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Abstract

Over the last few decades, construction materials have gone through many
developments aimed at improving their structural and operational properties. The
implementation of fiber-reinforced polymer (FRP) bars as a replacement for
conventional steel reinforcement in reinforced concrete structures has gained
significant acceptance in the construction field. Basalt Fiber-Reinforced Polymer
(BFRP) bars are a new type of FRP reinforcement material that was recently introduced
to the construction industry. The main shortcoming associated with the use of the BFRP
bars in concrete beams is related to the brittle behavior of these beams. This research
investigates, experimentally and analytically, the effects of using different types of
fibers within the concrete mix on the flexural behavior of BFRP-reinforced concrete
beams. The experimental program consisted of material evaluation and flexural testing.
A total of 12 beams were prepared and cast using plain, basalt fiber, and synthetic fiber-
reinforced concrete with a 40MPa target compressive strength. Flexural testing was
conducted on each of the BFRP-FRC beams using a four-point loading test. Results
showed a noticeable improvement in the flexural capacities of these beams due to the
delay in concrete failure strain (beyond 0.003) at the compression zone, which helped
the BFRP bars to attain a higher ultimate strength. Results also indicated that
introducing fibers to the concrete increased curvature ductility. Furthermore, the
flexural capacity of the section increased by 12% for the basalt fibers RC beams
compared to 19% for specimen with synthetic fibers. The opening of cracks and their
deep propagation was effectively restrained by the bridging effect of the fibers, which
keeps the crack widths lower than the allowable limit of 0.7 mm at the service stage. In
addition, the applicability of ACI 440-1R-06 recommendations was assessed using the
results of plain concrete specimen and extended to cover fiber-reinforced concrete
beams. The experimental results showed good agreement with the analytical ones
obtained using ACI equations in terms of flexural capacity, crack spacing, crack widths
and mid-span deflection.

Search Terms: FRP, FRC, Flexural behavior, BFRP bar, GFRP bar, Fibers,

Deflection
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Chapter 1. Introduction

Developments in construction have resulted in introducing new materials as
reinforcing bars in structural members. Each material has its own shortcomings in
delivering the predicted performance. The inherently corrosive nature of conventional
steel reinforcement is one of the most commonly occurring problems that increases the
need for alternative solutions. Fiber-reinforced polymer (FRP) composites have been
used in structural engineering for almost 50 years for both, restoration of existing
structures and new construction [1]. The implementation of fiber-reinforced polymer
(FRP) bars as a replacement for conventional steel reinforcement in reinforced concrete
structures has gained significant acceptance in the construction field. FRP bars are a
non-corrosive and nonmagnetic material, which makes them perfectly appropriate for
reinforcing concrete structures in harsh environments [2]. There are many types of FRP
materials used as reinforcement to resist both shear and flexural stresses in concrete
structures. Glass fiber-reinforced polymer (GFRP), carbon fiber-reinforced polymer
(CFRP) and aramid fiber-reinforced polymer (AFRP) are the most common types of
FRP composite reinforcement. In the last few years, manufacturers’ and researchers’
attention has been attracted to the promising features of basalt FRP (BFRP) as a new
reliable reinforcing material [3] [4]. In terms of flexure and serviceability, BFRP bars
have the same characterization as other FRP composites. In addition to their corrosion
resistance, BFRP bars have a high tensile strength-to-weight ratio, which leads to a
sufficiently desirable strength together with an easy handling and erection process.
Unlike conventional steel reinforcement, FRP bars behave elastically until failure,
which translated into a lack of ductility[5]. In addition, FRP bars as reinforcement have
a low modulus of elasticity compared to steel [2], [4], [6]-[15]. For instance, glass and
aramid FRP composites have elastic moduli ranging from 35 to 50 GPa, which is
approximately 21% of the elastic modulus of steel, commnly around 200 GPa.
Moreover, FRP bars have a high tensile strength that can exceed 1000 MPa [15].

The most prominent concern in flexural members reinforced with BFRP is their
brittle behavior. BFRP bars do not yield; therefore, they have a linear elastic behavior
until failure [2]-[4], [6]-[9], [11]-[17]. This could result in catastrophic failure without

any precautions, which is not desirable by designers.
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The American standards and design code for fiber-reinforced polymer as
longitudinal reinforcement, ACI 440-1R-06 [18], allows two modes of flexural failure
to be used in the design of FRP-reinforced concrete members [17]. The first failure
mode is controlled by FRP rupture. This mode of failure is similar to the tension-
controlled failure which is adopted by the ACI-318 code for steel reinforcement. Since
FRP bars have no yielding point, the precautions before failure are limited and the
member experiences a sudden and catastrophic failure. The second failure mode is
controlled by concrete crushing (compression-controlled). According to ACI 440-1R-
06, in order to design a section that can fail by FRP rupture, the FRP reinforcement
ratio should be less than the FRP balanced reinforcement ratio (pf< pm). In contrast,
concrete crushing failure can be accomplished by using an FRP reinforcement ratio that

is greater than the FRP balanced reinforcement ratio (ps>pf) [17].

Researchers have performed many investigations that aim to develop a suitable
solution to improve the ductility of the concrete members reinforced with FRP. Since
FRP bars have no yielding strain and since it is preferable that concrete crushing occur
before the FRP bars rupture, the challenge is to improve the compressive strain
properties of concrete in order to postpone concrete crushing and allow FRP bars to
contribute more to the load carrying capacity [6], [8], [13], [15], [19]. Incorporating
randomly distributed micro fibers into the concrete mix is one solution to overcome the

problems of ductility and deformability of FRP-Reinforced concrete members.

Several types of fibers such as steel fibers, synthetic polypropylene fibers, and
the newly developed Basalt fibers, have been used in the FRP-FRC system [15]. Basalt
chopped fibers are available in lengths ranging from 12 to 100 mm and diameters
ranging from 10 to 20 pum. Basalt fiber exists in filament and bundled form [20],
[21].Once microcracks develop in a structural concrete member, basalt fibers will
sustain the stresses and restrict cracks propagation as load is applied by the mean of
bridging effect. Unlike plain concrete which is weak in tension, it will not be able to

sustain the stresses and hence, the cracks continue to propagate and elongate [21].

1.1. Problem Statement
Although concrete is a brittle material, studies have shown that the
compression-controlled failure mode exhibits more plasticity than the tension-

controlled one. Since compressive concrete properties can be enhanced, compression-
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controlled failure is recommended as it provides more precaution before failure. Studies
had proven that the effect of the fibers on concrete properties depends on the length and
dosage of the fibers in the concrete mix [20]-[23]. In addition, studies have shown that
the optimum dosage of Basalt fibers to allow the best mechanical properties to be
achieved ranges between 0.3-0.8% of the total volume of the concrete mix [21], [23],
[24]. In this study, chopped Basalt fibers of 12 and 24 mm length and a volume fraction
of 0.75% of the total volume of the mix are used. Generally, adding fibers to the
concrete mix can improve its mechanical properties including flexure, deformation,
toughness, ductility and load carrying capacity after cracking [23]. Bridging the micro
and macro-cracks in the structural member is the main function of the short and long
fibers. Consequently the post-cracking behavior of FRP-reinforced concrete members

is improved [21].

1.2.  Research Significance

As technology in the construction field advances, the need for developing new
construction materials that can overcome the weaknesses of conventionally-used
materials increases. Both the structural and economical sides should be considered
when introducing a new material or technique. FRP composites are one of the recently
used materials as a replacement of conventional steel in reinforcing concrete structures.
Lately, Basalt fiber-reinforced polymer (BFRP) bars show promising features that may
overcome the shortcomings of steel and other FRP reinforcing materials. The flexural
performance of BFRP bars showed a significant acceptance in previous studies. Since
the BFRP-reinforced concrete [BFRP-RC] beams are designed to fail by concrete
crushing (compression control) as preferred by the ACI 440-1R-06 code[18], the
concrete’s ultimate strain should be increased in order to add some ductility to the FRP
beams and utilize as much of the BFRP high tensile strength as possible. This

phenomenon can be accomplished by the addition of discrete fibers to the concrete mix.

In this research study, the effect of using different types of micro fibers,
reinforcement ratios and reinforcement bars on the flexural behavior of concrete beams
reinforced longitudinally with BFRP bars is evaluated. The study includes experimental
work in addition to some analytical work for comparison purposes. Consequently, the
significance of this research lies mainly in utilizing both, the high tensile strength of
the BFRP bars as longitudinal reinforcement and the ductility provided by introducing

fibers to the concrete mix. This will result in an optimum beam section that has the
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highest flexural capacity and controlled cracking behavior. Documenting the behavior
of BFRP-FRC cast with different types of fibers is expected to reduce the uncertainty
related to using FRP as longitudinal reinforcement in flexural members. Therefore, this
could encourage building-code committees such as the ACI 440-1R-06 to consider this

type of systems to be applicable for flexural applications.

1.3.  Research Objectives

The main objective of this study is to investigate the effect of the addition of
basalt fibers to the concrete mix on the flexural behavior of concrete beams reinforced
longitudinally with BFRP bars. Since the ACI 440-1R-06 code recommends
compression control as a failure mode for the FRP reinforced beams, there is a
significant need to improve the concrete’s ultimate compressive strain in order to utilize
the high tensile strength of longitudinal BFRP bars and improve the load-carrying
capacity. Generally, plain concrete beams reinforced with FRP bars are designed to fail
at a concrete strain of 0.003. This consequently results in a reduced utilization of the
tensile strength of FRP bars. Therefore, adding fibers to the concrete is expected to
allow the compressive strain to exceed 0.003 and give the concrete a tendency towards
improved flexural behavior in terms of cracking response, deflection and ductility. The

objectives of this research can be summarized as follows:

1) Enhance concrete properties by introducing fibers (basalt and synthetic) into the
concrete mix to achieve a concrete mix with high strength, high ductility, and
improved cracking control, which are the main features of FRC.

2) Study the flexural behavior of the FRC beams reinforced with BFRP bars
considering different reinforcement ratios by conducting a four-point bending
test and comparing the results to those of beams reinforced with GFRP and steel.
From this comparison, capture any enhancement in the ultimate compression
strain at the top concrete fibers at mid-span. Additionally, monitor the cracking
behavior and crack widths at different loading stages.

3) Investigate the effect of using different numbers of BFRP longitudinal bars with
the same flexural stiffness on the overall flexural behavior of reinforced beams.

4) Implement an analytical program to assess the applicability of the ACI 440-1R-
06 recommendations in calculating the flexural capacity, crack widths, crack
spacing and deflection of beams cast with either plain or FRC mixes and

reinforced longitudinally with BFRP bars.
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1.4.  Thesis Structure

The thesis starts with the introduction chapter which introduces the BFRP
material and explains its advantages when used as longitudinal reinforcing bars in
flexural members. The chapter also states the problem being studied and its
significance. The second chapter gives the background necessary to understand the
properties of different materials used in the research such as: BFRP, GFRP, and FRC.
Chapter 2 also introduces and summarizes the research outcomes of other studies
conducted by many researchers on the flexural behavior of concrete members
reinforced longitudinally with materials exhibiting high tensile strength (similar to
BFRP) such as GFRP and CFRP. Chapter 3 defines the implemented experimental
program in detail. It shows the test matrix, test setup and instrumentation for the flexure
test. The current design guidelines and equations for the FRP-RC beams are
summarized in chapter 4 for the determination of flexural capacity, cracking behavior
and mid-span deflection. The results of the experimental program are summarized in
Chapter 5 and discussed in Chapter 6 to capture the main effect of using a variety of
fiber types such as basalt or synthetic fibers, different reinforcement ratios, and
different reinforcement materials (BFRP, GFRP and steel) on the overall flexural
behavior. Chapter 7 assesses the design guidelines based on the experimental results
including flexural capacity, crack behavior and mid-span deflection. The thesis ends
with Chapter 8 which states the main conclusions and provides several

recommendations for structural designers.
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Chapter 2. Literature Review

In this chapter, a review of the literature is done, focusing on related studies and

experimental programs.

2.1.  Overview of Fiber-Reinforced Polymer (FRP) Properties

Fiber Reinforced Polymer (FRP) material is a kind of composite material that
is manufactured by combining small-diameter fibers with a polymeric matrix at a
microscopic level to produce a synergistic material [1]. It has been used often in the
construction industry in recent years. This high demand is due to the material’s light
weight, high tensile strength, nonconductive behavior, nonmagnetic nature, high
corrosion resistance, and simple implementation procedure. These features make the
material a preferable solution for both, strengthening reinforced concrete structures and

reinforcing new structural elements.

