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Abstract: This research investigates the performance of small concrete beams that are reinforced
with glass fiber-reinforced polymer (GFRP) bars, basalt fiber-reinforced polymer (BFRP) bars, and
traditional steel bars. It addresses the limitations of traditional steel reinforcement, emphasizing
the need for alternative strategies. Fiber-reinforced polymer (FRP) materials, including GFRP and
BFRP, are examined for their mechanical characteristics compared to steel. The experimental program
focuses on ultimate load-bearing capacity, deflection, deformation at different load levels, and failure
modes. The concrete specimens, prepared according to Eurocode, consist of six small concrete
beams measuring 80 × 120 × 1100 mm with varied reinforcements. The study reveals that GFRP-
reinforced beams outperform BFRP and steel reinforcements in ultimate load-bearing capacity,
showcasing enhanced structural performance. The GFRP-reinforced beams exhibit capacity and
resilience characteristics surpassing those of both BFRP and steel, whereas the deflection observed
was higher on both fiber-reinforced beams than on the steel-reinforced beams. The examination
of failure modes reveals that the concrete beams that were reinforced with FRP bars showed a
bending property before failure, while those reinforced with steel broke easily without bending
much. This comprehensive research contributes to advancing our understanding of FRP materials’
application in concrete structures, paving the way for further optimization and overcoming limitations
in reinforcement materials.

Keywords: BFRP bars; GFRP bars; concrete beam; steel bars

1. Introduction

Concrete, a commonly used building material, is often deficient in tension strength
and susceptible to fractures from shrinkage and plastic deformation [1]. This inherent
weakness in tension makes plain concrete unsuitable for many structural applications, as
even structures under compressive pressures require sufficient tensile strength to prevent
buckling. Steel, renowned for its remarkable tensile strength, has been widely employed
in the construction industry to reinforce structural components, making it an ideal ma-
terial for enhancing the strength of concrete buildings. Despite its widespread use, steel
reinforcement comes with drawbacks, as highlighted by Mahadev Desai [2]. Corrosion
vulnerability is a significant concern, with steel rusting over time when exposed to oxygen
and moisture, compromising its structural integrity. Environmental factors, such as high
seawater quantities in coastal areas or elevated humidity, can expedite the corrosion process,
leading to fractures and spalling in the adjacent concrete, thereby impacting the overall
structural stability. Another drawback is the substantial weight of the steel reinforcement
due to its density, which contributes significantly to the overall weight of the construction
when used in large quantities [3,4].

The inherent limitations in traditional steel reinforcement methods within construction
have spurred a thorough exploration of alternative approaches, driven by significant
advancements in science and technology. In response to this imperative, there has been a
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surge of research interest surrounding the utilization of fiber reinforcements, with studies
investigating the characteristics and tensile strengths of various fiber materials to augment
their applicability in structural contexts [5,6].

Among the alternatives, fiber-reinforced polymer (FRP) materials have emerged as
particularly promising contenders for different infrastructure projects. Their adoption is
underpinned by a myriad of compelling advantages, including but not limited to rapid
manufacturing and installation processes, inherent lightweight properties facilitating ease
of handling, long-term cost-effectiveness due to reduced maintenance requirements, ex-
ceptional corrosion resistance, and an extended service life. Such attributes position FRP
materials as versatile solutions that are amenable to a wide spectrum of applications across
infrastructure construction domains [7–10].

In the realm of civil engineering, the utilization of four primary fiber materials—
carbon, glass, aramid, and basalt—dominates the production of reinforced fibers. These
fibers serve as the building blocks for the creation of distinct reinforced polymers, encom-
passing Carbon Fiber-Reinforced Polymer (CFRP), glass fiber-reinforced polymer (GFRP),
Aramid Fiber-Reinforced Polymer (AFRP), and basalt fiber-reinforced polymer (BFRP).
Each variant of reinforced polymer exhibits a unique array of properties, rendering them
apt for specific applications within the civil engineering landscape [6,11–13]. This rich
diversity in fiber reinforcement options underscores the nuanced and multifaceted nature
of material selection processes within the realm of structural engineering.

