loading, steel yielding and crack propagation led to a
nonlinear strain distribution along the bonded length of the bar. However, “at ultimate,
the strain varies almost linearly along the bonded length, which means that the bond
stress has gradually transferred from the loaded end to the free end till it to be a constant

value throughout” [14].

A research conducted by Abdul-Salam et al. [15] studied the shear resistance
of one-way slabs reinforced with FRP bars. Shear test was performed to sixteen
concrete slabs that were reinforced with CFRP and GFRP bars. The slabs failed in
sudden and brittle shear failure. The CFRP-reinforced slabs collapsed into two separate
parts which is an undesirable mode of failure. Whereas, GFRP-reinforced slabs showed
more desirable modes of failure which indicated that they maintained their integrity
after failure [15]. In addition, according to the study, increasing the compressive
strength of the concrete increased the shear capacity of the slab to a certain point, further

increase in compressive strength negatively affected the slab shear capacity.

Another study by Calvet et al. [16] analyzed the effect of the environmental
conditions on the bond of different CFRP bars in comparison to steel bars. The study
claims that the sanded CFRP bars showed the best bond behavior which is 10 % greater
than steel bars. Besides, the shear stress of the CFRP ribbed bars was as high as that of
ribbed steel bars. The deformed and the textured bars failed due to shear of concrete in
the grooves under all conditions of the study. At high temperatures, the textured layer
was separated from rest of the bar. Although there are discrepancies between the
theoretical and experimental values, the design guides do not differentiate between the

diverse types of CFRP bars in calculating the bond strength.
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Escorcio et al. [17] did an experimental study about rehabilitation, using GFRP
bars instead of steel bars of reinforced concrete beams. The aim of the study is to find
an alternative to replace steel bars in retrofitting damaged structures. According to
Escorcio et al. [17], the concrete beams were casted in two stages to simulate the
cracked concrete. The result of the study is that the rehabilitated beams with GFRP bars
showed a bilinear behavior until failure in terms of load-deflection since the ductile
performance of the original damaged beam with steel reinforcement is not possible to
reproduce due to the GFRP material linear elastic property.

El-Nemr et al. [18] studied the bond-dependent (ky) factor of the glass and
carbon FRP bars in normal and high strength concretes. The study aimed to investigate
the kp values of sand-coated and helically grooved GFRP bars and sand-coated CFRP
bars in normal and high strength concretes. According to EI-Nemr et al. [18], the sand-
coated GFRP bars showed smaller ky than the helically grooved GFRP bars. The
calculations of ky, values were determined at crack widths = 0.7 mm. The study
recommends that the design should be done based on experimental testing of the
material rather than theoretical values. The ky, values ranged between 0.8 and 1,

however, the ACI 440 committee recommends a ky value of 1.4.

A research done by Tamimi et al. [19] investigated the effect of severe
environment exposures on the bond between concrete and the GFRP bars. 12 GFRP
bars and 4 steel bars samples were tested under direct pullout after being exposed to sea
water splash and direct sun. The study stated that between 60 and 90 days exposures,
there was no substantial difference on the bond strength. Moreover, the study asserts

that the ACI 440.1R-06 equation of calculating the bond stress is conservative.

2.5 Basalt Fiber Reinforced Polymers (BFRP)

Recent studies are concentrating on the newly revealed fiber reinforced
polymers made of Basalt (BFRP). When compared with GFRP, BFRP materials are
more chemically stable. In addition, they have higher tensile strength and modulus of
elasticity. Moreover, BFRP composites have much lower cost in comparison to CFRP.
Having all the previous advantages, BFRP composites are anticipated to be the one of
the desired materials by engineers that can be used in structural strengthening as well

as new construction.
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Up to date, very few studies have been conducted on BFRP materials. The
flexural response of Basalt FRP reinforced concrete beams was studied by Abed et al.
[20]. The beams were cast with fiber reinforced concrete. The main purpose of the study
is to examine how different lengths of basalt fibers affect the performance of BFRP-
reinforced beams. The study showed that the moment capacity of the BFRP-reinforced
beams was enhanced by adding Basalt fibers to the concrete. The study stated that
introducing Basalt fibers to the concrete improved the concrete compression strain
which assisted the BFRP bars to contribute more in resisting the applied loads. In
addition, the flexural capacity of the BFRP-reinforced beams has increased by
increasing the reinforcement ratio. The increase in the capacity followed similar trend
of the ACI440.1R-15 moment capacity equation. Moreover, the study reported that
when the reinforcement ratio in kept constant, the curvature ductility and the cracking

behavior were improved in the beams with more number of bars.

A research by El Refai et al. [21] studied the shear behavior of concrete beams
that are reinforced with BFRP bars. Ten BFRP-reinforced concrete beams were tested
with no transverse reinforcement and compared with 75 FRP-reinforced beams from
previously conducted studies in the literature. Almost all the tested beams failed in
shear with diagonal tension cracks along with splitting. The study reported that the
concrete shear capacity (Vc) decreases as the span to depth ratio (a/d) increases. The
study stated that increasing the longitudinal reinforcement ratio increased the concrete
shear strength (V). The study concluded that the shear behavior of the tested BFRP-

reinforced beams is close to other FRP-reinforced beams.

In (2015), El Refai, Abed and Altalmas [22] studied the effect of different
environments on the bond durability of the FRP bars made of Basalt and Glass. The
bars were exposed to harsh environment such that, sea water, tap water and elevated
temperature. As per the study, the BFRP and GFRP bars failed in pullout, where the
bar layers failed in interlaminar shear in the BFRP bars and the shearing of the glass
ribs for the GFRP bars [22]. The study reported the surface texture of the bar controlled
the bond stress response. For the BFRP, the sand-coated bars showed better bond
strength than the grooved bars. The research stated that exposing the bars to the elevated

temperature had a negligible effect on the FRP bars. after immersing the bars in an
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aqueous solution, the bond strength reduction was governed by percentage of moisture

absorption.

Altalmas et al. [22] have studied the bond degradation of BFRP bars exposed to
accelerated aging conditions. Direct pullout tests have been done to sixty-two sand-
coated and ribbed BFRP and GFRP bars. The study showed that sand-coated bars
observed higher bond to the concrete than the ribbed bars regardless of the fibers type.
Furthermore, the study confirmed that BFRP bars can be used as reinforcing material.
Dong et al. [3] examined the durability of the bond of Basalt FRP bars embedded in
concrete under sea water. They predicted the long-term bond strength of different FRP
and steel bars. The research proved that the sand-coated BFRP bars have higher bond
durability than ribbed bars but lower bond strength. Moreover, the study pointed out
that the ribbed FRP bars have higher bond strength than conventional steel bars.

Hassan et al. [23] studied the bond durability of BFRP bars in concrete beams
when exposed to harsh environment. The specimens were immersed in alkaline solution
with elevated temperature. All the specimens failed in pullout mode of failure by
slipping through the free end; the mode of failure was dominated by shear. Hassan et
al. [23] concluded that the bond strength increased by increasing the temperature. A
25% increase in bond strength was noticed during the study by increasing the

temperature from 50° to 60°C.

Elgabbas et al. [24] studied the physical and mechanical properties of BFRP
bars for reinforcing concrete structures. They studied the behavior of BFRP bars in
alkali condition. They claimed that the characteristics of BFRP type A bars (for pre-
stressing) comply with the conventional pre-stressing steel tendons. “The strength
degradation observed in the BFRP bars was attributed to the fiber—matrix interface
(sizing), which evidenced poor bonding between the resin and basalt fibers” [24]. They
recommended further investigations for BFRP bars in order to generate confidence and

to be accepted in the industry.