2.1.1. Production of FRP. FRP composites have been implemented in an
extensive range of applications in different fields including bridges, airport facilities,
retaining walls, and especially, structures exposed to aggressive environments [25].
There are many types of manufacturing processes that are used to produce the FRP
composites. The most commonly used one is the pultrusion process. Pultrusion is a
continuous manufacturing process which can produce one to five feet per minute of
prismatic thin-walled members [25]. FRP composites can be produced into three
different materials; solid continuous bars and plates, fully structural profiles, and short
discrete fibers. The bars shown in Figure 1 are mainly used as internal reinforcement
or are externally bonded to structural concrete for strengthening purposes. On the other
hand, the structural profiles shown in Figure 2 are implemented in the bridge
construction field, either as piers or as bridge deck slabs [1], [25]. The short discrete
fibers shown in Figure 3 are another type of FRP material that is recently used in
concrete mixes in order to improve the compressive strain of concrete, thereby

increasing its flexural capacity.

In the following sections, some of the most important FRP properties that are

relevant to their application in the construction field are discussed briefly.
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Figure 1: FRP bars [1]

d

Figure 2: FRP composite profiles [1]

Figure 3: Basalt Fibers[26]

2.1.2. Compressive strength. The difficulty in examining the compressive
strength of FRP materials is due to their brittleness and tendency to buckle, and the lack
of information available on this matter. It has been stated that the compressive strength
and modulus of elasticity of Kevlar fibers are significantly lower in compression than
they are in tension [27]. With the limited studies and information on the compressive

performance of FRP, publishing data in this subject remains a challenge for structural
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engineers and researchers.

2.1.3. Tensile strength and modulus of elasticity. FRP composites vary in
tensile strength based on many parameters including the type and content of the fiber
and the type of the resin used in manufacturing process. While GFRP offers a tensile
strength that is nearly equal to or slightly greater than mild steel yield strength, CFRP
composites exhibit a tensile strength that varies between two to five times the yield
strength of mild steel. Both FRP composites have a tensile stiffness lower than that of
steel [1]. Unlike steel bars, studies have proven that FRP bars have a linear elastic

behavior until failure, which means that there is no strain hardening stage.

A study carried out by Uomoto and Nishimura 1994 [27] aimed to investigate
the variations of tensile strength and elastic modulus with the type and content of fibers
used in manufacturing the FRP. For that purpose, 100 specimens were prepared using
different parameters. The study concluded that the fracture strain of FRP was much
lower than that of steel, which is why structures reinforced with FRP should be designed
based on the serviceability limit state rather than the strength limit state. In addition,
the elastic modulus of FRP material was found to be half that of steel. However, the
tensile strength of FRP materials was much higher than that of conventional steel. Also,
the study showed that as the fiber content (V) in the FRP increased, the tensile strength

and elastic modulus increased as well.

A comparison of the mechanical properties of the different types of FRP, as
summarized in Table 1, shows that carbon composite exhibits a stiffness of two to five
times that of the glass composites. Additionally, FRP composites have almost one-fifth
the weight of steel. The tensile properties of FRP strengthening systems can be obtained
either directly from the FRP manufacturer or using the test method mentioned and
described in ASTM D7565 [27]. The ACI 440.6-08 states that GFRP and CFRP
reinforcing bars have a tensile elastic modulus of no less than 39.3 GPa (5700 ksi) and
124 GPA (18,000 ksi), respectively [17]. Figure 4 shows stress-strain curves for
different types of FRP composites.
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Table 1:Properties of FRP composites [1]

Parameter \i fiber type | AFRP | GFRP | CFRP
Mean 135 140 124
45 value
SD 949 | 583 | 118
COV | 0.0703 | 0.0416 | 0.0952
Mean 169 169 134
Strength (Kgt/mm?) 55 value
gin (Kef SD 148 | 853 | 112
COV | 0.0876 | 0.0505 | 0.0836
Mean 204 | 177 | 148
66 value
SD 573 | 122 27
COV | 0.0281 | 0.0689 | 0.1824
Mean | 3048 | 4274 | 11202
value
45 sD 2161 | 522 | 2595
COV | 00576 | 0.0122 | 0.0232
_ Mean 4570 | 5211 | 13530
Elastic modulus - value
(Kgi/mm2) SD 1945 | 476 | 2363
COV | 0.0426 | 0.0091 | 0.0175
Mean | cie0 | 6024 | 15714
value
66 sD 2412 | 1012 | 3794
COV | 00442 | 0.0168 | 0.0241
5000 -
) S-Glass
4000 SEI;[;;E;D Kevlar 49
= Carbon ‘,-' E-Glass
E 3000 7 . *
§ | High .- *
o Modulus P L d
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Figure 4: Stress-Strain curves of different FRP composites [1]
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2.1.4. Deflections and cracking. Deflections and crack widths in FRP
reinforced concrete structures and particularly in GFRP reinforced structures are
usually larger than in steel-reinforced concrete beams due to the low elastic modulus of
FRP. Specifications on deflection or crack width often control designs and usually, the
solution for such deflections is the use of over-reinforced sections. At lower loads, the
cracking response of the FRP structures is close to that of conventional steel structures.
As the loads increase and get closer to the ultimate, the crack widths and deflections in
the FRP structures become larger than steel structures [1], [6], [27], [28]. American
Concrete Institute (ACI-440) code equations for deflections can also be used for FRP

reinforcement [17].

2.1.5. Bond strength and development length of reinforcement. The bond
characteristics of FRP reinforcing bars are one of the bars’ most important features and
they vary from one product to another. Compared to the bond strength of steel
reinforcement, some FRP materials have higher bond strengths, while others exhibit
lower bond strengths[29]. The bond strength of FRP reinforced concrete members is a
function of the bar surface and concrete cover [30][10]. For instance, bars with helical
wraps on the surface have additional bond strength through the mechanical interlock,
which makes the bars more dependent on the concrete cover. Another factor that affects
the bond strength of FRP reinforced concrete members is the development length [29].
According to ACI 440, local bond-slip relations have been conducted on glass FRP
reinforcement and based on the test results, the minimum development length of glass
FRP bars required to avoid failure by pull-out is in the range of 26-37 times the bar
diameter [17].

A study was conducted by El Refai et al in 2015 [31] to investigate the bond behavior
of Basalt fiber-reinforced polymer (BFRP) bars to concrete. 63 concrete cylinders were
reinforced with BFRP, and 12 concrete cylinders were reinforced with Glass FRP
(GFRP) for comparison purposes. The beams were tested in direct pull-out tests. Based
on the test results, both the BFRP and the GFRP bond-slip curves showed the same
trends; however, the BFRP cylinders showed an average bond strength equivalent to
75% that of the GFRP. The failure of the BFRP bars occurred along the interfacial

surface between the outer layer and the core layer of the bar [31].
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2.2.  Glass-Fiber Reinforced Polymer Rebars (GFRP)

Glass FRP has been widely used as longitudinal reinforcement in structural
members. Many studies have investigated the GFRP’s performance in flexure and
shear. Glass is a shapeless inorganic compound that mainly consists of Silica dioxide
(Si02). There are many classes of glass fiber available in the market. E-glass (electrical
glass) is a borosilicate glass known for its high electrical resistivity and used to produce
the most popular FRP products. Other classes of glass fiber include A-glass (window
glass), C-glass and S-glass, which have a high strength and are used to manufacture
high-performance fibers for aerospace applications. Table 2 shows the mechanical

properties of different classes of glass fibers [1].

Table 2: GFRP mechanical properties [1]

Tensile Tensile Max.

Grade of Density Modulus Strength Elongation
Glass Fiber [g/cm? (Ib/in?)] [GPa (Msi)] [MPa (ksi)] (%)
E 2.57 (0.093) 72.5 (10.5) 3400 (493) 2.5
A 2.46 (0.089) 73 (10.6) 2760 (400) 2.5
C 2.46 (0.089) 74 (10.7) 2350 (340) 2.5
S 2.47 (0.089) 88 (12.8) 4600 (667) 3.0

According to the American standard (ACI-440), GFRP bars are produced with
the following property ranges: tensile strength (483 to 1600 MPa), elastic modulus (35
to 51 GPa), and rupture strain (1.2 to 3.1 %). Table 3 shows the mechanical properties
of GFRP from the manufacturer compared to those of conventional steel reinforcement
[17].

Table 3: Comparison between steel and GFRP properties [1]

) ) Bar type
Mechanical properties
Steel GFRP
Nominal yield stress, 276 to 517
. N/A
Mpa (Ksi) (40 to 75)
Tensile strength, 483 t0 690 483 to 1600
MPa (Ksi) (70 to 100) (70 to 230)
Elastic modulus, 29 51to7.4
103 GPa (Ksi) (200) (35to 51)
Yield strain, % 0.14 t0 0.25 N/A
Rupture strain, % 6to 12 1.2t03.1
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All mechanical properties of FRP bars should be obtained from the
manufacturer due to the complexity of the tests needed for strength determination. This
complexity is due to the premature failure that occurs as a result of the stress
concentrations in and around anchorage points on the test specimen [17]. In addition to
its multiple advantages of resisting corrosion and high strength to weight ratio, GFRP

have a low cost compared to steel and other FRP products [32].

Habeeb and Ashour [7] conducted a study in 2008 aimed to investigate the
flexural behavior of continuous beams reinforced with GFRP. Reinforcement ratio was
the main parameter that controlled the experimental program. A number of 2 simply
supported and 3 continuous GFRP-reinforced concrete beams were cast together with
one continuous steel-reinforced concrete beam for comparison purposes. Some beams
were over-reinforced with GFRP and some were under-reinforced either in the bottom
or top reinforcement. The results showed that the first mid-span crack in the over-
reinforced GFRP beams occurred at a slightly higher load than in the under-reinforced
GFRP beams. It could be also noticed that, in the over-reinforced GFRP beams, cracks
initiated at the negative moment region (over the middle support). However, in the
under-reinforced GFRP beams, cracks initiated at the positive moment region (at the
mid-span). The beams exhibited three different failure modes. The first failure mode
was failure by FRP rupture, which was experienced by GFRP bottom under-reinforced
beams. The second was failure by concrete crushing, which appeared in the GFRP
bottom over-reinforced beams. The third mode of failure was by concrete crushing
combined with shear failure, which was experienced by GFRP beams with over-
reinforcement at the top and bottom. The reason behind the third mode was that, when
the beam was over-reinforced at the top and bottom, the compression resistance became
very high which allowed shear force to control part of the beam failure. It was also
concluded that the GFRP over-reinforced simply supported beams failed at 50% of the
total failure load of GFRP over-reinforced continuous beams. A similar trend was
noticed for the under-reinforced simply supported beams which failed at 40% of the

total failure load of continuous beams.

Since the ACI 440-1R recommended that FRP reinforced concrete beams be
designed with over-reinforcement, the properties of concrete became the core of
controlling the flexural behavior[33]. Implementing the advantages of high and ultra-

high strength concrete is one of the methods that were predicted to improve concrete
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compressive properties and increase the failure strain. An experimental study carried
out by Goldston, et al. in 2017 [34] focused on the influence of using high strength
concrete (HSC) and ultra-high strength concrete (UHSC) on the flexural behavior of 9
GFRP beams. In addition, three steel reinforced concrete beams were cast for
comparison purposes. Three main variables controlled the testing program: concrete
compressive strength (80 and 120 MPa), the reinforcement ratio pf considering both
over-reinforced and under-reinforced cases, and the size of the GFRP bar. The study
concluded that the GFRP beams retain the trend of elastic linear behavior until failure
even with the use of HSC and UHSC. It was also noticed that increasing concrete
strength from HSC (95 MPa) to UHSC (117 MPa) increased the load carrying capacity
of the over-reinforced beams by 27% and 13% for reinforcement ratios pf=1 % and
pf=2%, respectively. It also increased the post cracking stiffness for beams of the same
reinforcement ratio. Moreover, the over-reinforced beams exhibited a more ductile
behavior compared to the under-reinforced beams. The test results also showed that by
increasing the reinforcement ratio using UHSC, the ductility increased. For the HSC
and UHSC GFRP-RC beams with reinforcement ratios of pf = 1.0% and pf = 2.0%, the
total energy absorption capacity increased by 4% and 5%, respectively, for an increase
in concrete strength from 95 MPa (HSC) to 117 MPa (UHSC).

2.3. Basalt Fiber-Reinforced Polymers Rebars (BFRP)

Recently, efforts in developing fiber-reinforced polymer (FRP) technologies
have concentrated on using a new type of fiber, Basalt fiber-reinforced polymer
(BFRP). Basalt FRP is anticipated to give advantages comparable to or better than those
of other FRP types, while being significantly more cost-effective. BFRP reinforcing
bars have advantages that exceed those of other FRP bars such as Carbon FRP (CFRP),
Glass FRP (GFRP), and Aramid FRP (AFRP). For instance, BFRP is more chemically
stable than E-glass FRP and has a higher tensile strength and elastic modulus. In
addition, it has a varied range of working temperatures and a much lower cost than
CFRP [4].