Recently, numerous studies have explored the intricate properties of fiber-reinforced
polymer (FRP)-reinforced concrete beams, as evidenced by a growing body of research [14–17].
Many of these investigations have focused on the behavior of concrete beams that are rein-
forced with a single type of fiber reinforcement, comparing their performance against that of
conventional steel-reinforced concrete beams [16–22]. Conversely, other studies [23–29] have
chosen to examine FRP bars in isolation, subjecting them to various conditions to elucidate
their intrinsic properties without integration into concrete structures. While these studies
offer valuable insights into the material properties of FRPs, there remains a notable gap in
understanding how these materials function within the broader context of concrete elements.
Additionally, a study comparing the adhesion properties of FRP fibers, coupled with analytical
evaluations of material properties, was conducted [29]. However, the focus on standalone
bar analysis overlooks the crucial aspect of comprehensively understanding the interaction
between these materials and concrete elements, particularly in load-carrying scenarios.

Among the studies on the ultimate load-carrying capacity of concrete beams rein-
forced with FRP bars, Urbanski et al. [18] meticulously documented performance metrics,
revealing that the average ultimate load of three concrete beams reinforced with 8 mm
basalt fiber-reinforced polymer (BFRP) bars was 40 kN, while their steel-reinforced counter-
parts managed a load of 35 kN. This stark contrast signifies a notable 14.28% increase in
the ultimate load-carrying capacity of BFRP-reinforced concrete beams compared to their
steel-reinforced counterparts. The impressive tensile strength property inherent in FRP
reinforcement is further underscored by the ACI Committee 440 [30].

Moreover, Sirimontree [22] conducted a parallel investigation, discovering that con-
crete beams reinforced with glass fiber-reinforced polymer (GFRP) bars exhibited an aver-
age ultimate load of 70.5 kN, nearly doubling that of steel-reinforced beams. Our research
corroborates these findings, demonstrating that concrete beams reinforced with GFRP bars
sustained an average ultimate load of 36.9 kN, while those reinforced with BFRP bars
sustained 28.4 kN. These figures represent remarkable increases of 76.55% and 35.88%,
respectively, compared to concrete beams reinforced with steel bars (20.9 kN).

Regarding the deflection property, some scholars [18,31] documented significantly
greater deflections in beams reinforced with BFRP bars compared to reference beams.
This phenomenon was attributed to the lower modulus of BFRP bars compared to steel
bars. Furthermore, Kosior-Kazberuk et al. [16] reported that concrete beams reinforced
with basalt fiber polymers exhibited substantially higher deformations, averaging three to
four times more than steel-reinforced concrete beams. Notably, during the initial loading
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phase, BFRP-reinforced concrete beams demonstrated a 40% increase in deflection relative
to reference reinforced concrete (RC) beams, with this disparity increasing as the load
intensified. Consequently, BFRP-reinforced concrete beams exhibited deflections twice as
large as those of reference beams.

According to Krassowska et al. [31], concrete beams reinforced with BFRP bars have
shown the largest amount of cracks with greater widths, with the first perpendicular crack
occurring when the load reached 10% of the ultimate load-carrying capacity of the sample.
However, the flexural capacity of beams reinforced with FRP reinforcement has shown
significant improvement. In terms of failure modes, observations made by Ashour AF [20]
are significant. Additionally, it is important to note that the ACI Committee 440 [30]
has highlighted the comparatively low transverse shear resistance exhibited by FRPs.
Furthermore, Urbanski et al. [18] observed that beams reinforced with basalt bars displayed
cracks that were three to four times wider than those observed in traditionally reinforced
concrete beams. This underscores the necessity for further research aimed at developing a
comprehensive model to accurately predict the shear capacity of FRP-reinforced concrete
beams. Such efforts are crucial for advancing our understanding and ensuring the structural
integrity of FRP-reinforced concrete beams.