Another research was done by Elgabbas et al. [25] about testing the BFRP bars
in concrete beams. This experimental study aimed to determine the bond dependent
coefficient (ko) and investigating the structural performance of newly developed sand-

coated BFRP bars in normal strength concrete beams [25]. A four-point load bending
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test has been conducted on six beams (200 mm x 300 mm) and 3100 mm in length with
different BFRP bars diameter. The average bond-dependent coefficient (kp) was
determined using the first three cracks in each beam and was estimated around 0.76 *
0.03 for the BFRP bars with sand-coated surface. Benmokrane et al. [25] stated that the
general behavior of concrete beams reinforced with BFRP bars is affected by the axial
stiffness of the reinforcement. The performance of the tested beams was improved in
terms of lower deflection, lower strain, and lower crack width at the same load level, at
higher axial stiffness.

Tomlinson et al. [26] studied the flexural and shear performance of concrete
beams that are reinforced with Basalt FRP bars. A four-point bending test has been
performed to nine beams that were reinforced with different reinforcement ratios of
BFRP bars. Tomlinson et al. [26] stated that the ultimate load capacities of the beams
are directly related to the reinforcement ratio regardless of the failure mode. Failure by
stirrups rupture was reported in the beams that are reinforced with BFRP stirrups. The
study stated that by increasing the reinforcement ratio, the moment capacities of the
beams increased. A study by Wang et al. [27] investigated the ductility of fiber-
reinforced concrete beams that are reinforced with FRP bars. The study reported that
the crack width values were smaller in the fiber reinforced concrete beams. In addition,
the FRC beams reached higher concrete strains than the beams that were cast with plain
concrete. According to the study, adding fibers to the concrete enhanced the ductility
of the beams by 40%.

In (2015), El Refai et al. [28] investigated the bond performance of BFRP bars
to concrete. Direct pullout test was performed to thirty six concrete cyliders that were
reinforced with BFRP bars and twelves GFRP-reinforced concrete cylinders. The study
reported that the BFRP bars exhibited 75% bond strength of that of GFRP bars. At the
initial loading stage, BFRP bars with small diameters showed better bond to concrete.
Moreover, the study stated that the BFRP bars showed higher residual stresses values
than that of GFRP bars. Several finite element studies have been done to simulate the
behavior of the FRP composites and compare with the experimental and the theoretical
one, see (Abed et al. [29], El Refai et al. [30], Abed et al. [31], Abed et al. [32], Al-
Rahmani et al. [33] and Makarem et al. [34]).
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The key purpose of this research is to investigate the flexural behavior of the
newly discovered BFRP bars when used as main reinforcement in concrete beams. This
research will study the deflection and cracking behavior, cracking patterns, crack width
values and the strain in FRP reinforcement as well as in the concrete. In addition, the
bond dependent coefficient (k) value is inspected as well. The testing setup and
procedure are proposed to be able to measure the required values and present accurate
results for this research. All beams are subjected to a four-point load until failure. The
testing matrix is proposed to compare the results obtained from the BFRP-reinforced

beams and compare it with the results of steel and CFRP-reinforced beams.
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Chapter 3: Experimental Program

This chapter discusses the experimental program which includes the material
properties, beams configurations, testing setup and considerations that are followed in

this research.

3.1 Material Properties

3.1.1 Basalt fiber-reinforced polymer (BFRP) bars. The key objective of
this research is to study the flexural behavior of concrete beams that are reinforced with
BFRP bars. The BFRP bars are supplied from Galen, a company which manufactures
FRP products in Russia. The elastic modulus of BFRP bars ranges from 42.6 to 46.6
GPa for different bar diameters. The values of the ultimate tensile strength are between
1028 to 1121 MPa for the tested bars, as per the manufacturer specifications. To study
the behavior of BFRP bars in concrete beams, different bar sizes including 8, 10, 12
and 16 mm are used as main longitudinal reinforcement. The texture of the BFRP bars
is sand-coated which increases the bond between the BFRP bar and concrete. Figure 2

shows a sample photo of the BFRP bars used in this research.

Figure 2: A sample of sand-coated BFRP bars used in this study

3.1.2 Carbon fiber-reinforced polymer (CFRP) Bars. In this research, two
beams reinforced with two carbon FRP bars are considered for comparison purposes.
The CFRP bars are manufactured and supplied by Structural Technologies LLC in the
United States. As per the manufacturer’s data sheet, the ultimate tensile strength of the
CFRP bars is 2068 MPa and the modulus of elasticity is 131 GPa. The ultimate tensile
strain of the Carbon FRP bars is 1.58%. Similar to the BFRP bars, the texture of the
CFRP bars is sand-coated to enhance the bond between the bars and concrete. Figure 3

shows a photo of the 12 mm diameter CFRP bar that is used in this study.
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B 12mm

Figure 3: A sample of sand-coated CFRP bar used in this study

3.1.3 Steel Reinforcement Bars. Steel bars of diameters 10mm and 12mm
are used as flexural reinforcement in the beams, refer to Figure 4. The steel bars have
yield strength of 460 MPa and a typical modulus of elasticity of 200 GPa. Four beams

reinforced with steel bars are utilized for comparison purposes.

Rl S 10mT

Figure 4: A sample of ribbed steel bars used in this study

Table 2 gives a summary of the mechanical properties of BFRP, CFRP and steel
bars used in this study. Tensile tests for all BFRP bars were conducted to verify the

ultimate tensile strength and the elastic modulus values given by the manufacturers.

Table 2: Mechanical Properties of BFRP, CFRP and Steel Bars

. Cross- Ultimate | Ultimate .
Nominal . . . Elastic
sectional Tensile Tensile

Type Dl(?nmni;er Area Strength Strain Nz%d;;; 3
(mm?) (MPa) (%)
CFRP* 12 113 2068 1.58 131
8 57.4 1075.1+37 | 2.1£0.1 | 42.9+1.4
10 58.4 1028.7£47 | 2.4+0.1 | 42.8£1.3
BFRP
12 121.3 1118.6+31 2.4 46.6+1.7
16 211.9 1121.3+£56 24 46+2.1
10 78.5
Steel* 460 0.23 200
12 113

* As per the manufacturer
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3.1.4 Concrete mix. Two different concrete mixes are used in this study,
Normal Strength Concrete (NSC) and High Strength Concrete (HSC). The target
concrete compressive strengths are 30MPa for the NSC and 60MPa for the HSC. The
concrete is provided by SAFE mix, a concrete plant in Sharjah, UAE. Table 3 presents
the unit weights of different concrete components for both mixes. The mix 30-20 OPC
has a water cement ratio (W/C) of 0.48 and a total unit weight of 2415 Kg/m3. On the
other hand, the mix 60-20 OPC+MS has a lower w/c ratio of 0.36. Moreover, 40 Kg/m3
of Micro silica, a chemical admixture used to increase the compressive strength, is
added to 60-20 OPC+MS mix. The beams are cast by SAFE mix concrete plant. The
formwork of the beams was removed after 48 hours from casting. Moreover, curing
using cloth sheets was done for a period of seven days. Figure 5 demonstrates the beams
before and during casting of concrete. The reinforcement in terms of top bars, stirrups
and bottom bars are placed inside the form work as per the details of the beams. The
reinforcement strain gauges were installed at the midspan of the beam to record the
strain in the reinforcement. Table 3 present the mix design of the two concrete mixes
that were used as provided by the concrete supplier. The mix designs are done to ensure

achieving the required compressive strengths.