Limited studies investigating the structural behavior of BFRP are available. In
2016, Elgabbas, Ahmed and Benmokrane [4] conducted a study to examine the flexural
behavior of RC beams reinforced with Basalt FRP bars under static loads. For that
purpose, six beams reinforced with 8,12 and 16 mm BFRP bars with ripped surfaces

were tested and compared with two reference steel RC beams with 10 and 15mm steel
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bars. All the BFRP beams were designed to fail by concrete crushing, while the steel
beams were under-reinforced to fail by steel bar yielding. Both ACI and Canadian
Standards Association (CSA) were used to predict theoretical results that were then
compared with the experimental results. The test results showed that as reinforcement
ratio increased (become more over-reinforced), the ultimate capacity increased in such
a way that a 50% increase in the BFRP reinforcement ratio increased RC beam capacity
by 28%. Since BFRP bars have higher tensile properties and stiffness than GFRP bars,
BFRP bars have proven their ability to carrying more loads before concrete crushing.
It was also noted that the ultimate capacity of BFRP beams is higher than that of steel
beams. The test also included bond coefficient (Kb) determination based on ACI and
CSA codes. The results showed an average Kb value of 0.83 for the ripped BFRP bars
which is less than the value provided by CSA standards, 1.

Another study conducted by Tomlinson and Fam in 2014 [12] focused on the
flexural and shear behavior of BFRP RC beams. Nine beams with (150 x 300 x 3, 100-
mm) dimensions were cast and tested in four-point bending to investigate the influence
of BFRP flexural reinforcement ratios varying from 0.28 to 1.60 the balanced ratio on
the structural performance. The beams were reinforced by either BFRP bars or steel
stirrups, and some had no shear reinforcement at all. The test results showed that the
flexural reinforcement ratio proportionally affects the ultimate and service loads.
However, the service loads were not influenced by stirrup type. The failure mode
differed from one beam to another based on the shear reinforcement. Beams with BFRP
stirrups failed by stirrups rupture, with a capacity that reached up to 90-96% of the
ultimate flexural strength. Beams without stirrups failed in shear with a capacity of 55-
58% of the ultimate flexural strength. On the other hand, beams with steel stirrups failed

in flexure.

2.4.  Fiber-Reinforced Concrete (FRC)

When the concrete matrix is mixed with discrete short fibers, the resulting
material is fiber reinforced concrete (FRC). This mixture can be done using a binding
agent, which is usually epoxy and polyester resins. The fibers efficiently improve the
compressive properties of the concrete. The compressive strength of the FRC can

exceed (120 MPa) if the mixing and curing processes are done properly [35].

In 2016, Branston et al. [26] conducted a study to evaluate the role of basalt fiber-
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reinforced concrete in enhancing the mechanical behavior of concrete. Concrete
specimens were cast using two types of Basalt fibers with three different quantities and
then tested in flexure. The basalt fibers used were bundled dispersion and minibars.
Steel fibers were used for comparison purposes. The test results showed that the
addition of fibers to concrete does not increase the compressive strength of the
specimens. The compressive strength even decreased for the specimens containing
minibar-fiber basalt and those containing steel fibers due to the low workability which
resulted in less consolidation of the fibers within the matrix. However, the addition of
fibers to the concrete significantly influenced the flexural behavior in terms of cracking
load and deflection. The results showed that with the addition of bundled basalt fibers,
the first cracking strength increased with increases in fiber dosage and length. For
instance, a 12 kg/m3 dosage of 50 mm bundled fibers resulted in a first-cracking
strength that was comparable to a dosage of 40 kg/m3 of steel fibers (see Figure 5). In
addition, the bundled fibers had no effect on the post-cracking strength of the specimen.
On the other hand, the minibar basalt fibers had a potential effect on both the first-crack
and post-crack strength. As the minibar basalt dosage increased, the first-cracking
strength increased such that a dosage of 20 kg/m3 of minibar basalt fibers resulted in a
comparable increase in first-crack strength to that of steel fibers with a dosage of 40
kg/m3. The difference between bundled and minibar basalt fibers is that minibar fibers
have a higher ductility than bundled fibers; therefore, the minibar-fiber containing
specimens failed by fiber pull-out while the bundled-fiber containing specimens failed
by fiber rupture. Hence, the minibar-fiber specimens had an improved post-cracking

strength. Figure 5 shows the load versus midspan deflection for both of the fibers type.
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Another study conducted by Reis, J [36] aimed to compare between the
mechanical properties of fiber reinforced epoxy polymer concrete (FRC) and
conventional concrete. The data obtained from compressive tests showed that fiber
reinforcement has a good influence on the compressive strength of epoxy polymer
concrete. While the carbon fiber reinforced concrete (CFRC) showed a significant
improvement of 16% in the compressive strength of the concrete, the glass fiber
reinforced concrete (GFRC) showed only 8.7% of improvement [36]. The behavior
changed when elastic modulus was analyzed. Neither the carbon fiber reinforced
polymer composite (CFRPC) nor the glass fiber reinforced polymer composite
(GFRPC) indicated any improvement in elastic modulus. On the other hand, a slight
decrease was observed in CFRPC compared to plain and glass reinforced concrete. The
value of Poisson’s ratio for all concrete samples did not indicate any noticeable trend.
When compared to market concrete, plain epoxy concrete exhibited a higher
compressive strength, with increase values ranging between 17 to 34%. In the same
way, the compressive strength values of GFRPC were higher in the range of 28 to 45%.
Carbon fiber reinforced epoxy polymer concretes exhibited much higher values of
compressive strength than conventional concrete by a range of 36 to 55 % [36]. Table
4 below shows the test results in terms of compressive strength, compressive modulus
and Poisson’s ratio.

Table 4:comparison between plain concrete and glass and carbon fiber reinforced
concrete [25]

Compressive Properties (Average)
Test Series Strength  Elastic. Modulus  Poisson’s
(MPa) (GPa) Ratio
Plain 59.681 11.281 0.259
CFRPC 69.215 10.882 0.247
GFRPC 64.873 11.551 0.257

Another study, conducted by Campione in 2012 [37], aimed to investigate the
influence of steel fibers on the flexural behavior of reinforced concrete deep beams.
Four beams were cast for this study: two made with plain concrete and steel longitudinal
reinforcing bars and two made with hooked steel fibers with steel reinforcement
longitudinally. A four-point bending test was conducted on each beam to evaluate the
flexural performance in the form of cracking response, load-deflection behavior and the

ductility of the beam. The study concluded that adding steel fibers to the concrete mix
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increases the strength and ductility of the reinforced concrete beams. The test showed
that the beams exhibited similar linear uncracked behavior until the first diagonal
cracking, followed by nonlinear cracked behavior up to the peak load. Once the peak
load was reached, the RC beams experienced a sudden failure, while the SFRC

sustained higher loads with more ductile behavior.

2.5 Fiber-Reinforced Polymer with Fiber-Reinforced Concrete (FRP-FRC)

Many studies have proved that the strength of the reinforced concrete (RC)
beams can be increased by using concrete with higher strength, increasing the amount
of reinforcement, or changing the dimensions of the beam. All these variables have the
ability to improve reinforced concrete strength. However, improving the ductility of the
section is much more difficult and may not be achieved by these conventional
parameters. Using FRP reinforcement together with steel reinforcement in one hybrid
system is one of the recently adopted techniques to improve the flexural behavior of
concrete structures [38]. The use of fibers in the RC beams is the simplest way to
achieve the needed ductility together with higher strength. When fibers are used in the
concrete mix with FRP reinforcement, a complete system is developed called “FRP-
FRC” which refers to Fiber-reinforced concrete reinforced with fiber-reinforced
polymers. This system has gained a wide acceptance as an option to improve the
ductility of the FRP reinforced concrete members. Limited studies are available
studying the effect of adding fibers to the FRP reinforced concrete beams. These studies
showed that by introducing fibers to the FRP reinforced concrete beams, the flexural
behavior in terms of ductility, cracking response and deflection can be enhanced [8],
[13].

Wang and Belarbi conducted a study in 2010 [13] aimed to evaluate the effect
on flexural behavior of combining fiber reinforced concrete (FRC) with continuous
fiber-reinforced polymer (FRP) in a single system.. For that purpose, Wang and
Belarabi cast a number of 12 beams (178 mm x 229 mm x 2032 mm) separated into six
groups. Each group includes two similar beams, one loaded monotonically and the other
subjected to repeated loading/unloading. Three parameters mainly controlled the testing
procedure namely the FRP rebar size (#4 Vs #8), the FRP reinforcement type (CFRP
Vs GFRP), and the existence of randomly distributed polypropylene fiber within the
concrete mix (FRC Vs plain concrete). Diameters of the bars used in this test were
25mm and 13mm GFRP and 13mm CFRP. The surface of the GFRP bars was sand
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coated helical fiber, while the CFRP surface was made of epoxy modified vinyl ester.
Concrete crushing was the predesigned failure mode for all the beams, which was
achieved by making the fiber reinforcement ratio greater than the balanced ratio.
Concrete strength was designed to achieve 30MPa for FRC and 40MPa for plain
concrete at the testing date. All beams were tested using four-point flexural testing.
Stirrups of U-shaped No.3 steel were used as shear reinforcement to avoid shear failure,
while no stirrups were used in the pure bending region. Each testing parameter was
studied using two beams. On one beam, the load was applied monotonically up to
failure. On the other beam, a repeated loading/unloading cycle was applied at 40% and
80% of the beam’s capacity, to investigate the residual deflection, the residual crack
width, and the energy absorption capacity. The study showed that, by adding fibers, the
tensile strength of concrete increased by the mean of fibers bridging. This made the
beam with FRC able to carry more stresses with less crack spacing at 0.4Mu. At 0.8Mu,
fibers started to pull out and fiber-bridging stopped, and thus the crack spacing of the
FRC became the same as that of plain concrete. Additionally, the addition of fibers to
the concrete reduced the crack width as compared to plain concrete, especially at the
service load (0.4Mu). It was also noted that the deflections and moment capacities were
higher in the FRC beams than in the plain concrete beams. Specifically, the deflection
of the CFRP beams was more than the deflection of the GFRP due to the higher modulus
of elasticity of GFRP. The experimental results showed that the concrete strain of the
FRC beams was higher than 0.003, which proved the advantage of using fibers in
improving the compressive properties of concrete. The study also concluded that crack
width, crack distribution, deflection, and flexural stiffness were not affected by the
loading/unloading cycles due to the linear elastic behavior of the FRP bars.

Another study conducted by Issa et al. [8] aimed to improve the ductility of
concrete beams reinforced with FRP bars. As recommended by the ACI 440, the FRP
beams should be over-reinforced to fail by concrete crushing instead of by rupture of
the FRP bars [17]. That means a lower ductility will be achieved in the design. Thus,
randomly distributed short fibers were added to the concrete mix to investigate their
effect on the flexural behavior and ductility of a structural member. A number of seven
concrete beams with the same dimensions (150 x 150 x1850 mm) reinforced with glass
fiber-reinforced polymer (GFRP) were used as specimens for the experimental
program. The study monitored the effect of the concrete grade and the type of the
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internal fibers as the controlling parameters for the test. The beams were classified into
four groups based on the type of internal fibers ; no fibers (O), polypropylene fibers
(P), glass fibers (G) and steel fibers (S) and into two groups based on the concrete grade
(normal (N) [25 MPa] and high strength concrete (H) [65 MPa]). The amount of fibers
used in all of the beams was 0.5% of each beam’s concrete volume. The tested beams
showed that adding fibers to the concrete mix improves the ductility of the beams. This
effect was especially prominent with the steel fibers, which increased the ductility by
277.8%. The test results also showed that the ultimate load of the beams was increased
considerably by adding fibers compared to the plain concrete. It was also noted that,
the mid-span vertical deflection in the FRC beams reached higher values than in the
plain concrete beams. For instance, the mid-span deflection of the beam that had steel
fibers with normal concrete reached 45.97 mm while, in the plain normal concrete
beam, it reached 27.49 mm. Moreover, the concrete strain increased by using fibers.
For example, the concrete strain in the NP beam (normal concrete beam containing
polypropylene fibers) increased by 33% compared with the normal plain concrete

beam.

There are many parameters that can significantly affect the flexural behavior of
the FRP/FRC beams. The fibers that are introduced into the concrete mix can influence
the strength of the beams through different factors including fiber shape, volume, and
type. Based on the fiber type, the shape of the fiber particles can differ. For example,
steel fibers can be found in two different shapes, crimped and hooked. The volume
fraction of fibers defines the content of fibers as a percentage of the total concrete

volume.