This research endeavors to bridge this gap in the scientific discourse by embarking on
a comprehensive comparative analysis. The study seeks to explore and contrast concrete
beams that are reinforced with two prevalent types of FRP—namely, glass- and basalt
fiber-reinforced polymer—against beams that are reinforced with traditional steel bars. Im-
portantly, all specimens will be subjected to identical loading and environmental conditions,
facilitating a nuanced examination of their performance under standardized parameters.
Through this comparative approach, the research endeavors to yield a more holistic under-
standing of the inherent material properties of each type of reinforcement by identifying
areas of strength and potential improvement across various reinforcement methodologies.

Furthermore, employing small-scale beam tests offers greater control over variables
such as material properties and loading conditions, thereby enabling more precise compar-
isons between different reinforcement types.

This research empirically investigates small concrete beams that are reinforced with
glass fiber-reinforced polymer (GFRP) bars, basalt fiber-reinforced polymer (BFRP) bars,
and traditional steel reinforcement. The main objective is to analyze the performance of
these materials within concrete beams, emphasizing strength, load-bearing capacity, failure
modes, and deflection. Simultaneously, the research seeks to identify vulnerabilities in fiber-
reinforced polymers (FRPs), laying the groundwork for future studies addressing these
limitations and proposing improved reinforcement solutions for concrete beam structures.

2. Materials and Methods
2.1. Materials

The small beams were prepared using a concrete mixture containing CEM I 42.5R
Portland cement. The cement content was set at 320 kg/m3, with a water-to-cement
ratio (w/c) of 0.5. The aggregate composition comprised 732 kg/m3 of sand with a grain
diameter of up to 2 mm and 1203 kg/m3 of coarse natural aggregate with a grain diameter
of up to 8 mm. To enhance the mixture, 3.2 kg/m3 of superplasticizer was incorporated.
For longitudinal reinforcement, 6 mm diameter S-500 steel bars with a tensile strength of
315 MPa, 6 mm diameter BFRPs with a tensile strength of 1180 MPa, and 8 mm diameter
GFRPs with a tensile strength of 552 MPa were utilized, as depicted in Figure 1 below. The
reinforcement design was made to resist the self-weight, with a safety factor of the concrete
beam. The diameter variation between the two FRPs was used to achieve equivalent tensile
strength and to counter the beam’s own weight. This helped the investigation demonstrate
the mechanical properties of the reinforcements under similar environmental conditions.
All longitudinal reinforcements were prepared with a length of 940 mm.
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Figure 1. Specimens’ reinforcement setup: (a) steel reinforcement; (b) FRP reinforcement.

Before preparing the specimens, concrete strength tests were conducted to meet the
required concrete standard based on strength. Three samples with a similar mix ratio
were prepared for each strength test. Tests for the compressive strength of the concrete
were executed following EN 12390-3:2009 [32], utilizing cubic samples with a side length
of 100 mm. Tests for concrete tensile strength were carried out on samples measuring
100 × 100 × 400 mm, in accordance with EN 12390-5:2019 [33]. The modulus of elasticity
was determined pursuant to EN 12390-13:2013 [34], using cylindrical specimens with a
diameter of 160 mm and a height of 300 mm. The average test results were 59.66 MPa for
compressive strength, 3.06 MPa for flexural strength, and 33.53 GPa for elastic modulus.