()

Figure 5: (a) beams before casting, (b) beams during casting
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Table 3: Concrete Mix Design

Unit Weight (Kg/m?)

Concrete " " Total
Mix Cement | Water A BQ ate | A 35 ate Silr?d ggr?g 'Iot\ﬂf:% Unit
ggreg ggreg Weight

30-20
o 350 | 168 518 420 640 | 314 | 5 2415
6°f?\A%PC 430 | 153 459 420 643 | 284 | 475 | 24365

The concrete cubes samples were tested in compression after 28 days to ensure
that the desired strength has been attained. Table 4 shows the results obtained from the
cubes compression test.

Table 4: Concrete Cubes results

) Cube Test | Average
Design Strength Average value f’c
Results value fey
(MPa) (MPa)
(MPa) (MPa)
46.7
30 35.24* 475 38.0
48.24
70.5
60 72.3 70.5 56.4
68.6

*Value is not considered in the calculation of the average value

3.2 Test Matrix and Specimens Configuration

The objective of this research is to study the behavior of BFRP bars as flexural
reinforcement in concrete beams. To achieve the objectives of the research, a total of
14 beams are prepared to be tested in flexure. The beams are cast using two different
concrete strength, high and normal. The beam’s cross-section (180 mm x 230 mm) was
selected such that it satisfies the ACI 440.1R-15 code [1] recommendations in terms of
clear cover, bar spacing and number of bars that can be placed within the beam’s width,

minimum required depth (one tenth of the clear span) and to ensure slender specimen
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with high span-to-depth ratio (a/d > 3). Figure 6 provides more details about the beams’

cross-section adopted in this study.

The beams’ dimensions and reinforcements are designed such that they fail in
pure flexure rather than in shear or bar slip as illustrated in Figure 7. Stirrups of 10 mm
diameter are provided each 100 mm over one-third of the span length (L/3) from each
side of the beam to prevent shear failure. The span of the pure moment region with no
shear reinforcement is set to 400 mm. The clear span of the beam is set to 1,900 mm
with an additional 150 mm extension on each side of the beam, which makes its total

length equal to 2,200 mm, to guarantee enough development length for FRP bars.

& 2—10M {Steel)

)
; 2:) T10@100
o 9 /\9)/ /' (Steel)
5 T /
Reinforcement
2 (‘ as/schedule
o
1 —130—
180

Figure 6: Beam’s Cross-section

2-10M (Steel)

T10@100 (Steel) T10@100 (Steel)

{— 230.—-T

& 7\

900 400 900
2200

Reinforcement as/schedule

Figure 7: Beam’s Elevation
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Two sets of seven beams each were cast considering the normal and high
concrete compressive strengths as listed in Table 5 and Table 6, respectively. The
flexural test is conducted to study the performance of concrete beams reinforced with
BFRP bars. The variables that are considered in the present test matrix include a) the
effect of reinforcement type, b) the effect of reinforcement ratio, and c) the effect of
concrete compressive strength. The effect of reinforcement ratios is studied by
considering different BFRP bar numbers and diameters, such as No. 8, 10, 12 and 16
mm. In addition, the effect of reinforcement type aims to study the BFRP bars and
compare it with the well-known reinforcing bars, namely steel and CFRP bars. Three
beams are reinforced with the same reinforcement ratio but with different reinforcement
type to examine the effect of reinforcement type on the performance of concrete beams.
The designation of the beams is selected to represent the number of bars, bar type and
concrete compressive strength. The first number denotes the number of the bottom
reinforcement bars in each beam. The letter T and the second number represents the
diameter of reinforcing bars in millimeters. The letters B, C and S indicate the
reinforcing bar type which are BFRP, CFRP and steel, respectively. The last number
denotes the concrete compressive strength of the beam. For example, the beam 3T8B-
30 means that the beam is reinforced with 3 BFRP bars that are 8 mm in diameter and

cast with 30 MPa concrete compressive strength.

Table 5: Summary of the experimental program — /”c = 30 MPa

Beam | Number | Bar Size Bar Axial Stiffness
ID of Bars (mm) Type Pe P o EA (MN)
3T8B 3 8 BFRP | 0.002353 | 1.90 7.5
2T10B 2 10 BFRP 0.00255 1.85 7.85
2T12B 2 12 BFRP | 0.002352 | 2.90 11.3
3T16B 3 16 BFRP 0.00231 | 7.97 30.15
2T12C 2 12 CFRP 0.00183 | 3.73 29.6
2T10S 2 10 Steel 0.02911 | 0.16 31.4
2T12S 2 12 Steel 0.02911 | 0.23 45.2
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Table 6: Summary of the experimental program — /’c = 60 MPa

Beam | Number | Bar Size Bar Axial Stiffness
ID of Bars | (mm) Type Pe i/ pfo EA (MN)
3T8B 3 8 BFRP 0.0031 1.45 7.5
2T10B 2 10 BFRP | 0.00336 1.4 7.85
2T12B 2 12 BFRP 0.0031 2.2 11.3
3T16B 3 16 BFRP | 0.00305 | 6.03 30.15
2T12C 2 12 CFRP 0.0024 2.84 29.6
2T10S 2 10 Steel 0.0383 | 0.12 314
2T12S 2 12 Steel 0.0383 0.18 45.2

3.3 Test Setup and Instrumentation

A four-point loading setup shown in Figure 8 is utilized in this research to study
the flexural response of all beams. The flexural test is conducted using the Universal
Testing Machine (UTM) available at the American University of Sharjah (AUS)
laboratory, refer to Figure 8b. Hydraulic jacks are used to apply the load directly on the
spreader beam. The role of the spreader beam is to divide the load equally on two points
of 400 mm apart. The 400 mm distance is the constant maximum moment region. Strain
guages are installed on the concrete beams and on the reinforcing bars to record the
strians throughout the test. LVDT is installed below the beam to measure deflection.
One LVDT is fixed under the beam at the center of the span. Crack transducers are
utilized to measure the crack width during the tests, see Figure 9. All beams are cast at
the same time from the same concrete mix and the test is conducted under normal
conditions (23 £ 3° C and 50 + 10 % relative humidity).




Universal Testing
Machine (UTM)

A\ L il Concrete Strain [
] % 4 Guage /\__

| Reinforcement
Y. ¢ Strain Guage

Y

l |

Spreader Beam

2T10 (Steel) ¢ —— T10@100
X + yi
230mm
5 L
Bottom RFT
X X X X X
150mm 950mm w400mm . 950mm 150mm
2200mm

=== Concrete Strain Gauge

.-t RFT Strain Gauge

l LvDT

(©)

Figure 8: a) Beam’s Elevation, b) Beam’s testing Setup, ¢) Schematic Testing Setup
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Figure 9: Crack Transducer

3.4 Testing Method
One of the main aims of this research is to determine the bond dependent factor

of BFRP bars when used as flexural reinforcement in concrete beams. The test

determines how the surface of the bar affects the bond with concrete.

The following points summarize the steps that are followed to evaluate the

bond-dependent coefficient (kb):

1.

The load is applied until the first flexural crack appears. Then, the load
is held constant to measure the initial crack width.

The load is resumed until the second flexural crack appears and the same
procedure is repeated.

Load vs deflection is recorded

Strain in the reinforcement is recorded throughout the test

Strain in the concrete is recorded from the strain gauges attached at the
top of the concrete beam

The load is kept until the crack width is more than 1mm and the beam
fails.