Alsayed and Alhozaimy [6] conducted a study on 18 fiber-reinforced concrete
beams reinforced with GFRP bars. The study aimed to investigate the effect of adding
steel fibers (SF) of different shapes and volume fractions to the concrete mix on the
flexural behavior and ductility of the GFRP/FRC beams. All the beams had the same
length of 2900 mm. A four-point test was prepared over a clear span of 2700 mm.
During the test, many performance characteristics were monitored using a data
acquisition system. The applied load was monitored using a load cell, mid-span
deflection and support movements were monitored using LVDT, and the strains of the
FRP and steel bars were monitored using strain gages. The test results of the cast small

beams and cylinders show that, by adding SF to the concrete, the compressive strain in
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concrete increased. On the other hand, the four-point test results for the GFRP-
reinforced beams showed that the beams containing crimped SF failed by GFRP bar
rupture, while the beams containing hooked SF failed by concrete crushing. It was also
noted that the deflection of the beam increased by adding SF to the concrete, which
reflects the influence of SF in increasing ductility. The study also concluded that
hooked SF increased the ductility of the beams more than crimped SF. The addition of
1% hooked SF increased the ultimate load by 16%, increased flexural rigidity by 100%,
and reduced the central deflection at the ultimate by 116%.

In addition to the fibers’ effect, the FRP reinforcement type also affects the
flexural behavior of the FRP/FRC system. A study on this topic was conducted by Yang
et al. [15] and aimed to investigate the influence of changing FRP and fiber types on
the flexural behavior of FRP/FRC beams. Two types of reinforcement, GFRP and
CFRP, were used in this study. Two types of discrete fibers, steel fibers and
polypropylene synthetic fibers, were used. The test results showed that the first cracking
load of the FRC beams was higher than that of the beams without fibers. This indicates
that the tensile strength of the beams increased by the addition of the fibers. The
ultimate load of the GFRP/FRC beam with synthetic fibers was 11% higher than that
of the GFRP/plain beam GG, while the GFRP/FRC beams with steel fibers recorded an
ultimate load that is 25% higher than that of the GFRP/plain beam. All the GFRP beams
failed by concrete crushing, and a more ductile behavior was observed in the FRC beam
than in the plain-GFRP beam. However, the CFRP/FRC beams failed by FRP rupture,
even though they were all over-reinforced to fail by concrete crushing. This was
because of the higher concrete strain of around 0.0035 that was reached by the addition
of fibers. In this case, the FRP bars ruptured and the concrete did not reach its crushing
strain. Cracks in the FRC beams were shorter and had a smaller width than those of the
plain concrete beams and that is due to the bridging effect of the added fibers. The study
also included ductility index determination based on the energy method defined by
Naaman and Jeong [35], [39]. The study concluded that the ductility index of
CFRP/FRC beams is smaller than the ductility index of CFRP/RC beams. This is due
to the brittle failure by FRP rupture that occurred in the SFRC/CFRP beams. The
ductility index of GFRP/FRC beams is 80% higher than the ductility index of GFRP/RC
beams. This indicates that fibers increased the ultimate compressive strain of the
concrete and thus resulted in higher plastic behavior (ductility).
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The main scope of this research is to examine the flexural behavior of concrete
beams reinforced with BFRP bars and cast of a concrete mix exhibiting improved
properties. Initially, the mechanical properties of the concrete mixes and the FRP
reinforcing bars are investigated through material evaluation. Concrete cubes, cylinders
and prisms are tested under a compression test, a split tensile test and a flexure test,
whereas the FRP and steel reinforcing bars are tested under a tensile test. A four-point
bending test is carried out to examine the flexural behavior of fiber-reinforced concrete
beams reinforced longitudinally with BFRP bars. The study includes an investigation
of flexural capacity, cracking behavior, and mid-span deflection, which is achieved
through the test setup and instrumentation. Lastly, an analytical evaluation of the
beams’ flexural performance including crack width, deflection, and load carrying

capacity is performed and the results are compared with the experimental results.
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Chapter 3. Experimental Program

In this chapter, the experimental program including the materials properties,
specimen configuration, test setup, and design considerations and equations are

discussed.

3.1. Material Properties

In this section the properties of all the materials that were used in this study are
discussed. Most of these properties are based on material testing conducted in the
laboratory of the AUS.

3.1.1. Basalt fiber-reinforced polymer (BFRP) bars. BFRP bars are used as
a flexural reinforcement in the beams. The BFRP bars have an ultimate tensile strength
of 1100 MPa and an elastic modulus of 46 GPa, as specified by the manufacturer.
Different bar diameters are used in this study including 8, 10, 12 and 16 mm. The bars
surface is sand coated for the purpose of increasing the bond between the bar and the
concrete. Samples from the used bars are tested under a tensile load in order to obtain
the actual values. Table 5 shows the result summary of the tested BFRP bars under

tensile test. The BFRP bars used in this study are shown in Figure 6.

I

Figure 6: BFRP bars

3.1.2. Glass fiber-reinforced polymer (GFRP) bars. The GFRP bars have
an ultimate tensile strength of 1000 MPa and an elastic modulus of 45 GPa as specified
by the manufacturer. The bar surface is sand coated for the purpose of increasing the
bond between the bar and the concrete. GFRP bars are used as a flexural reinforcement

for two beams for comparison purposes. The GFRP bars used in this study are shown



in Figure 7. The mechanical properties of the GFRP bars are provided by the

manufacturer and shown in Table 5.
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Figure 7: GFRP bars

Table 5: Rebars properties summary

Cross ) ) )
) Ultimate tensile | Ultimate Modulus of
Sample sectional area o
) ) stress fu strain su elasticity E
designation A
(MPa) (%) (GPa)
(mm?)
BFRP 8 57.4 1075.1+37 2.5+0.1 42.9+1.4
BFRP10 85.4 1028.7£47 2.4+0.1 42.8+1.3
BFRP12 121.3 1118.6+31 2.4 46.6x1.7
BFRP16 211.9 1121.3+56 2.4 46+2.1
GFRP12* 113 1000 2.3 45

*GFRP mechanical properties as per manufacturer

3.1.3. Steel rebars. A Reinforcing steel rebars of Grade 460, which have a
minimum yield strength of 460 MPa, are used in this study. Steel bars are used as a

flexural reinforcement in one of the beams for comparison purposes.

3.1.4. Basalt fibers. Basalt fibers are used as the main fibers for all of the
BFRP reinforced concrete beams. These fibers have an elastic modulus of 94 GPa. A
dosage of 0.75% of the total concrete mix volume is used in this study and its effect is
investigated throughout the testing stage. Figure 8 Shows a sample of Basalt fibers used
within concrete mix. Table 6 provides the mechanical properties of the basalt as per the

manufacturer.
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24 mm
Figure 8: Basalt fibers (12 &24 mm)
Table 6: Fibers manufacturer properties
_ Length Specific Young’s
Type of fiber )
(mm) gravity modulus (GPa)
Basalt fiber 12,24 2.6 94

3.1.5. Synthetic fibers. Synthetic fibers are available in 12 or 19mm length
and have an elastic modulus of 9.5 GPa as provided by the manufacturer. A dosage of
0.75% of the total concrete mix volume of 12 mm length is used in this study. Figure 9

shows a sample of synthetic fibers that is used within concrete mix. Table 7 provides

the mechanical properties of the basalt as per the manufacturer.

Table 7: Synthetic fibers manufacturer properties

) Length Specific | Elastic modulus
Type of fiber )
(mm) gravity (GPa)
Synthetic
) 12 0.91 35
fiber
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Figure 9:Synthetic fibers (12 mm)

3.1.6. Concrete mix. The beams are cast in this study with a concrete that has
a target compressive strength of 40 MPa. Four different mixes are prepared: Basalt
fiber-reinforced concrete (BFRC) with 24 and 12 mm fiber length, Synthetic fiber-
reinforced concrete (SFRC) with 12 mm fiber length, and plain concrete. Table 8 shows
the concrete mix design for the beams. Fibers are added at a dosage of 0.75% of the
total concrete mix volume. In the case of FRC, the plain concrete mix design is slightly
modified by the addition of 0.75 % per volume of either Basalt or synthetic fibers.
Ordinary Portland cement is used for beam casting, and a chemical admixture produced
by BASF is used to improve the concrete workability during the casting procedure as
shown in Figure 10(a). The beam specimens are de-molded from their formwork after
48 hours, covered by cloth sheets, and cured with water as shown in Figure 10(b). The
small specimens are cured by being kept inside a water tank for 28 days. After 28 days,
the concrete cylinders and cubes are tested under compression in order to evaluate the
actual concrete compressive strength (f°¢). In addition, the influence of adding fibers to

the concrete is investigated.

Figure 10: (a) casting process of specimens, (b) curing process of the concrete
specimens
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Table 8: Concrete mix design

Fiber Unit weight (Kg/m?)
Concrete
. content 20mm | 10mm | Washed | Crushed | Dune
mix Cement | Water PCE
(Kg/md) Agg. Agg. sand sand sand
BFRC
19.5
(24mm)
BFRC
19.5 390 165 502 366 - 605 340 6.55
(12mm)
SFRC 6.9
Plain

3.1.7. Evaluating the optimum fibers dosage. Determining the optimum
basalt fiber content is one of the most important concerns in this study. Different
concrete trial mixes with different Basalt fiber content are cast and tested. The effect of
fiber content is evaluated through 3 different fiber dosages: 0.5% 0.75% of the total
concrete mix volume, and 1.8 Kg/m® as an optimum dosage specified by the
manufacturer of the basalt fibers (Galen). The plain concrete trial mix is cast as well for
comparison purposes. The evaluation is based on the compression and split tensile tests
conducted on the concrete cubes and cylinders. The specimens are tested at 7 and 28

days. The test results are summarized in Table 9.

Table 9: concrete trial mix results summary

Cubes compressive : :
Fiber dosage strength (MPa) Split tenl\s/llls strength
7 days 28 days (MPa)
Plain 58 64 4.15
1.8 Kg/m® 45.5 54 3.19
0.5% 54.3 64 3.23
0.75% 58 67 4.30

It can be seen from table 8 that specimen with 0.75% fiber dosage recorded the
best results in terms of compressive strength and split tensile strength compared to plain
concrete specimen. For the cubes’ compression strengths, both the concrete specimen
of 0.75% fiber dosage and the plain concrete specimen recorded the same values at 7
days of 58 however, at 28 days the strength of 0.75% fiber dosage specimen exceeded
the strength of plain concrete one by 3 MPa. Therefore, in this study, the 0.75% of the
total concrete volume is considered to be the optimum fiber dosage and is used for

casting all the fiber-reinforced concrete beams.
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3.1.8. Fiber-reinforced concrete. After taking 0.75% as an optimum fiber
dosage in the concrete mix, the concrete compressive strength (f'c), tensile strength,
and flexural strength are measured for all the concrete mixes used in this study to
investigate the influence of adding fibers at a material level. The results indicate that,
for the same volumetric ratio of basalt and synthetic fibers, the addition of basalt fibers
increases the concrete compressive strength, whereas the addition of synthetic fibers
results in a slight decrease. Moreover, the basalt fiber-reinforced concrete specimens
show a higher split tensile strength than the synthetic fiber-reinforced concrete
specimens when compared to the plain concrete specimen. Most studies conducted on
FRC concrete indicate that the f°¢c value shows a slight increase by the addition of fibers
[8], [13], [15]. Table 10 summarizes the test results for all of the concrete specimens.
The effect of using fibers in the concrete is also observed in the failure mode of the
cube specimens as shown in Figure 11, the plain concrete cube is severely damaged
compared to the basalt and synthetic fiber-reinforced specimens, which can be

attributed to the bridging effect of fibers in the concrete.

Table 10: concrete specimens test results

Cubes 28-days
Concrete specimen compressive
strength (MPa)

Split Tensile Modulus of
strength (MPa) | rupture (MPa)

24 mm Basalt fiber 47 35 6.44
12 mm basalt fiber 48 38 8.24
Synthetic fiber 38 3.0 4.22
Plain concrete 42 2.6 3.13

(@) (b) (©)

Figure 11: Tested specimens, (a) plain concrete, (b) basalt fibers concrete, (c)synthetic
fibers concrete
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3.2. Beams Configuration

In the design of the cross section, the width of the beams is first determined by
taking into consideration all the recommendations of the ACI codes related to number
of bars, diameter of the bars, spacing between the bars, and clear concrete cover. By
considering all of these values and requirements, the width of the beams is found to be
180 mm. For the beam depth, the ACI 440-1R-06 code has recommended that the
minimum thickness of simply supported FRP beams be a tenth of their span length
(L/10). In addition, another criterion controlling the depth of the beams is the shear span
to effective depth ratio (a/d). In this study, to ensure a pure flexural behavior and

bending failure for the specimens, the ratio (a/d) is taken as equal to or greater than 3
(% > 3). Therefore, the depth of the specimens is obtained to be 230 mm. The clear
span of the beams is 1700 mm. However, an extension of 150 mm from each side over
the support must be added to ensure enough development length during the flexure test,

resulting in a total length of 2.0 m (2000 mm) for the beam specimens. Figure 12 shows

the typical cross-section of the tested specimens.