2.2. Description of Experimental Program

In order to enhance our comprehension of the performance of fiber-reinforced poly-
mers in concrete beams, this research conducted an experimental program focusing on
the ultimate load-bearing capacity; midspan deflection; average deformation at the top,
middle, and bottom of concrete members under various load levels; and the failure modes
of beams. The concrete specimens were mixed, cured, and tested in accordance with the
EURO code. Six small beams measuring 80 × 120 × 1100 mm were employed in the study.
These included two steel-reinforced beams (ABST-1 and ABST-2), two glass fiber-reinforced
beams (ABGF-1 and ABGF-2), and two basalt fiber-reinforced beams (ABBF-1 and ABBF-2).
The FRP-reinforced concrete beams were designed in accordance with the guidelines of ACI
440: 1R-06 standards [30]. The evaluation aimed to assess the mechanical characteristics
and effectiveness of multiple reinforcing materials in enhancing the structural performance
of concrete beams, as per the ACI 440.1R-06 standards [30]. All the beams were simply sup-
ported, with support points positioned 80 mm from the outer edge of the beams, resulting
in span axes of 940 mm. Point loads are applied at 1/3 of the beam length on both sides.
Throughout the test, the ultimate bending capacity of the element was determined, and
various values were measured. These included deformations on the surface of the concrete
member in the compressive, mid, and tensile zones, maximum deflection at midspan,
and the development of cracks and failure modes of the beams. The beams underwent
preloading with a 0 kN force. The force buildup occurred over 30 s per 2 kN, and the load
was then held constant for approximately 30 s to record test readings. Subsequently, the
force was incrementally increased by 2 kN until failure. The load application utilized a
hydraulic cylinder, controlled from the control panel of the PZA machine. Deflection was
gauged using inductive sensors from the Megatron-Munchen return spring, with specific
locations designated for deflection measurements. Additionally, the progressive develop-
ment of cracks and the shear capacity of the beams were meticulously recorded during
the testing process. After each load phase until failure, every new crack was documented,
and photographs were taken for the preparation of simulation drawings, as illustrated in
Figure 2.
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Figure 2. Sample specimen under initial and final loading states: (a) test sample under initial applied
load; (b) test sample post ultimate load failure.

3. Test Results and Discussion
3.1. Ultimate Load-Bearing Capacity

The ultimate load is defined as the maximum load achieved by the beam. The loads be-
ing supported by concrete beams that were reinforced with GFRP bars markedly exceeded
those reinforced with BFRP and steel bars. The concrete beams that were reinforced with
BFRP showcased a superior load-bearing capacity compared to those that were reinforced
with steel bars. Despite steel-reinforced concrete beams enduring more load before the
onset of initial cracks, they ultimately failed sooner. BFRP-reinforced concrete beams mani-
fested the early initiation of cracks when contrasted with steel-reinforced concrete beams
but exhibited a higher ultimate load-bearing capacity, trailing only behind GFRP-reinforced
concrete beams. The ultimate load-carrying capacity of the beam specimens before failure
is depicted in Figure 3 below.
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Compared to concrete beams reinforced with steel bars, the average ultimate load-
bearing capacity of the concrete beams reinforced with GFRP bars and BFRP bars increased
by 76.5% and 35.8%, respectively. This increase can be attributed to the higher tensile
strength of FRP bars compared to steel bars. One reason for the significant variation in
the ultimate load-bearing capacity of beams reinforced with FRPs is the difference in the
cross-sectional area of the reinforcements.

3.2. Deflection

The steel-reinforced concrete beams displayed similar behavior, experiencing fail-
ure at stresses of 20 kN and 21.8 kN, resulting in midspan deflections of 4.76 mm and
4.65 mm, respectively. Remarkably, the glass fiber-reinforced concrete beams exhibited
remarkable strength, with ABGF-1 collapsing at 32 kN and ABGF-2 lasting until 40 kN. At
the point of failure, midspan deflections measured 14.01 mm and 14.61 mm. The basalt
fiber-reinforced concrete beams, performing between the steel- and GFRP-reinforced con-
crete beams, recorded failures at 26 kN (ABBF-1) and 30 kN (ABBF-2). The corresponding
midspan deflections were 16.17 mm and 21.50 mm. Figure 4 illustrates the graphical
implications of the maximum deflection observed in the sample specimens.
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In this study, concrete beams that were reinforced with BFRP bars were found to
exhibit higher deflection. Figure 5 illustrates the deflection of the beams under a regular
load of 20 kN, where the GFRP-reinforced concrete beams displayed deflections of 7.73 mm
(a 62% increase compared to the steel-reinforced beams) and 7.44 mm (a 60% increase
compared to the steel-reinforced beams). On the other hand, the basalt fiber-reinforced
beams demonstrated deflections of 10.87 mm (a 127% increase compared to the steel-
reinforced beams and a 40% increase compared to the GFRP bar-reinforced concrete beams)
and 10.10 mm (a 117% increase compared to the steel-reinforced concrete beams and
a 35.75% increase compared to the GFRP-reinforced concrete beams). These findings
underscore the greater flexibility of basal fiber-reinforced beams compared to glass fiber-
reinforced beams.