The values of ky are calculated at 33% of the maximum moment (Mp),
at 67% of the maximum moment (M») and at crack width value equals

to 0.7 mm.
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Chapter 4: Design Philosophy

In this chapter, the theoretical equations suggested by the ACI 440.1R-15 code
are presented, which then are used to compare with the experimental results obtained
from the current study. The code equations include predicting the theoretical flexural
capacities, calculating the deflection at midspan, and the evaluation of the bond-
dependent coefficient (kp).

4.1 The Flexural Capacity

The ACI 440.1R-15 code permits two modes of flexural failures when designing
concrete beams reinforced with FRP bars [1]. The first failure mode is similar to the
flexural failure that suggested by the ACI 318 code for steel reinforced beams, which
the tension-controlled failure mode. FRP bars experience a sudden failure (FRP
Rupture) since they do not have a defined yielding point. On the other hand, the second
failure mode is concrete crushing, yet the concrete is considered as a brittle material,
still the FRP bars show more plastic behavior than FRP rupture. Both failures are
dependent on FRP reinforcement ratio. In order for the beam to be tension-controlled,
the reinforcement ratio must be lower than the balanced reinforcement ratio (pf < psb).
On the contrary, to achieve a compression failure by concrete crushing, the
reinforcement ratio of the beam should be greater than the balanced reinforcement ratio
(ps> pm). In this research, all beams that are reinforced with FRP bars are designed to
fail in concrete crushing (pf> p).

Accordingly, the ACI 440.1R-15 imposes the use of reduction factor 0.65 for
flexural members that are over reinforced in order to fail in concrete crushing. ACI
440.1R-15 enforces a reduction factor of 0.55 for beam that are designed to fail by FRP
rupture. Concrete crushing exhibits more ductile behavior than FRP rupture. Beams
that do not fail in either one of the two failure modes are considered to be in a transition
zone [1].

Most likely, the flexural member that reinforced with FRP bars do not fail in
concrete crushing as predicted. Generally, the reason for that is the variation in section
geometry and material properties. Therefore, due to the mentioned reasons and factors,
the ACI 440.1R-15 recommends using high strength concrete in order to utilize high
strength of the FRP bars.
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Moment capacity computations for the beam cross sections are done based on

following assumptions (ACI440.1R-15):

1. A maximum usable compressive strain of concrete is 0.003.

2. Linear elastic behavior of the FRP reinforcing bars.

3. The FRP bars and concrete are bonded perfectly.

4. Plane section remains plane. The strain in the concrete and the FRP bars is
proportional to the distance from the neutral axis.

The BFRP balanced reinforcement ratio can be defined as the amount of
reinforcement needed to initiate tensile rupture of the reinforcement at the same time
as concrete crushing.

fe . Erec

Prp = 0.858; —(

u Efgc + fu) (1)

Where:

f'c: Concrete compressive strength (MPa)

fu : Design tensile strength of FRP (MPa)

&c: Ultimate concrete compressive strain

Et. Elastic modulus of FRP bar (MPa)

B1: refers to the ratio of the depth of the Whitney block to the depth of the neutral axis.
Table 7 shows typical values of the balanced reinforcement ratio for steel and

different FRP bars for concrete compressive strength of fc = 35 MPa as per

ACI440.1R-15. In addition, the table clarifies that the FRP balanced reinforcement ratio

(pfo) 1s lower than the steel balanced reinforcement ratio (pp). In order to design a beam

in a way that is controlled by concrete crushing not FRP rupture, the beam shall be

considered over-reinforced [1].

Table 7: Typical values for balanced reinforcement ratios as per AC1440.1R-15 [1]

Yield strength /), or tensile Modulus of
Bar type strength f5,. ks1 (MPa) | elasticity, ksi (GPa) | Pb Of P
Steel 60 (414) 29,000 (200) 0.0335
GFRP 80 (552) 6000 (41.4) 0.0078
AFRP 170 (1172) 12,000 (82.7) 0.0035
CFRP 300 (2070) 22.000(152) 0.0020
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Equation (2) shows how the reinforcement ratio of a beam cross-section is calculated:
o=t @

where:

Ar. The total area of the FRP reinforcement used in the section (mm?)

b: Width of the beam (mm)

d: Effective depth (mm) can be calculated as follows:

d=h — clear concrete cover — stirrups diameter — flexural bar diameter/2 (3)

When the reinforcement ratio of the beam (pf) is greater than the balanced
reinforcement ratio (pm) (pf > prb), concrete crushing is controlling failure mode and
the compression stress distribution of the concrete can be represented by the Whitney
block, as illustrated in Figure 10. Equation (4) shows that the reinforcement ratio is

utilized in calculating the nominal moment capacity of a section.

M, = p; fr <1 ~0.59 p’}—ff> bd? @)

Where fr is the FRP stress at failure defined as follows:

f_‘f@Q)+a%mﬁ@Q_Q%ﬁcgﬁl (5)

= 2 Py

'S 7
| /”’ 0850 cha
c l -
d N.A / B
Af
L = ff —-Ar fr

Figure 10: FRP Beam stress-strain diagram (Whitney block)
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The ultimate applied moment should satisfy the following equations

a
M, = Asfr(d — E) (6)
A
A ™
0.85f'.b
M, < oM, (8)
The reduction factor (¢) can be calculated as shown below:
( 0.55 for (pf < ,be)
p
\ 0.65 for (pr = 1.4pgp)

4.2 FRP Concrete Beam Deflection
The deflection of the FRP concrete beam can be calculated based on ACI 440-

1R-15 code [1], using the following equations:

= 2 __ 2
4; 24E. (L) (3l — 4a*) (10)
M M
Ie = ( = )zﬁdlg + ll —( = )3l Ier =14 (11)
MApplL'ed MApplied
1 ,Df
pa=3(2) <1 12
=35, (12)
Where:
M appliea= Moment due to applied load (N.mm)
[= Span length (mm)
E= Concrete modulus of elasticity (MPa)
1= Effective moment of inertia (mm®)
bd?
I, = Tk3 + npApd?(1 — k)? (13)
fr = 0.62Vf', (14)
2f 1
m,, = Il (15)
h
bh3
=— 16
Iy =0 (16)
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I= Moment of inertia of cracked section (mm®)

Ba= Reduction factor related to the reduced tension stiffening of FRP beams
14= Gross moment of inertia for the section (mm?)

pr= FRP reinforcement ratio

prb= FRP balanced reinforcement ratio

fr=Modulus of rupture (MPa)

h= Depth of the beam (mm)

b= Width of the beam (mm)

4.3 Bond-dependent Coefficient (ko)

The bond-dependent coefficient (ko) is verifiably derived from the tested
specimen where many factors are considered such as beam’s section and dimension,
FRP bar properties and the strain in the FRP bars that is carefully measured. After the
initial cracking has occurred, the crack widths are measured using the crack sensor, then
the bond dependent coefficient for the FRP bars is calculated equation (8-9) in
ACI440.1R-15 [1].

W=2 pk xd? 4 sy (17)
E, ’ © |2

The kp, factor is calculated at three stages: a) at 33% of the maximum moment
capacity of the section (Mn) b) at 67% of the maximum moment capacity of the section
(Mn) c) at crack width value (w) equals to 0.7. The mean of the three values is

considered in calculating the effective ky of the reinforcement bars.

w: Maximum crack width (mm)

Ef : Modulus of elasticity of FRP bar (MPa)

fr: Stress in FRP reinforcement in tension (MPa)

ko: Bond-dependent coefficient

[ Ratio of distance from neutral axis to extreme tension fiber to distance from neutral
axis to center of tensile reinforcement

dc: Thickness of concrete cover measured from extreme tension fiber to center of bar
(mm)

s: Longitudinal FRP bar spacing (mm)
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Chapter 5: Experimental Results

In this chapter, results of experimental tests for concrete beam specimens
reinforced with the newly revealed BFRP bars are presented. Load versus mid-span
deflection curves, along with modes of failure and strains are presented as well.
Discussion and analysis of results, considering four different bar sizes of BFRP and two
different concrete compressive strengths (normal and high) are presented in the next

chapter.