2T10(TOP) T10@100 mm C/C

\ / TRANSVERSE REINF,
7

0.23 m

As scheduale

SR

Figure 12: Beam Typical detail

3.3.  Flexure Test

A number of 12 rectangular beams are prepared for testing as shown in Table
11. The experimental program is mainly based on the four-point bending test to
investigate the flexural performance of the beams. The test includes many variables,
namely the flexural reinforcement ratio (p), the type of reinforcement, and the type of
the fibers. The types of flexural reinforcement in this study include BFRP, GFRP, and
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steel. The study examines the flexural behavior of No. 8, 10, 12 and 16mm BFRP bars
and compares it to that of No. 12 and 16 mm GFRP bars and No.12 steel bars. The
concrete matrix contains beams with Basalt and synthetic fibers in addition to one plain
concrete BFRP beam for comparison purposes. A beam of basalt fiber-reinforced
concrete with 2No.12 BFRP is considered the controlling specimen. The beams are
designated based on the type and number of longitudinal flexural reinforcement rebars
and the type of fibers within the concrete mix. The first number represents the number
of rebars used in each beam followed by the term T which indicates the diameter of the
rebar in millimeters. Then the letter B, G, or S indicates the type of reinforcement which
is BFRP, GFRP, or steel, respectively. The last term (B1, B2, S, and P) refers to Basalt
of 24 mm or 12 mm length, synthetic fibers, and plain concrete, respectively. For
instance, beam 2T12BB1 refers to the beam reinforced with 2 No. 12 BFRP bars and

containing basalt fibers of 24 mm length.

Table 11: Test matrix

. Flexural
Sr Beam R;elnf. A (mm?) pf stiffness | p/ pt Type of
ype EA (MN) fibers
1| 2T12BBL 1 prnn | os10-043 | 00073 | 1132 | 28 | Basalt
(Control)
2 | 2T16BB1 | BFRP | 2#16=424 | 0.0129 19.5 5.2 Basalt
3 | 2T10BB1 | BFRP | 2#10=171 | 0.0051 7.3 1.8 Basalt
4 | 3T10BB1 | BFRP | 3#10=256 | 0.0077 10.96 2.75 Basalt
5 3T8BB1 | BFRP | 3#8=172 | 0.0051 7.37 1.96 Basalt
6 2T12BS | BFRP | 2#12=243 | 0.0073 11.32 2.8 Synthetic
7 2T12BP | BFRP | 2#12=243 | 0.0073 11.32 2.8 -
8 | 2T12GB1 | GFRP | 2#12=243 | 0.0073 12.2 2.15 Basalt
9 | 2T12GB2 | GFRP | 2#12=243 | 0.0073 12.2 2.15 Basalt2°
10 | 2T12SB1 | Steel | 2#12=226 | 0.0068 45.2 0.17 Basalt
11 | 2T12BB2 | BFRP | 2#12=243 | 0.0073 11.32 2.8 Basalt 2
12 | 2T16BB2 | BFRP | 2#16=424 | 0.0129 19.5 5.2 Basalt 2
a basalt fibers with 24 mm length b basalt fibers with 12 mm length

3.4. Test Setup and Instrumentation

All the tests are conducted using a Universal Testing Machine (UTM) at the
American University of Sharjah (AUS) with a 2500 KN load capacity as shown in
Figure 13(a). The beams are prepared to be tested using four-point bending with the
load divided equally by the means of spreader beam over a constant moment region of
500 mm. The beams are tested over a 1700 mm clear span. The load is applied using a
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hydraulic jack and measured by a load cell attached above the spreader beam at mid-
span. During the flexure test, two different parameters, load and midspan deflection,
are measured by the testing machine. Crack width is measured using demic gages
attached over the first three cracks that appear on the beams’ surfaces in the flexural
region. Strain gages are used to measure the strains in the concrete and reinforcement
bars at mid-span. For concrete, the strain gauges are attached in the compression zone,
starting at 1 cm from the top of the beam and leaving 5 cm of spacing between each
two consecutive gauges. Also, three LVDTs are used to measure the deflection at
quarter, half and three quarters of the beam span. Figure 13(b) shows the test setup for
the beams. In addition, the specimens are continuously observed to mark the crack
patterns and note any signs of distress during the loading process. Load readings are

observed and written down for every crack or occurring change.

Support [ \ [

150 mm gy 4x 425 mm 150 mm
_I__ i_

(b)
Figure 13: (a) Beam under 4-point bending test, (b) Test setup
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Chapter 4. Design Considerations of Fiber-Reinforced Polymer (FRP)

In this chapter, the ACI 440-1R-06 code analytical equations are mentioned in
order to predict the proposed beams’ flexural behavior and compare it with the
experimental results. The analysis includes a determination of flexural capacity, stress-

strain curves, crack width, crack spacing, and beam deflection.

4.1.  Flexural Capacity

When designing flexural beams reinforced with FRP, the American standards
and design code for fiber-reinforced polymer (FRP), ACI 440-1R-06[18], allows two
modes of flexural failure according to which the FRP-reinforced concrete members can
be designed [16]. The first failure mode is controlled by FRP rupture, which is similar
to the tension-controlled failure mode suggested by ACI-318 for steel beams. Since
FRP bars have no yielding point, the precautions before failure are limited and members
reinforced with these bars experience sudden and catastrophic failure. The second
failure mode is controlled by concrete crushing. Although concrete is a brittle material,
studies have proven that concrete structures reinforced with FRP bars experience a
mode of failure of more plastic behavior than FRP rupture, and thus achieve ductile
failure with more warning. Both failure modes are dependent on the FRP reinforcement

ratio (pr) [17]. In order to design a section that can fail by FRP rupture, the FRP
reinforcement ratio should be less than the FRP balanced reinforcement ratio (ps< p).
In contrast, concrete crushing failure can be accomplished by using an FRP

reinforcement ratio that is greater than the FRP balanced reinforcement ratio (ps> p).
Based on this phenomenon, FRP beams have been designed to be over-reinforced (ps>

pm) in accordance with the balanced fiber reinforcement ratio p.

As a result, ACI 440-1R-06 imposes the use of a reduction factor of 0.65 for
beams that are over-reinforced to fail by concrete crushing. However, beams that are
under-reinforced and fail by FRP rupture exhibit lower ductility and hence show limited
failure precautions. Therefore, the ACI 440-1R requires the use of a resistance factor
of 0.55 in the design. Beams that do not fall in either of the two aforementioned
categories are considered to be in the transition zone and their reduction factor is

calculated by linear interpolation.
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Although the compression failure of concrete beams is recommended, actual
members may not fail as anticipated. The reason behind this is mainly due to the
analytical assumptions, the variations in section geometry and reinforcement, and the
uncertainties of the material properties and strengths [17]. For instance, adding fiber to
the concrete mix may increase the concrete compressive strain to a value higher than
the design-assumed value of 0.003, and the member may fail by FRP rupture.
Therefore, due to the previously mentioned factors, the ACI 440-1R code suggests that

the upper boundary of the reinforcement ratio for FRP beams be taken as 1.4 p, . As a

result, all the FRP beams in this study are reinforced with a ratio that is more than

1.4 p, toensure a safe gap between the two different modes of failure.

All the FRP reinforced beams in this study are designed to be over-reinforced
in order to provide more ductility to their behavior and to cause them to fail by concrete
crushing as recommended by the ACI 440-1R-06 code. Capacity computations for the
beam cross sections will be done based on the following assumptions:

* A plane section before loading remains plane after loading, which means that the

strain in the FRP bars and concrete is proportional to the distance from the neutral axis.
* The concrete compressive strain has a maximum usable value of 0.003.

* The tensile strength of concrete is neglected.

* The FRP reinforcement has linear elastic tensile behavior until failure.

* The bond between the FRP reinforcement and concrete is assumed to be perfect.

Based on these assumptions, the FRP beams are designed to have a
reinforcement ratio that exceeds the balanced fiber reinforcement ratio (ps> pib). For the
BFRP reinforced beams, the balanced reinforcement ratio, pf, is defined as the amount
of reinforcement needed to initiate concrete crushing at the same time as tensile rupture

of the flexural reinforcement [3] , and can be obtained by the following equation:

flc Efgc

f_u Efgc + fu) (1)

pro = 0.85pB;

where, 3, refers to the ratio of the depth of the whitney block to the depth of the

neutral axis.
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f'.Concrete compressive strength (MPa)

f.. - Design tensile strength of FRP (MPa)
.. Ultimate concrete compressive strain

Ej: Elastic modulus of FRP bar

In fact, the FRP balanced reinforcement ratio can be even less than the minimum
steel reinforcement ratio. Table 12 shows some typical values for the balanced

reinforcement ratio for steel and FRP for f’; of 35 MPa.

Table 12: Balanced reinforcement ratios for different FRP materials [16]

Yield strength _,ﬁ or tensile Modulus of
Bar type strength ff,. kst (MPa) | elasticity, ksi (GPa) | pb o 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

Table 12 clearly reports that the FRP balanced reinforcement ratio (ps) is much

lower than the steel balanced reinforcement ratio (pp). In order to design a beam, the
actual reinforcement ratio of the beam should be calculated and compared to the
balanced reinforcement ratio to know whether the beam should be over or under-
reinforced. The reinforcement ratio of a beam cross-section can be obtained from the

following formula:

Ar

where, Ay is the total area of the FRP reinforcement used in the section

b: width of the beam (mm)

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

flexural bar diameter

) 3)

d = h — clear concrete cover — stirrups diameter —

When (pr > pyp, ), the failure of the beam is initiated by concrete crushing and

the compression stress distribution of the concrete can be represented by the ACI
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whitney block. The nominal flexural strength of a section can be calculated in terms of
the FRP reinforcement ratio by the following equation:

M, = psf; (1—059pfff>bd2

- 4)

where, f; is the FRP stress at failure and can be estimated by the following equation:

2 '

Alternatively, the nominal flexural strength can be obtained based on strain
compatibility and force equilibrium as shown in Figure 14 below.

D — e 00

- 0.35fcha

Af

e A1 fF

Figure 14:FRP Beam stress-strain diagram

M, = Agf; (d _g)

> 6)
A
_ %
0.85f'.b
In the end, the ultimate applied moment should satisfy the following equation:
M, < oM, )
where the resisting factor (¢) can be obtained as shown below:
( 0.55 for (p; < Pg,)
(p:403+025—for(pfb<pf<14pfb) )

l 0.65 for (p,=14p,)
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4.2. Crack Width

Since FRP reinforcement bars have a corrosion resistance feature, the crack
width limits can be relaxed for beams reinforced with FRP bars. The Canadian Standard
Association (CSA 2002) permits crack widths of 0.7 mm (0.028 in) for internal
exposure and 0.5 mm (0.02 in) for external exposure [17]. However, for steel reinforced
concrete beams, the crack width is limited to 0.4 mm (0.016 in) [40]. For Calculating

crack width, the ACI 440 code suggests the following formula:

w =22 pK, ldz + &2 <0.7mm (10)
f

h —kd
B=""—"7 (11D
d(1—K)
d,=h—d (12)
s=b—2d, (13)
Mappliea
ff _ applie s (14)
Apd(1-3)
Pa
Mapplied = 7 (15)
E
np=—_ (a7)
4750./F,

where

w= maximum crack width (mm)

fr= FRP reinforcement stress (MPa)
Ey= FRP modulus of elasticity (MPa)

B= ratio of the distance between the neutral axis and tension face to the distance

between the neutral axis and centroid of reinforcement

dc= concrete cover from tension face to the center of closest bar (mm)
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s= spacing between bars (mm)

K, = FRP bond coefficient, taken as 0.6 for sand coated bar and 1.4 for ripped surface
bars

P=applied load measured by the load cell (N)
a= distance between half of the load and the support (mm)
d= effective depth of the beam section (mm)

4.3. Crack Spacing
For calculating the average crack spacing of the FRP-reinforced concrete

beams, the ACI 440-1R-06 code suggests the following formula:

2

S = 2Ky |d? + (18)

On the other hand, the ACI 318 code recommends the following equation for estimating

the average crack spacing of steel-reinforced concrete beams:

d
S,, = 50 + 0.25k, k, p—b (19)
t

where
Sm= average crack spacing (mm)
K, = bond coefficient (ACI 440 suggests 1.4 for deformed FRP bars)

d.= concrete cover measured from the extreme tension fiber to the center of the

closest layer of longitudinal bars (mm)
S= spacing between longitudinal bars (mm)

K1 = 0.8 for high-bond bars and 1.6 for plain bars and, k> = 0.5 for bending and 1.0 for

pure tension.
dp= longitudinal bar diameter (mm)

p=effective reinforcement ratio= As/Act
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Ac=effective concrete area surrounding the longitudinal tension reinforcement at a
depth equal to 2.5 times the distance from the tensile face of the concrete section to the

centroid of the reinforcement.

4.4. BFRP-Reinforced Concrete Beam Deflection
Based on ACI 440-1R-06 code, the deflection of the beam can be calculated

using the following equations:

Pa

—_ 2 _ 2
A; 2AE () (312 — 4a?) (20)
M M
I, = (——)%Baly + [1 - (Lfl I < 1 (21)
MApplied MApplied
1 ,Df
==|—)] <1 22
pe-1(22) < o
bd3
I, = TkB + ande(l —k)? (23)
2f.1
Mey === (24)
fr=0.62 /f’c (25)
bh3
Ig = E (26)
where

M appiiea= Moment due to applied load (N.mm)
[= span length (mm)
E .= concrete modulus of elasticity (MPa)
1,= effective moment of inertia (mm®)
1.,= moment of inertia of cracked section (mm?)
4= reduction factor related to the reduced tension stiffening of FRP beams

I,= gross moment of inertia for the section (mm?)
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ps= FRP reinforcement ratio

psp= FRP balanced reinforcement ratio
f= FRP stress of cracked section (MPa)
h= depth of the beam (mm)

b= width of the beam (mm)
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Chapter 5. Experimental Results

5.1. Load VS Midspan Deflection

The Load versus midspan deflection response of all the twelve beams is plotted
as shown in Figure 15. The beams are grouped based on the proposed study parameters.
The maximum measured values for loads, moment capacities, and mid-span
deflections; first cracking loads, curvature ductility, and failure mode for all the 12

beams are given in Table 13.
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— 3710881
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140
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2 100
X
7 &0 2712682
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4 60 2T126B1
10 — 1716882
0 — 212581
0
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Mid-span deflection (mm)

(©)

Figure 15: experimental Load vs Mid-span deflection for tested beams: (a) different
reinforcement ratios; (b) different fibers type; (c) different reinforcement types
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Table 13: Summary of flexural test results

_ Max. Mid- )
Nominal First
span ) Curvature )
Max.Load | Moment ) cracking . Failure
Beam ) deflection ductility
(KN) capacity Load _ mode
(mm) (unitless)
(KN.m) (KN)
Concrete
2T12BB1 94 28.2 43 17 2.8 ]
crushing
Concrete
2T10BB1 76 23 39 13 1.4 .
crushing
Concrete
2T16BB1 108 324 32 23 1.9 ]
crushing
Concrete
3T10BB1 101 30 61 18 3.5 crushing &
bar rupture
Concrete
3T8BB1 74 22.2 60 13 2.7 crushing &
bar rupture
Shear
2T12BS 100 30 50 14 2.9 )
compression
Concrete
2T12BP 84 25.2 40 16 1.2 ]
crushing
Concrete
2T12GB1 105 32 36 17 1.9 ]
crushing
Concrete
2T12GB2 94 28.2 35 17 1.4 ]
crushing
Steel
2T12SB1 82 24.6 23 24 3.5 o
yielding
Concrete
2T12BB2 88 26.4 35 15 N/A* ]
crushing
Concrete
2T16BB2 138 414 47 18 2.9 ]
crushing

*Due to the damage of concrete strain gauge
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In Table 13, the curvature ductility is defined as the ratio of the curvature at the
ultimate load to the curvature at 0.001 concrete strain, which is considered the
beginning strain of inelastic deformations in the reinforced concrete section [13]. The
curvature is estimated using the section strain distribution, which is obtained based on
a linear connection between the concrete and the reinforcement strain gauges at the two

cross-section extremes.

5.2.  Crack Behavior
In this section the cracking behavior including, crack spacing, crack pattern

and crack width are discussed for all the tested beams.

5.2.1. Crack pattern. During the flexural test, the crack behavior of all of the
tested beams is monitored at different loading stages including the initiation of the first
crack, the service load, and the ultimate load. Crack pattern, crack spacing, and crack
width are all captured at the aforementioned stages. Figure 16 shows the crack patterns
for the tested beams at the service load stage, while Figure 17 shows the propagation
of the cracks at the ultimate load stages. Moreover, the loads at which each crack
developed are also monitored, as given in Table 14. All the beam groups are compared
to each other based on the proposed research objectives and are discussed in the next

section.

Table 14: Cracking loads

Crack number
S#r Beam 1 2 3 4 5 6 7 8 9 10
Load for each crack (KN)
1 | 2T12BB1 | 16 21 22 23 24 26 27 30 33 35
2 | 2T16BB1 | 23 25 28 30 34 38 40 50 54 56
3 | 2T10BB1 | 13 18 20 30 31 32 33 38 39 39
4 | 3T10BB1 | 18 21 22 24 26 28 29 31 43 45
5 3T8BB1 | 10 17 20 27 30 31 32 33 38 41
6 2T12BS 12 18 20 22 24 28 30 31 32 33
7 2T12BP 9 10 12 13 17 20 28 32 37 41
8 | 2T12GB1 | 17 23 24 26 38 40 43 44 46 50
9 | 2T12GB2 | 17 24 27 30 31 31 37 38 39 49
10 | 2T12SB1 | 24 32 39 41 47 51 57 63 70 71
11 | 2T12BB2 | 20 21 22 28 33 33 34 39 47 48
12 | 2T16BB2 | 20 31 34 35 37 43 44 45 60 62
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Figure 16: Crack pattern at service load stage
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5.2.2. Crack spacing. The average crack spacing at the extreme tension face
for all of the tested beams is monitored and measured with the help of the grading mesh
drawn on the surface of the beams. Crack spacing is a very important parameter to be
captured as it helps determine the crack distribution along the pure flexure region in the
beam. Table 15 gives the experimental and analytical crack spacing for the tested

beams. The analytical predictions are discussed later in Chapter 6.

Table 15: Experimental and predicted crack spacing

) crack spacing mm (pred.)
Sr# Beam crack spacing mm ACI ACI
(Exp) CIB
(kb=1) (kb=1.4)

1 | 2T12BB1 98 102 143 148
2 | 2T16BB1 102 104 146 128
3 | 2T10BB1 92 100 141 163
4 | 3T10BB1 90 93 130 126
5 3T8BB1 88 91 128 138
6 2T12BS 90 102 143 148
7 2T12BP 79 102 143 148
8 | 2T12GB1 96 102 143 148
9 | 2T12GB2 80 102 143 148
10 | 2T12SB1 103 155
11 | 2T12BB2 97 102 143 148
12 | 2T16BB2 99 104 146 128

5.2.3 Crack width. Crack width versus load response is plotted as shown in
Figure 18. Also, the crack width of all the tested beams is monitored and measured at
the longitudinal reinforcement level at different loading stages including the initiation
of the first crack, the service load, and the ultimate load as given in Table 16. The
theoretical crack width was calculated based on the Canadian Standard Association
(CSA) with a kb factor of 0.8 and the American concrete Institution (ACI 440) with kb
factor of 1 and 1.4.
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The initial crack width is measured using a microscope for all the tested beams.

Figure 18: experimental crack width for tested beams: (a) different reinforcement ratios
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Table 16: Experimental and analytical crack width

Beam Wexp (Mm) Wored (0.3 Mu) (mm)
S#r initial | 0.3Mu | ACI ACI CSA
(kb=1) | (kb=1.4) | (kb=0.8)
1 |27T12BB1| 0.2 0.31 0.42 0.59 0.34
2 | 2T16BB1 | 0.18 0.44 0.48 0.68 0.39
3 | 2T10BB1 | 0.42 0.53 0.35 0.50 0.28
4 | 3T10BB1 | 0.22 0.44 0.45 0.63 0.36
5 | 3T8BB1 0.2 0.42 0.48 0.67 0.38
6 | 2T12BS 0.2 0.32 0.34 0.48 0.27
7 | 2T12BP 0.22 0.37 0.41 0.58 0.33
8 | 2T12GB1| 0.3 0.85 0.40 0.56 0.32
9 | 2T12GB2 | 0.23 0.45 0.39 0.55 0.31
10 | 2T12SB1 0.2 0.22 0.15 0.21 0.12
11 | 2T12BB2 | 0.19 0.26 0.36 0.51 0.29
12 | 2T16BB2 | 0.19 0.63 0.27 0.38 0.22

5.3.

The strain of the concrete at the top fibers of the beams and longitudinal
reinforcement were captured using strain gauges at mid-span. The strain values for all
the tested beams are summarized in Table 17. Moreover, Figure 19 shows the load

versus strain values for the concrete at a 10 mm distance from the extreme compression

fiber of the beams and for the longitudinal reinforcement.

Strains at the Top Fibers of the Concrete and the Longitudinal Bars
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Figure 19: load vs reinforcement and concrete-strain values, (a) different
reinforcement ratio (24mm basalt fibers), (b) different reinforcement ratio (12mm
basalt fibers); (c) different fibers type; (d) different reinforcement type
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Table 17:

concrete and reinforcement strain

Beam Load Concrete Longitudinal
strain reinforcement strain

2T12BB1 94 0.0037 0.0188
2T10BB1 76 0.0034 0.0174
2T7T16BB1 | 108 0.0032 0.010
3T10BB1 | 101 0.0029 0.0230
3T8BB1 74 0.0031 0.0232
2T12BB2 | 100 N/A* 0.0220
2T16BB2 84 0.0031 0.0140
2T12GB1 | 105 0.0032 0.0114
2T12GB2 | 94 0.0027 0.0152
2T12SB1 82 0.0037 0.0280

2T12BS 88 0.0041 0.0195

2T12BP 138 0.0031 0.0130

*Due to the damage of concrete strain gauge
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Chapter 6. Discussion of Results

In this chapter, the results of the experimental program for all specimens are
discussed in terms of load versus mid-span deflection responses, modes of failure, and
cracks behavior. The discussion and analysis of the results, including the effect of using
different reinforcement ratios, different types of fibers, and different reinforcement bar

materials, will be presented as well.

6.1. The Effect of Reinforcement Ratio (p)

The effect of the reinforcement ratio on the load versus mid-span deflection
behavior is observed with the use of different reinforcement ratios. The flexural
capacity increases by increasing the reinforcement ratio as shown in Figure 20. The
increase was not proportional, which supported the ACI 440-1R-06 code equation for
predicting the flexural capacity. The percentage increase is found to be 23% for a 43%
increase in the reinforcement ratio between beam 2T10BB1 and 2T12BB1 and 15% for
77% increase in the reinforcement ratio between 2T12BB1 and 2T16BBL1.

The cracking moment of the beams ranged from 4 to 7 kN.m with an average
of 5.5 kN.m. This value is approximately 19% of the average ultimate moment capacity.
Although the controlling variable for predicting the cracking moment is modulus of
rupture, increasing the reinforcement ratio increased the cracking moment for the tested
beams, which may be attributed to the higher contribution of the BFRP bars on carrying
the loads as the reinforcement ratio increased. Similar behavior reported by

Benmokrane et al [41].

On the other hand, there is no significant effect on flexural capacity observed
by increasing the number of rebars. However, for almost the same stiffness and
reinforcement ratio, the beam with 3 BFRP bars (3T10BB1) showed a much higher
ductility than the one with 2 BFRP bars (2T12BB1) as shown in Figure 15(a). The
same behavior was observed for beams 2T10BB1 and 3T8BB1. This was due to the
increased concrete ultimate strain for the beams with 3 bars which allowed the BFRP
bars to contribute more in carrying the load and therefore achieve higher bar strain

which resulted in sustaining more loads with higher deflection.
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Figure 20: Ultimate moment vs reinforcement ratio

Regardless of the reinforcement ratio, all beams showe the same pre-cracking
stiffness behavior until the first cracking load. After the first crack, the flexural stiffness
of the beams was significantly reduced as shown in Figure 21 (a). As expected, the
BFRP bars showed a linear elastic behavior until failure (concrete crushing). The same
thing was reported by Wang et al. [13]. Similarly, beam 2T16BB2 exhibits a higher
stiffness than beam 2T12BB2 for the 12 mm basalt fiber-reinforced concrete beams as

shown in Figure 21(b).
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Figure 21: Moment vs mid-span deflection for different reinforcement ratio; (a)
24mm basalt fiber-RC beams; (b)12mm basalt fiber-RC beams
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The tensile strain in the rebars is almost the same for beams 2T12BB1 and
2T10BB1, whereas beam 2T16BB1 showed significantly lower strain in the bars as
shown in Table 17. Generally, the beams with lower reinforcement ratios show a sharp
increase in the reinforcement strain as illustrated in Figure 19(a &b). This can be
attributed to the sudden change in the beams’ stiffness at cracking. The same thing is

reported for different FRP bar reinforced concrete beams [41]-[43].