5.1 Load versus Mid-Span Deflection Relationships

Figures 11 and 12 present the load versus mid-span deflection for the tested
beams cast with concrete compressive strengths of 30 MPa and 60 MPa, respectively.
Figure 11a illustrates the graphs of the BFRP-reinforced concrete beams. On the other
hand, the load versus mid-span deflection curves of the CFRP-reinforced and steel-

reinforced concrete beams are shown in Figure 11b.
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Figure 11: Experimental load vs mid-span deflection for beams cast with /’c=30 MPa
(a) beams reinforced with BFRP bars, (b) beams reinforced with CFRP and Steel bars
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Figure 12: Experimental load vs mid-span deflection for beams cast with /’c=60 MPa
(a) beams reinforced with BFRP bars, (b) beams reinforced with CFRP and Steel bars

Tables 8 and 9 show the maximum loads, moment capacities, maximum
deflections and first cracking loads of beams with compressive strength value of 30
MPa and 60 MPa, respectively. Moreover, both tables describe the failure modes of

each beam depending on the reinforcement type.

Table 8: Summary of flexural test results f’c =30 MPa

Max Max Max. First
Moment | Mid-span | cracking .
Beam Load : . Failure mode
(kN) capacity | deflection | Load
(KN.m) (mm) (kN)
3T8B-30 61.3 23 37.4 18 Concrete crushing
2T10B-30 61 22.9 42 14 Concrete crushing
2T12B-30 83 31.1 34 22 Concrete crushing
3T16B-30 | 102 38.3 35 16 Concrete crushing
2T12C-30 | 111.7 41.9 36.5 16 Concrete crushing
Steel Yielding
2T10S-30 | 57.2 21.4 375 18 (Tension-Controlled)
Steel Yielding
2T12S-30 | 64.8 24.3 44 17 (Tension-Controlled)
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Table 9: Summary of flexural test results f’: =60 MPa

Max Max Max. First
Moment | Mid-span | cracking .
Beam Load : : Failure mode
(kN) capacity | deflection [ Load
(KN.m) (mm) (kN)
3T8B-60 | 69.2 26 36.5 26 Concrete crushing
2T10B-60 | 65.9 24.7 38.6 15 Concrete crushing
2T12B-60 | 85 31.9 44 23 Concrete crushing
3T16B-60 |118.6| 445 31.3 24 Concrete crushing
2T12C-60 | 134.3| 50.4 35 21 Concrete crushing
2T10S-60 | 595 | 223 | 334 19 | Steel Yielding (Tension-
Controlled)
oT125-60 | 71 | 266 | 284 oo | Steel Yielding (Tension-
Controlled)

5.2 Crack Behavior

In this section, the load versus crack width and the cracking patterns are
presented for all the tested beams. All figures present the cracking behavior of beams
cast with different concrete compressive strengths of 30 MPa and 60 MPa. In addition,
the load of the first 8 cracks of all the tested beams are displayed. The values of the
theoretical cracking moment versus the experimental cracking moments are displayed

as well.

5.2.1 Load versus crack width relationship. Figure 13 shows the load
versus crack width relationship of beams cast with concrete compressive strength of 30
MPa. The relationships for beams reinforced with different diameters of Basalt FRP
bars are displayed in Figure 13a, and for beams reinforced with Carbon FRP and steel
bars are shown in Figure 13b. Furthermore, these figures indicate the average service
loads of all beams and the crack width limit of 0.7 mm specified by ACI code. The
graph starts from the value of the first crack. The graphs show the linear relationship
between the load and the crack width. Similar results are presented in Figure 14 for
beams cast with high compressive strength (f’c = 60 MPa).
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Figure 13: Moment vs crack width for beams cast with ".=30 MPa (a) beams
reinforced with BFRP bars, (b) beams reinforced with CFRP and Steel bars
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5.2.2 Crack pattern. The crack patterns of all the tested beams are monitored
during the flexural test and throughout the different loading stages. Figure 15 shows the
crack patterns for the tested beams at the service loading stage. In addition, Figure 16
displays the crack patterns at ultimate loading. Moreover, the loads at which each crack
developed are recorded and listed in Tables 10 and 11. Table 10, displays the initiation
load of the first 8 cracks in the beams cast with concrete compressive strength = 30
MPa. On the other hand, Table 11 shows the loads at which the first 8 cracks have
occurred for the beams cast with 60 MPa concrete compressive strength. All the tested
beams are assembled in groups and compared to each other based on the research

objectives mentioned before and are discussed in the next chapter.
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Figure 15: Crack pattern at service load stage (a) beams cast with /°.=30 MPa, (b)
beams cast with /’c = 60 MPa
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Table 10: Cracking Loads, f’c =30 MPa

(b)

Crack number
o Bem | 1|2 |3|4|5|6]| 7|8
Load for each crack (kN
1 3T8B-30 18 | 19 | 20 | 22 | 23| 24 25 26
2 | 2T10B-30 | 16 | 17 | 18 | 20 | 21 | 23 24 24
4 [ 2T12-B-30 | 22 | 23 | 24 | 25 | 25 | 26 28 29
3 | 3T16B-30 | 16 | 19 | 22 | 23 |27 | 29 | 30 | 36
5 | 2T12C-30 | 16 | 17 | 20 | 28 | 25| 29 33 44
6 | 2T10S-30 | 18 | 19 | 21 | 23 | 25| 36 | 38 | 42
7 | 2T12S-30 | 17 | 21 | 24 | 28 | 30 | 38 40 45
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Table 11: Cracking Loads, f’c =60 MPa

Crack number
I\’TO Bem |1| 2 | 3|45 | 6 |7]| 8
Load for each crack (kN)
1 | 3T8B-60 | 26| 27 28 |1 29| 29 30 |31 32
2 | 2T10B-60 | 20| 20 21 | 22| 23 25 | 27 28
3 | 2T12-B-60 | 23| 24 25 | 27| 28 29 | 32 35
4 | 3T16B-60 | 24| 25 26 | 26 | 27 28 | 29 30
5 | 2T12C-60 |21 | 22 24 | 25| 35 37 |41 48
6 | 2T10S-60 [ 19| 21 25 | 28| 33 35 | 36 37
7 | 2T12S-60 |20 | 25 30 [ 34| 36 39 |49 58

Tables 12 and 13 show a comparison between the experimental

cracking

moment and the predicted (theoretical) cracking moment for beams cast with f.=30

MPa and /=60 MPa, respectively. The modulus of rupture and the cracking moments

are calculated as per equations 14 and 15.