Moreover, it can be observed that increasing the reinforcement ratio of the tested
beams has a significant effect on the cracking pattern at the service and ultimate loads
as shown in Figure 16 and Figure 17. The propagation of cracks in the tested beams
follows the traditional flexural-crack pattern. Cracks start at the pure flexure region in
the tension face then propagate gradually towards the compression face where the
concrete crushing occurs. The crack spacing is proportional to the reinforcement ratio
as shown in Table 15. The crack width follows almost the same trend for beams
2T12BB1 and 2T16BB1, whereas beam 2T10BB1 shows wider cracks as the load
propagates, which can be seen by the steeper curve in Figure 18(a). This can be
attributed to the higher contribution of the BFRP bars on carrying the loads as the
reinforcement ratio increased. The same conclusion can be drawn for beams 2T12BB2
and 2T16BB2 with different reinforcement ratios but contain 12 mm length basalt fibers
as shown in Figure 18(b).

Figure 22(a-e) shows the failure mode of the aforementioned beams, where
concrete crushing is the main mode of failure for all of them. In addition, it can be
clearly seen from Figure 22 (f-g) how beams 3T10BB1 and 3T8BB1 both failed by
concrete crushing and BFRP bar rupture. The concrete crushing occurred first. Then,
due to the increasing concrete strain, the beams continued to bear the applied load but
in lower increments, and the BFRP bars exhibited high stresses and achieve higher
strain until it reached the rupture strain where the bars failed by ruptured as well. This
failure mode can be clearly noticed in the load versus mid-span deflection curves
(Figure 15(a)), where after the first drop occurs due to the concrete crushing, the load

starts increasing again.
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Figure 22: Failure mode of different reinforcement ratios, (a-c) basalt fiber of 24 mm
length, (d-e) basalt fibers of 12 mm length; (f) 3-BFRP bars
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6.2.  Effect of Fibers

The effect of using fibers within the concrete mix is captured by comparing the
flexural behavior of the fiber-reinforced concrete beams with that of the plain concrete
specimen. The comparisons show that the addition of the basalt and synthetic fibers
showed a slight improvement in the load carrying capacity and improves both the
cracking and post-cracking behavior of the reinforced-concrete beams with the same

reinforcement ratio as shown in Figure 23.
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Figure 23: Moment vs mid-span deflection for different fiber type

The basalt fiber-reinforced concrete beam 2T12BB1, which contains fibers of
24 mm length, provides a higher moment capacity than beam 2T12BB2, which contains
fibers of 12 mm length. The percentage increase is found to be 12% and 5% for beams
2T12BB1 and 2T12BB2, respectively, compared with the plain concrete specimen
2T12BP. The highest increasing percentage is found at 19% in the synthetic fiber-
reinforced concrete beam 2T12BS (see Table 13). Although synthetic fibers have a
lower tensile strength than basalt fibers, they have a higher contribution to the load
capacity. This can be attributed to the lower modulus of elasticity of the synthetic fibers
compared to basalt fibers, resulting in rupture strain for the synthetic fibers that is much
higher than basalt fibers. Hence, the fiber rupture strain will be higher than the ultimate
tensile strain of concrete at failure. Therefore, the FRC concrete beams will crack way
before the fiber strength is reached. Due to this phenomenon the synthetic FRC beam
was capable of sustaining more load with higher deflection. The same behavior was

reported by Wang et al [13].
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Moreover, the addition of fibers to the concrete helps control the compression
failure of the fiber-reinforced concrete beams by the means of the fiber bridging effect,
allowing the high strength of the FRP reinforcement to be utilized more. This can be
considered the main reason for the increase in flexural capacity noticed in the fiber-
reinforced beams. For instance, the ultimate concrete compression strain near the top
extreme of the mid-span is found to be 0.0037 for beam 2T12BB1. Synthetic fiber-
reinforced beam 2T12BS record the highest concrete strain value of 0.0041 compared
with plain concrete beam 2T12BP’s strain value of 0.0031 as shown in Table 17. Note
that, for beam 2T12BB2, the concrete strain gauge was damaged and strain values were

not available.

The curvature ductility enhancement due to addition of fibers in all the fiber-
reinforced concrete beams are shown in Figure 24. Introducing fibers to the concrete
mix improves the brittle behavior of the BFRP bars. The basalt fiber-RC beam
2T12BB1 recorded lower ductility than synthetic fiber-RC beam 2T12BS. The plain
concrete beam 2T12BP had the lowest ductility as expected (see Table 13). As
mentioned previously, this increase in the curvature ductility allows the beams to utilize
the high tensile strength of the BFRP bars, and therefore sustain more loads with
controlled deflection. The same behavior for the synthetic fiber RC beams reported by
Yang et al.[15].

35

30

25 /’,/‘
20 /

E
=
X,
= 15 -
E ——2T12BB1(control)
g / 2T128BS
e
| 2T12BP
O ¥
0 000003 000006 000009 000012

-5
Curvature (1/mm)

Figure 24: moment vs curvature response for different fibers type
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Basalt and synthetic fibers help control the propagation of the cracks towards
the compression fiber, and therefore the failure in beams containing these fibers is less
severe than in the plain concrete beam as shown in Figure 25. It can be seen from the
figure how beam 2T12BP failed with larger damaged area compared to the fiber-
reinforced concrete beams. On the other hand, beam 2T12BS with synthetic fibers
failed in the shear compression failure mode. The pure flexural cracks in the shear span
bend gradually towards the loading points. The vertical flexural cracks in the shear span
gradually bend towards the load points as the load increases and become inclined shear
cracks. These cracks propagate deeper in the beam and become weak points; therefore,
with the increasing load, the cracks open and the failure occurs. The same shear

compression failure was reported by other researchers [8], [15], [39], [44], [45].

The influence of using fibers on the cracking behavior was mainly observed
through its capability of closing the cracks and restraining its propagation (bridging
effect) in the fiber-reinforced concrete beams. The fiber-reinforced concrete beams
show higher first cracking loads than the plain reinforced concrete beam. Basalt and
Synthetic fiber-reinforced beams 2T12BB1 and 2T12BS record the highest first
cracking load of 17 KN, followed by 15 kN and 14 kN for beams 2T12BB2 and
2T12BP, respectively, as shown in Table 13.

Moreover, the effect of adding fibers to the concrete is observed through the
propagation of cracks at the top of the beams as shown in Figure 16 and Figure 17. At
the service load, which is considered to be at 30% of the nominal capacity, the number
of cracks increases in 2T12BS but decreases in 2T12BB2 compared with the plain
concrete beam. The same number of cracks appears in beam 2T12BB1 as shown in
Table 14. The effect of basalt fiber in controlling the number of cracks at the service

loading stage is slightly better than that of synthetic fiber.

At the ultimate loading stage, although the number of cracks is more in the fiber-
reinforced concrete beams, the depth of these cracks is considerably lower than the
depth of the cracks in the plain concrete beam. The synthetic fiber-reinforced beam is
an exception as it has the same crack depths (Figure 17). In general, this indicates that
the bridging effect helps control and restrain crack depth and propagation in the fiber-

reinforced concrete beams.
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Figure 25: failure mode of different fibers reinforced concrete beams, (a) Basalt fibers
(24 mm), (b) basalt fibers (12 mm), (c) plain concrete, (d) synthetic fibers

The effect of fibers on crack width is investigated by monitoring the widths of
the first three cracks that appear in the constant flexure moment region of specimens.
Table 16 shows crack widths of the tested beams in three various stages: initial crack
width, service load crack width, and ultimate stage crack width. It can be seen from
Figure 18(c) that the basalt fibers have no potential of restraining the crack width
propagation at the service load stage, whereas the synthetic fibers improve the cracking
behavior. The effect of adding fibers to the concrete is mostly significant in the case of
beams 2T12BB1 and 2T12BS at the late loading stage and prior to failure, where the

increase in the crack width with the load is slow compared with the other specimens,
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2T12BP and 2T12BB2. The plain concrete beam exhibits a sudden crack width increase
after the load of 82 kN. This may be attributed to the absence of the bridging effect with
the increasing stresses in the concrete. The beam with basalt fibers of 12mm length,
2T12B2, shows little bridging in its cracks compared to the beam with basalt fibers of
24mm length which shows a considerable increase in crack width after the service
loading stage. This means that a larger fiber length enhances the fiber strength and
increases its ability to bridge flexural cracks in the fiber-reinforced concrete beam
sections. The same results can be seen in Table 16 for the crack widths at different

loading stages for all of the tested beams.

6.3 Effect of Flexural Reinforcement Type

The effect of using different types of longitudinal reinforcement on the moment
versus mid-span deflection behavior is examined through a comparison of the use of
BFRP and GFRP bars with the use of normal steel. Generally, the use of FRP as flexural
reinforcement results in a higher moment capacity than the use of steel as shown in
Figure 26. The percentage increase in flexural capacity is found to be 15% and 28% for
2T12BB1 and 2T12GB1, respectively, compared to 2T12SB1 as shown in Table 13.
Regardless of the flexural reinforcement material, all the beams show the same behavior

in terms of pre-cracking stiffness until the first crack load
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Figure 26: Moment vs mid-span deflection for different reinforcement type

The first crack moment is higher for the normal steel reinforced concrete beam
than for the basalt and glass fiber-reinforced beams. After the first crack, the beam with
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the normal steel reinforcement, 2T12SB1, shows a much higher stiffness than
2T12BB1 and 2T12GB1 as shown in Figure 15(c). This behavior is expected due to the
low elastic modulus of the FRP bars. Table 17 provides the strain values at the two
beams’ cross-sectional extremes at the ultimate load. The concrete compression strain
at the top of the flexural region (mid-span) is found to be 0.0037 for both BFRP-RC
beam compared to 0.0032 for the GFRP-RC beam. This may be attributed to the higher
deflection of the BFRP-RC beam compared to the steel and GFRP-RC beams. The same
behavior is observed in the beams with 12 mm-long basalt fiber-RC beams 2T12BB2
and 2T12GB2.

In addition, it is observed that the normal steel-reinforced concrete beam has a
lower number of cracks and smaller crack depth, in both the service and ultimate stages,
than the BFRP and GFRP reinforced concrete beams (see Figure 16 and Figure 17). On
the other hand, the use of BFRP bars leads to smaller crack depth and less cracks at the
ultimate stage than the use of GFRP bars. The propagation of the cracks in the tested
beams follows the traditional flexural-crack pattern. Cracks start at the pure flexure
region in the tension face then propagate gradually towards the compression face where
the concrete crushing occurs. The crack spacing is higher in the GFRP reinforced beam
than steel and BFRP-RC beams as shown in Table 15. In general, the crack width for
the BFRP and steel reinforced beams is the same at the service load stage. Then, the
BFRP RC beam shows a larger crack width until the load of 65 KN, where the steel
reinforced beam exhibits a sudden increase in crack width as shown in Figure 18(d).
This can be attributed to the yielding of steel bars which makes the stress in the concrete
increase and hence allows the cracks to open more. Beam 2T12GB1 shows a larger
crack width than beams 2T12BB1 and 2T12SB1 at both the service and ultimate
loading stages. The same observation is shown in Table 14 which shows the number of
cracks developed as the load increases. A similar conclusion can be drawn for beams
2T12BB2 and 2T12GB2 with the 12 mm long basalt fibers as shown in Figure 18(d).

Figure 27 shows the failure mode of the aforementioned beams, where concrete
crushing is the main mode of failure for the BFRP fiber-reinforced concrete beams and
steel yielding is the main failure mode for the steel-reinforced concrete beam. The same
failure mode was reported by Issa et al. [8] and Wang et al. [13], and it is also identical
to the ACI code recommendations [18], [40] .
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Moreover, concrete crushing is the main mode of failure for beam 2T12GB2. However,
beam 2T12GB2 is less damaged than beam 2T12GB1 due to the larger fiber length.
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Figure 27: Specimens’ failure modes, (a)2T12BB1, (b)2T12GBI1, (¢)2T1GB2, (d)
2T12SB1

6.4. Analytical Predictions
In this section, the applicability of ACI 440-1R-06 and CSA recommendations
are assessed by comparing it to the experimental results in terms of flexural capacity,

mid-span deflection and cracking responses.

6.4.1. Flexural capacity. All the FRP-reinforced beams are designed to be
over-reinforced in order to provide more ductility to their behavior and allow them to
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fail by concrete crushing as recommended by the ACI 440-1R-06 code. Section 8.2 in
the ACI 440-1R-06 FRP design guide provides a simplified design approach to
calculate the nominal and design capacities of flexural members reinforced with FRP
bars. The complete method, together with all the required equations, was discussed in
the analytical predictions chapter. In this research, the nominal flexural capacities of all
the tested beams are computed analytically based on the ACI 440-1R-06
recommendations and compared with those from the experimental results. Since there
IS no special code for the fiber reinforced concrete beams, the ACI 440 code is used
with the assumption that all the tested beams are cast with plain concrete; therefore, the
ultimate compression strain is taken as 0.003. Table 18 summarizes the analytical and

experimental results for all tested beams.

Table 18: Analytical versus experimental flexural results

MuUpred
Sr# Beam MuUexp (ACI1440) Muexp/MUpred
£,,=0.003

1 |2T12BB1| 28.2 28.1 1
2 | 2T16BB1| 324 34.6 0.94
3 | 2T10BB1 23 23.5 0.98
4 | 3T10BB1 30 28 1.07
5 3T8BB1 22.2 23.8 0.93
6 2T12BS 30 26 1.15
7 2T12BP 25.2 27 0.93
8 | 2T12GB1 32 29 1.1
9 |2T12GB2 | 28.2 29.2 0.97
10 | 2T12SB1 | 24.6 24.5 1
11 | 2T12BB2 | 26.4 28.3 0.93
12 | 2T16BB2 | 41.4 34.9 1.18

The table shows an acceptable difference between the experimental and
predicted results using the ACI440 equations. Some of the beams showed an
experimental capacity that is less than the predicted ones, which may be attributed to

the accuracy and circumstances of the test.
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6.4.2. Moment VS mid-span deflection. The moment versus mid-span
deflection responses are plotted for both the analytical and experimental results. It can
be seen from Figure 28 that the ACI 440-1R-06 code underestimates the deflection
values for all the tested specimens. This can be attributed to the ductility that the section
gains due to the addition of the fibers to the concrete mix. On the other hand, the steel-
reinforced concrete beam shows almost the same stiffness experimentally and
analytically and is much stiffer than the FRP reinforced concrete beams as shown in
Figure 28(d).
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Figure 28 Analytical and experimental load vs mid-span deflection, (a) different
reinforcement ratio, (b) different reinforcement ratio (3 bars); (c) different fibers; (d)
different reinforcement material; () 12 mm basalt fibers
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6.4.3. Cracking behavior. Crack spacing and crack width responses are
obtained based on ACI 440-1R-06 and the Canadian guide, CSA, and are compared
with the experimental results. It can be noticed from Table 16 that, generally, both codes
overestimate the values of the crack width at the service stage. The effect of the fibers
may be considered the main reason for this difference, since there is no guide in the
literature that takes into account the effect of adding fibers to the concrete. The same
observation can be seen in Table 15 for the crack spacing estimation using both ACI
440-1R-06 and CEB-FIB codes. Therefore, the addition of fibers to the concrete shows
a significant effect on the cracking behavior of all tested beams. The same conclusion

is reported by many researchers [8], [13], [15]
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Chapter 7. Finite Element Model

In order to understand the flexural behavior of FRC beams reinforced with
different types of FRP bars, it is very crucial to be able to predict and simulate their
failure mechanisms. In this chapter a finite element model (FEM) was developed to
investigate the flexural behavior of BFRP-FRC beams. Several research have been
conducted on finite element modeling of the flexure and shear behaviors of FRP and
steel-Reinforced plain concrete beams[33], [46]-[54]. This study, however, attempts to
develop a nonlinear FE model that has the ability of capturing the complex behavior of
fibrous concrete (FRC) beams reinforced with FRP bars in terms of moment capacity,

load vs mid-span deflection, cracking behavior and failure mode.

The finite element software ABAQUS was utilized to perform a non-linear 3D
analysis of the five tested beams considered in the experimental program. Four main
material definitions were used in the FE modeling; the BFRP, GFRP, steel and concrete.
Materials nonlinearity were considered in the FE analysis by introducing the actual
elastic—plastic stress—strain relationship for the concrete. Also, the (NLGEOM) option
was considered in the analysis in order to account for large deformations. The moment
capacities, failure modes and moment-deflection curves were extracted from the FE
model for all beams considered. These results were also verified with the experimental
results. A number of 5 beams were chosen from the experimental program to be
simulated using ABAQUS as shown in Table 19.

Table 19: beams for FEM

Specimen Label | Reinforcement | microfibers | f.> (Mpa)
2T12BB1 BFRP Basalt 45
2T7T10BB1 BFRP Basalt 45
2T16BB1 BFRP Basalt 45
2T12GB1 GFRP Basalt 45
2T12SB1 STEEL Basalt 45

7.1.  Model Geometry

The FRC beams were modeled using a 3D solid brick element (C3D8R) with 3
degrees of freedom per node, whereas, the reinforcement including stirrups were
modeled using truss elements, which only carries axial load during bending. Figure 29
shows the parts assembly of the BFRP-FRC beams as modeled in ABAQUS. The
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interaction between the concrete and the reinforcement was assured to be perfectly
bonded by embedding the truss elements (rebar and stirrups) inside the concrete beam
as the host. Rigid steel plates were assembled at the two loading points and two
supports. Normal and tangential surface-to-surface contact was defined between the
rigid plate and the concrete beam using the penalty approach. Boundary conditions in
terms of joints translations and displacement loadings were assigned to the rigid plates

through their reference points. The same size of mesh was used for all of the assembled

parts.

(b)
Figure 29: FEM; (a) Beam model, (b) Reinforcement model
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7.2.  Material Properties

The FE model utilized the experimental tests conducted for FRC concrete,
BFRP, GFRP and steel in defining their properties in the numerical simulations. For
concrete, the inelastic behavior was modelled using concrete damage plasticity (CDP)
model based on the stress-inelastic stain data. The CDP approach permits the concept
of strain hardening in compression. The uniaxial stress-strain curves for concrete in
compression is shown in Figure 30. For reinforcement, the modulus of elasticity and
the poisson ratio were used to define the elastic effect. The plastic effect was defined
using the yield strength for the steel reinforcement and the ultimate strength for the
BFRP and GFRP bars.

0 0.005 0.01 0.015
Strain

Figure 30: Stress-strain curve for a concrete cube specimen

7.3. FEM Results and Discussions

The FEM results were validated with their experimental counterparts by
comparing the failure modes, cracking behavior and the moment vs mid span deflection
curves for each beam. The FEM results showed a very good agreement with the results
obtained from the experimental program. In addition, the failure mode for the finite
element model was very close to the experimental program for all beams which is
concrete crushing. The cracking behavior of the BFRP beams was pure flexural and
followed the trend of the experimental outcomes as shown in Figure 31 (a and b). All
cracks were pure flexural cracks developed in the tension zone and propagated towards

the compression zone in the pure bending region.
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The deformation capacity for the FE model was close to the experimental with an

average value of 35 mm.
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(b)
Figure 31: Crack pattern; (a) Experimental, (b) FEM

Two parameters were investigated in this study, which are the reinforcement
ratio and the type of reinforcing bars. The effect of reinforcement ratio was captured by
plotting load vs mid-span deflection response predicated by the FEM and compared to
the experimental one for 2T10BB1, 2T12BB1 and 2T16BB1 beams as shown in Figure
32 (a-c). In general, the FEM results showed good comparisons in terms of the stiffness
and load capacity. However, slight deviations were noticed in the cracking moment
(load) between the FEM and experimental results for the three specimens. The moment
capacity increased by increasing the reinforcement ratio as shown in Figure 32.
Concrete crushing was the failure mode for all of BFRP beams. All the beams almost
have the same stiffness except 2T16BB1, which has a considerably higher stiffness. In
general, the addition of fibers improves the ductility of the BFRP beams and reduces

the mid-span deflection.
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Figure 32: Load VS midspan deflection for different reinforcement ratio; (a)
p=0.0073, (b) p=0.0051, (c) p=0.0129
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Moreover, the effect of the material type of the reinforcing bars was examined
through the moment vs mid-span deflection curves. Three different types of
reinforcement bars of 12mm diameter were used. The corresponding load vs
displacement responses are illustrated in Figure 33(b) for steel rebar, Figure 33(a) for
GFRP rebar and Figure 32(a), for BFRP bars. Both BFRP- and GFRP-FRC beams have
less stiffness than steel FRC beam with no clear yielding point as expected. The moment

capacity for the GFRP beam was higher than BFRP and steel FRC beams.

120
100 | 2T12GB1
80
g
I 60
g
40 Experiments
20 ——FE Model
0
0 10 20 30 40
Midspan Deflection (mm)
(a)
80 2T12SB1
70
60
- 50
g
S 40
S0
20 Experiments
—— FE Model
10
0
0 10 20 30 40 50
Midspan deflection (mm)
(b)
Figure 33: Load VS midspan deflection for different bar type; (a) Glass FRP,
(b) steel
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Chapter 8. Conclusion

This research study contains an experimental program that was conducted to
investigate the effects of varying flexural reinforcement ratios using different types of
reinforcement bars in concrete with basalt and synthetic fibers on the flexural behavior
of BFRP-bar reinforced concrete members. Moreover, some analytical predictions are
carried out to evaluate the current design codes and recommendations associated with
the use of BFRP bars as flexural longitudinal reinforcement in reinforced concrete
beams cast with plain and fiber-reinforced concrete. Based on the results obtained both
experimentally and analytically, several conclusions and observations are drawn and

listed below:

1. Increasing the BFRP reinforcement ratio results in improving the flexural
capacity of BFRP beams, regardless of the concrete type. The increase was not
proportional and followed the same increasing trend of ACI 440-1R-06 code
equation for predicting the flexural capacity. Furthermore, increasing the
reinforcement ratio has a significant contribution to the ductility and cracking
behavior at different loading stages.

2. Introducing basalt and synthetic fibers to concrete increases the maximum
moment capacity in FRC beams of a constant reinforcement ratio. The basalt
FRC beam shows a percentage increase of 12% as compared to 19% increase
when using the synthetic fiber. In addition, FRC beams fail in a less destructive
manner than plain concrete beams. This is due to the ability of fibers to bridge

between cracks.

3. The flexural behavior of BFRP-FRC beams improved in terms of moment
capacity and curvature ductility. The section capacity was enhanced due to the
increase in the ultimate concrete compression strain, which results in a larger

strength contribution of BFRP bars.

4. The cracking behavior of FRC beams in terms of spacing and numbers are
improved at the service and ultimate loading stages compared to plain concrete
beam. The effect of basalt fibers in controlling the number of cracks is slightly
better than that of synthetic fibers particularly at the service loading stage. The

effect of fibers in controlling crack width at the service load stage,
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corresponding to a flexural capacity of 0.3 Mu, is found to be within ACI440-

1R-06 crack width limit for all of the specimens.

5. The beam with the normal steel reinforcement, shows a much higher stiffness
than FRP beams which may be attributed to the lower elastic modulus of FRP
material. The normal steel reinforced concrete beam has the least number of
cracks and the smallest crack depth in both the service and ultimate stages,
compared to the BFRP and GFRP reinforced concrete beams. Moreover, the use

of FRP reinforcement reduces the curvature ductility of the beam.

6. The beams with 24 mm basalt fibers increased the flexural capacity by 12%
compared to the beams with 12 mm basalt fibers. Although concrete crushing
is the main mode of failure for all specimens of both basalt-fiber lengths, beams
with 12 mm fiber length showed a less damaged concrete compression zone
than 24 mm fiber length beams.

7. For the same reinforcement ratio, increasing the number of BFRP
reinforcement bars results in approximately similar response in terms of section
capacity and stiffness. However, cracking behavior and curvature ductility were

improved.

8. The experimental results showed a good agreement with the analytical ones
obtained using ACI equations in terms of flexural capacity, crack spacing, crack

widths and mid-span deflection.

9. Anonlinear 3D finite element model was developed using ABAQUS and was
validated using the results obtained from the experimental tests. The
comparisons showed a very good agreement between the FEM results and the
experimental ones in terms of the load (moment) capacity, the cracking behavior
and the failure mode for all tested specimens. Results showed that the flexural
capacity of BFRP-FRC beams considerably increases by increasing the

reinforcement ratio.

10. For future studies, our model can be advanced by modeling the microfibers
that introduced to the concrete, which will result in more accurate results.

Therefore, the model can be used to conduct a further parametric study on the
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flexural behavior of BFRP beams considering all the parameters that can affect

their flexural behavior.
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