Table 12: Experimental vs theoretical cracking moment, beams cast with fc=30 MPa

L f Fir Experimental | Predi M
Beam | L% (kN)St MFc)re(kNe.rr:? e?kﬁi?]) " | Exp- MalPred. Mo
3T8B-30 18 6.75 6.07 1.11
2T10B-30 16 6 6.07 0.99
2T12B-30 22 8.25 6.07 1.36
3T16B-30 16 6 6.07 0.99
2T12C-30 16 6 6.07 0.99
2T10S-30 18 6.75 6.07 1.11
2T12S-30 17 6.375 6.07 1.05

Table 13: Experimental vs theoretical cracking moment, beams cast with fc=60 MPa

Load of First | Experimental | Predicted M
Beam | Cooe Ny | M Nm) | (k) | EXP- MedPred. Me
3T8B-60 26 9.75 7.39 1.32
2T10B-60 20 7.5 7.39 1.01
2T12B-60 23 8.625 7.39 1.17
3T16B-60 24 9 7.39 1.22
2T12C-60 21 7.875 7.39 1.07
2T10S-60 19 7.125 7.39 0.96
2T12S-60 20 7.5 7.39 1.01
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5.3 Load versus Strain Relationships
The strain values of the longitudinal reinforcement and concrete are captured
using strain gauges installed at mid-span of the reinforcement and the concrete section.
The strain values for the longitudinal reinforcement and their corresponding loads for
all the tested beams are shown in Figures 17 and 18. In Addition, the ultimate strain
values at the top fibers of the concrete beams and in the longitudinal reinforcement are

recorded and summarized in Tables 14 and 15.
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Figure 17: Load vs Strain values of concrete and reinforcement, f’c =30 MPa

(a) beams reinforced with BFRP bars, (b) beams reinforced with CFRP and Steel bars
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beams reinforced with BFRP bars, (b) beams reinforced with CFRP and Steel bars
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Table 14: Load vs concrete and reinforcement strain, f’c =30 MPa

# No Beam I(_IS ISI()j rlgionr:‘glr?gdr::ﬂt Cgtnr(;ritre]te
strain
1 3T8B-30 61.3 0.0164 0.0026
2 2T10B-30 61 0.0169 0.0028
3 2T12B-30 83 0.0155 0.0028
4 | 3T16B-30 102 0.0106 0.0033
5 | 2T12C-30 | 1117 0.0133 0.0028
6 2T10S-30 57.2 0.029 0.0022
7 2T12S-30 64.8 0.032 0.0019

Table 15: Load vs concrete and reinforcement Strain, f’c =60 MPa

# No Beam I(_l?lfl()j rt?nr}glr?gdr:]r:ﬂt Cg{lrc;riite
strain

1 3T8B-60 69.2 0.0163 0.0032
2 2T10B-60 65.9 0.019 0.0039
3 2T12B-60 85 0.0159 0.0034
4 3T16B-60 | 118.6 0.0126 0.0031
5 2T12C-60 | 134.3 0.0125 0.0034
6 2T10S-60 59.5 0.0357 0.003

7 2T12S-60 71 0.0323 0.0034
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Chapter 6: Results Discussion

In this chapter, the results of the experimental program for all tested specimens
are discussed. The discussion includes responses of load versus mid-span deflection,
cracking behavior and mode of failure. The analysis and discussion of the results,
including the effect of reinforcement ratio, reinforcement type and concrete
compressive strength are presented as well.

6.1 Effect of Reinforcement Ratio (p)

Figure 19 shows the relationship between the moment capacity and the
reinforcement ratio of the BFRP-reinforced beams. The figure demonstrates that
increasing the reinforcement ratio leads to increasing the moment capacity; however,
this behavior is not directly proportional, which proves the nominal capacity equation
(4) in the ACI 440.1R-15. Furthermore, the graph shows that the increase followed
similar trend of ACI 440 equation. For instance, the percentage increase in
reinforcement ratio between beams 2T10B-30 and 2T12B-30 is 45% vyielded a
percentage increase in the moment capacity of 36%. In addition, the moment capacity
has increased by 23% when the reinforcement ratio increases by 170% from 2T12B-30
to 3T16B-30. Similarly, the beams cast with higher concrete strength showed similar
increasing trend as shown in Figure 19b. For example, after increasing the
reinforcement ratio by 52% for beams 3T8B-60 and 2T12B-60 and 170% for beams
2T12B-60 and 3T16B-60, the moment capacity increased by 23% and 40%,
respectively. Similar behavior was obtained by Abed et al. [20].

The values of the experimental cracking moment of the beams vary from 6 to
8.25 kN.m with an average value of 6.75 kN.m for the beam cast with 30 MPa concrete
strength. The average cracking moment is approximately 23% of the average moment
capacity of the beams. For the BFRP- reinforced beams that are cast with 60 MPa
concrete strength, the average cracking moment values ranged between 7.5 and 9.75
kN.m with an average of 8.6 kN.m which has a percentage of 27% of the mean moment
capacity value. Increasing the reinforcement ratio of the beams did not have a clear
effect on increasing the cracking moment value. In fact, the reinforcing bars do not get

engaged in carrying the load until the first crack in the concrete occurs. Theoretically,
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as shown in ACI equations (14) and (15), the cracking moment is a function of the

modulus of rupture which in turn is a function of the concrete compressive strength.

The results obtained confirms the equations of predicting the cracking moment. Tables

12 and 13 display the experimental and the theoretical cracking moment values.
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Figure 19: Ultimate moment vs reinforcement ratio for beams reinforced with BFRP
bars, (a) beams cast with f”c = 30 MPa, (b) beams cast with /. = 60 MPa

The cracking patterns at service load of all the tested beams are shown in Figure

15. The cracks initiated at the middle of the beam span in the constant moment region.

The initiated cracks are vertical and perpendicular to the area of maximum tension. As

53



the load increases, more cracks are initiated which result in reducing the spacing
between the cracks. The beams with higher reinforcement ratios experienced more
tensile cracks than the beams with lower reinforcement ratios. The cracks markings of
all the tested beams at ultimate loading stage are presented in Figure 16. The figure
shows the cracks propagation at the pure moment region towards the compression zone
where concrete crushing occurs. Figures 13a and 14a show the propagation of the width
of the first crack with loads for the BFRP-reinforced beams that are cast with concrete
strength of 30 MPa and 60 MPa, respectively. The figures clarify that the beams with
higher number of bars experienced smaller crack widths at the same load level. The
beams reinforced with 3T8 and 3T16 BFRP bars had lesser crack widths than the beams
reinforced with 2T10 and 2T12 BFRP bars. This behavior approves equation (15) in
the ACI440.1R-15 code of calculating the crack widths. Increasing the number of
reinforcing bars in the beam decreases the spacing between that bars, thus reducing the
crack widths. In addition, increasing the number of bars results in lower strain values
in the bars which lead to smaller crack widths. On the other hand, increasing the
reinforcement ratio has no significant impact on the crack widths value. This can be
clearly observed in Figures 13a and 14a in the curves of the beams that are reinforced
with 2T10 and 2T12 BFRP bars. Similar behavior was reported by Elgabbas et al. [25]
and Elgabbas et al. [35].
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Figure 20: Moment vs Deflection for beams with BFRP bars, (a) beams cast with
f’c =30 MPa, (b) beams cast with /. = 60 MPa

In addition, increasing the number of reinforcing bars, but keeping the same
axial stiffness of the reinforcement, has negligible effect on the load carrying capacity
of the beams. However, the beams with more reinforcing bars exhibited lower values
of deflection. For example, as shown in Figure 11a, beam 2T10B-30 showed a higher
deflection value of 42 mm compared to 37.4 mm for 3T8B-30 although both have a
similar reinforcement axial stiffness value of 7.5 MN (EA = 7.5 MN). The reason is
that in the beam reinforced with two bars, the bars engage in the load carrying capacity
and exhibit higher strain values compared to the three bars where the strain is shared
among the three bars. Similar behavior is obtained in the beam cast with 60 MPa
concrete compressive strength; beam 2T10B-60 reached a deflection value of 38.6 mm
which is slightly higher than a deflection value of 36.5 mm for 3T8B-60, as shown in
Figure 12a.

The failure modes of the BFRP-reinforced beams are shown in Figures 21 and
22. All the BFRP-reinforced beam failed in concrete crushing. The beams were
designed such that the maximum compressive stress in the concrete (at ecy = 0.003-

0.004) is achieved prior reaching ultimate stress in the BFRP bars (f,). Tables 14 and
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15 shows the strain values in the longitudinal reinforcement and the concrete of all the
beams. The tables display that the concrete strain in BFRP-reinforced beams reached
the crushing limit before the ultimate strain in the BFRP bars is reached. Increasing the
concrete compressive strength value has slightly increased the ultimate strain of the
concrete which contributed in delaying the failure and increasing the load-carrying

capacity.

All the beams that are reinforced with BFRP bars showed similar behavior prior
to cracking. Figure 20 illustrates the moment versus deflection curves of the BFRP-
reinforced beams. After the occurrence of the first crack, the stiffnesses of the beams
reduce and the reinforcement start getting involved in resisting the load. The BFRP bars
exhibited a linear behavior until concrete crushing is achieved due to its elastic
properties. Both beams 2T10B-30 and 3T8B-30 showed similar behavior and reached
a maximum moment value of 23 kN.m because of the close axial stiffness (EA) value
of 7.5 MN. Similarly, the beams 2T10B-60 and 3T8B-60 resisted moment values of
24.7 and 26.0 kN.m, respectively. As per the moment capacity equation (6) in the
ACI440.1R-15, increasing the moment capacity can be achieved by increasing the
reinforcement ratio in the beams. This can be clearly observed in the beams reinforced
with 2T12 and 3T16 BFRP bars.

'}

~—
N

B

e

i
|
P
4 {"

3T8B-30

2T10B-30

56



3T16B-30

Figure 21: Failure modes of concrete beams reinforced with BFRP bars, beams cast
with f"c=30 MPa
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Figure 22: Failure modes of concrete beams reinforced with BFRP bars, beams cast
with /=60 MPa.

6.2 Response of BFRP versus CFRP and steel RC beams

The response of the BFRP-reinforced beams is studied and compared to the
beams that are longitudinally reinforced with CFRP and steel bars. The beams that are
reinforced with FRP bars (BFRP and CFRP) achieved higher moment capacity than the
beams reinforced with steel bars. The beams that have similar reinforcement ratios
(2T12B, 2T12C and 2T12S) achieved different moment capacities due to the variance
in the ultimate strength of the reinforcing bars. Figure 23 shows the moment versus
deflection of beams reinforced with Basalt FRP, Carbon FRP and conventional steel
bars and cast with concrete compressive strength of 30 and 60 MPa. In addition, Tables
8 and 9 summarize the maximum load and moment capacities attained in all the tested
beams. With respect to the beams cast with 30 MPa concrete strength, beam 2T12C-30
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reached a moment value of 41.9 kN.m which is 35% more than moment recorded by
2T12B-30 (31.1 kN.m) and 81.6% more than 2T12S-30 (24.3 kN.m). The Basalt and
Carbon FRP beams showed different percentage increase when cast with 60 MPa
concrete compressive strength. In this regard, the ultimate moment of CFRP Beam
2T12C-60 increased by 20.3%; whereas, the moment capacity of the BFRP Beam
2T12B-60 increased only by 4.0%. As indicated earlier, the increase in the ultimate
capacity is attributed to the increase in concrete strain at ultimate, see Table 15.
However, the large variation in the percentage increase between the two types of bars

is mainly related to their Elastic Modulus values, refer to Table 2.

The flexural response of concrete beams reinforced with Basalt FRP bars is
compared to the flexural response of beams reinforced with either Carbon FRP or steel
bars, but this time using similar axial stiffness value (EA = 30 MN) of the reinforcement
(i.e., 3T16B vs 2T12C and 2T10S). It is interesting to notice that Basalt and Carbon
FRP-reinforced beams showed similar flexural response in terms of cracking moment
and stiffness with slight variation in their ultimate capacities. This similarity was
observed in both types of concrete compressive strengths. On top of that, both FRP-

reinforced beams achieved higher moments than steel-reinforced beams.
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Figure 23: Moment vs Deflection for beams with BFRP, CFRP and Steel bars, (a)
beams cast with f’c = 30 MPa, (b) beams cast with /°c = 60 MPa

Although it depends on the concrete strength and the modulus of rupture, the
cracking moment values in the steel and CFRP-reinforced beams were very close. The
BFRP-reinforced beams showed higher cracking moment except for the 3T16B-30
beam which showed a cracking moment value that is close to the steel and CFRP-
reinforced beams. The experimental and the theoretical cracking moment values are
summarized in Tables 12 and 13. As mentioned earlier, increasing the reinforcement
ratio has no significant effect on the cracking moment value which confirms equations
(14) and (15) in ACI1440.1R-15 [1]. Likewise, changing the reinforcement type has no
influence on the value of the cracking moment. Figures 15 and 16 shows the cracking
patterns of the beams at service and at ultimate stages, respectively. The beams having
similar axial stiffness (EA) showed close cracking behavior. Cracks start in the extreme
tension fibers of the beams in the pure moment zone, then propagate to the top
compression fibers until concrete crushing occurs. Beams having similar reinforcement
ratio but different reinforcement type displayed similar cracking trend as shown in
Figure 13b and 14b. However, the steel-reinforced beams showed smaller crack widths
at higher load than the FRP-reinforced beams.

All beams showed similar pre-cracking behavior before the first crack. After the

occurrence of the first crack, the behavior of the beams change depending on the
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reinforcement type. For instance, the steel-reinforced beam showed higher strains than
the FRP-reinforced beams due to the high modulus of elasticity of steel as shown in
Figures 18a and 18b. The FRP-reinforced beams showed a typical linear behavior after
cracking. However, the behavior of the steel beam has changed to inelastic after
yielding of the steel bars. All beams showed major increase in the strain values after
cracking. Tables 14 and 15 summarize the reinforcement strain and the concrete strain
of the beams cast with concrete strength of 30 and 60 MPa, respectively. The
reinforcement strain is measured at mid-span of the beam while the concrete strain is
measured at the extreme compression fibers. The 3T16B-60 and 2T12C-60 beams
showed similar reinforcement strain value of 0.0125 because both beams have similar
axial stiffness (EA). In addition, although the 2T10S-60 beam has similar axial stiffness
(EA) to the beams 3T16B-60 and 2T12C-60, the former beam showed similar strain
behavior before cracking to the latter beams. However, following cracking, the
behavior of the 2T10S-60 beam changed due to the yielding of the steel reinforcement.
Consequently, the behavior of the beam changed from elastic to inelastic which allowed
the beam to bear more deflection. Beams with similar reinforcement ratio of 2T12 bars

showed different strains due to the different properties of the reinforcing bars.

FRP-reinforced beams experienced concrete crushing failure whereas the steel-
reinforced concrete beams failed in steel yielding followed by crushing of concrete.
Similar behavior was obtained by Abed et al. [20] and Elgabbas et al. [35]. As per the
ACI440.1R-15, the beams reinforced with FRP bars shall be designed to fail in concrete
crushing prior to FRP rupture. One the other hand, the typical failure for the steel-
reinforced beams that is recommended by the ACI318 code is steel yielding to allow
the beam to undergo to the inelastic behavior which is more ductile behavior, hence,
the steel-reinforced beams are designed as under-reinforced (ps < pp) [37]. As a result,
the strain in the steel reinforced beams reached an average value greater than 0.03 which
proves that the steel bars have yielded prior reaching to ultimate compressive strain of
0.003. Regarding the beams reinforced with Basalt FRP and Carbon FRP bars, the
concrete compressive strain reached ultimate with an average value of 0.0034 while the
tensile strain the reinforcement bars is around an average of 0.0134 which is less than
the ultimate tensile strain value. Figures 24 and 25 show the failure modes of the beams

cast with concrete compressive strength of 30 and 60 MPa, respectively.
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2T12S-30

Figure 24: Failure modes of concrete beams reinforced with CFRP and Steel bars,
beams cast with f°:=30 MPa
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2T12S-60

Figure 25: Failure modes of concrete beams reinforced with CFRP and Steel bars,
beams cast with f°:=60 MPa

6.3 Analytical Prediction — Flexural Capacity

Tables 16 and 17 shows the experimental versus the theoretical moment
capacity of beams cast with f°c = 30 MPa and f'c = 60 MPa, respectively. The
theoretical moment capacity is calculated as per the moment equation (6) in chapter 4
specified by AC1440 for FRP-RC beams and ACI-318 for steel-RC beams. The FRP-
reinforced beams are designed as over-reinforced to allow them to fail in concrete
crushing as recommended by AC1440 code (see equations and procedures in section 4).
Whereas, the steel-reinforced beams are designed as tension-controlled to undergo steel
yielding. The experimental moment capacities of all the tested beams were higher than
the predicted moment capacity by an approximate average value of 14%.

Table 16: Experimental vs theoretical moment for beams cast with f’c=30 MPa

Experimental | Theoretical
Beam | pnoment | MOMENL |y
(kN.m) (kN.m)
3T8B-30 23 20.5 1.12
2T10B-30 22.9 20.9 1.10
2T12-B-30 31.1 25.2 1.23
3T16B-30 38.3 37.0 1.04
2T12C-30 41.9 37.9 1.11
2T10S-30 21.4 16.1 1.33
2T12S-30 24.3 22.65 1.07
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Table 17: Experimental vs theoretical moment capacity, beams cast with /c=60 MPa

Experimental | Theoretical
Beam | Moment | Moment |y
(kN.m) (kN.m)
3T8B-60 26 23.3 1.12
2T10B-60 24.7 23.7 1.04
2T12-B-60 31.9 28.8 1.11
3T16B-60 44.5 43.0 1.03
2T12C-60 50.4 44.2 1.13
2T10S-60 22.3 16.4 1.36
2T12S-60 26.6 23.1 1.15

6.4 Bond-dependent Coefficient (kp)

The recommended value of the bond-dependent coefficient (kp) is 1.4 as per
ACI440.1R-15. Tables 18 and 19 provide the ky values for all tested beams at different
stages. The values are calculated at 33% of the maximum moment, 67% of the
maximum moment and 0.7 mm crack width using equation (17). The value of ks
depends on the crack width, strain in the reinforcement and the spacing between the
reinforcement. As the crack width increases, the value of ky increases. On the other
hand, while the strain in the reinforcement increases, the value of ky decreases. In
addition, the spacing of the reinforcement plays a major role in affecting the value of

kp. As the spacing between the reinforcement decreases, the value of ky decrease.

As per Tables 18 and 19, all beams with three main reinforcing bars have lower
value of ky due to the small spacing between the bars. In addition, the table shows that
majority of the values are less than or equal to 1 which indicates that FRP bars bond
perfectly with concrete as strong as the steel bond with concrete. It can be understood
from Tables 18 and 19 that the beams cast with concrete compressive strength = 60
MPa and the beams cast with /c = 30 MPa reported similar ki values. The results show
that the ky values range from 0.51 to 1.1 with an average of 0.85 for the tested sand-
coated FRP bars. The comparison confirms that the ky value specified in ACI1440 code
amplify the crack widths of the tested beams and it is conservative.
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Table 18: Bond-dependent Coefficient (kb), beams cast with f°c = 30 MPa

Beam ID | M, Max | 33% M, | 67% M, | w=0.7 Mean

3T8B-30 23 0.51 0.76 0.85 0.71
2T10B-30 22.9 0.88 0.69 0.69 0.75
2T12B-30 311 0.94 0.99 1.07 1.00
3T16B-30 38.3 0.67 1.03 0.99 0.90
2T12C-30 41.9 0.99 0.99 0.98 0.99
2T10S-30 214 0.49 0.92 0.99 0.80
2T12S-30 24.3 0.82 0.99 0.98 0.93

Table 19: Bond-dependent Coefficient (kb), beams cast with /°c = 60 MPa

Beam ID | My Max | 33% M, | 67% M, | w=0.7 Mean

3T8B-60 26 1.04 0.69 0.69 0.81
2T10B-60 24.7 0.74 1.10 0.97 0.94
2T12B-60 31.9 0.76 1.09 0.80 0.88
3T16B-60 44.5 0.54 0.68 0.88 0.70
2T12C-60 50.4 0.66 0.97 0.78 0.80
2T10S-60 22.3 0.63 0.94 0.96 0.84
2T12S-60 26.6 0.99 0.77 0.82 0.86
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Chapter 7: Summary and Conclusions

Several materials have been used as internally reinforcing rebars for structural
concrete members. The experimental program of this research is conducted to
investigate the effects of varying reinforcement ratios and reinforcement axial stiffness
on the flexural response of concrete beams reinforced longitudinally with Basalt Fiber
Reinforced Polymers (BFRP) bars, considering two different concrete compressive
strengths. In addition, the behavior of BFRP bars when used as main reinforcement are
compared with CFRP and steel bars. In reference to the results obtained from the
experimental program, several conclusions and observations are drawn and listed
below:

1) Increasing the reinforcement ratio of the BFRP-reinforced beams enhance the
load carrying capacity as well as the moment capacity of the concrete beams.
The percentage increase in the moment capacity confirms the trend of the
moment equation provided by the ACI440.1R-15 guidelines.

2) Increasing the reinforcement ratio has no effect on increasing the cracking
moment of the beams. This confirms the ACI440.1R-15 equations that the
cracking moment depends on the modulus of rupture and concrete strength.

3) Increasing the reinforcement ratio has no impact on the crack width values.
However, increasing the number of bars reduces the spacing between the bars
which reduces the crack widths.

4) BFRP-reinforced beams that have similar axial stiffness (EA) showed
comparable flexural response with very close moment capacities.

5) FRP-reinforced beams failed in concrete crushing prior reaching the ultimate
strain in the reinforcing bars. While the steel-reinforced beams failed in steel
yielding followed by concrete crushing.

6) Among all the beams, the CFRP-reinforced beams reached the highest moment
capacity due to the high value of the tensile strength of the reinforcing bars.

7) All beams exhibited similar pre-cracking behavior. Subsequent to cracking, the
stiffness of the beams reduces significantly, and the reinforcement start getting
engaged in the load carrying capacity undergoing a sudden increase in the strain

values.
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8) The bond-dependent (k) factor is directly proportional to the crack width.
However, it is indirectly proportional to the reinforcement strain and the spacing
of the reinforcing bars.

9) The average bond dependent coefficient (kb) value was obtained to be less than
1.0. Increasing the compressive strength has almost no effect on the value of kp.
future studies are recommended to investigate this matter further.

10) The BFRP-reinforced beams showed similar behavior to the CFRP-reinforced
beams which supports that the BFRP bars can be used in the similar applications
of other FRP reinforcing bars.

11) Future studies could be made by developing a nonlinear finite element model to
validate the results obtained from the experimental tests and compare them in
terms of the load carrying capacity, the cracking behavior and the failure mode.
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