Appl. Sci. 2024, 14, 3957 7 of 12

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 12 
 

In this study, concrete beams that were reinforced with BFRP bars were found to 
exhibit higher deflection. Figure 5 illustrates the deflection of the beams under a regular 
load of 20 kN, where the GFRP-reinforced concrete beams displayed deflections of 7.73 
mm (a 62% increase compared to the steel-reinforced beams) and 7.44 mm (a 60% increase 
compared to the steel-reinforced beams). On the other hand, the basalt fiber-reinforced 
beams demonstrated deflections of 10.87 mm (a 127% increase compared to the steel-re-
inforced beams and a 40% increase compared to the GFRP bar-reinforced concrete beams) 
and 10.10 mm (a 117% increase compared to the steel-reinforced concrete beams and a 
35.75% increase compared to the GFRP-reinforced concrete beams). These findings under-
score the greater flexibility of basal fiber-reinforced beams compared to glass fiber-rein-
forced beams. 

 

Figure 5. Deflection vs. position curves of beam specimens at 20 kN applied load (deflection data 
collected from gauges at the midpoint and both ends of the beams, measured at 2 kN load intervals). 

3.3. Deformation of Concrete on the Surface of Different Sections of the Beam at Midspan 
Figure 6 illustrates the deflection across different zones in the specimens. In Figure 

6a, the compressive zone exhibited the least deformation: the steel-reinforced concrete 
beams measured 1.66 mm and 1.30 mm, the GFRP-reinforced concrete beams measured 
1.45 mm and 2.73 mm, and the BFRP-reinforced beams measured 3.45 mm and 1.01 mm. 
In Figure 6c, the neutral zone demonstrated steel-reinforced concrete beams with 3.94 mm 
and 3.13 mm, GFRP-reinforced concrete beams with 3.77 mm and 4.38 mm, and BFRP-
reinforced concrete beams with 6.86 mm and 7.95 mm. Figure 6c, representing the tensile 
zone, showed maximum deformation: the steel-reinforced concrete beams with 3.96 mm 
and 3.42 mm deformations, the GFRP-reinforced concrete beams with 7.04 mm and 9.05 
mm, and the BFRP-reinforced concrete beams with 8.43 mm and 10.76 mm. 

Figure 5. Deflection vs. position curves of beam specimens at 20 kN applied load (deflection data
collected from gauges at the midpoint and both ends of the beams, measured at 2 kN load intervals).

3.3. Deformation of Concrete on the Surface of Different Sections of the Beam at Midspan

Figure 6 illustrates the deflection across different zones in the specimens. In Figure 6a,
the compressive zone exhibited the least deformation: the steel-reinforced concrete beams
measured 1.66 mm and 1.30 mm, the GFRP-reinforced concrete beams measured 1.45 mm
and 2.73 mm, and the BFRP-reinforced beams measured 3.45 mm and 1.01 mm. In Figure 6c,
the neutral zone demonstrated steel-reinforced concrete beams with 3.94 mm and 3.13 mm,
GFRP-reinforced concrete beams with 3.77 mm and 4.38 mm, and BFRP-reinforced concrete
beams with 6.86 mm and 7.95 mm. Figure 6c, representing the tensile zone, showed
maximum deformation: the steel-reinforced concrete beams with 3.96 mm and 3.42 mm
deformations, the GFRP-reinforced concrete beams with 7.04 mm and 9.05 mm, and the
BFRP-reinforced concrete beams with 8.43 mm and 10.76 mm.

When comparing the values of concrete deformations at the same levels of beam loads,
it was concluded that in the compressive zone, the highest deformations recorded in the
case of concrete beams that were reinforced with BFRP and GFRP bars were 3.45‰ and
2.73‰, respectively. These values represented a 107.8% and 64.46% increase compared to
the highest deformation recorded by the concrete beams that were reinforced with steel bars,
which was 1.66‰. The most significant deformations in the compressive zone occurred in
the case of concrete beams reinforced with GFRP bars.

In the mid-section of the beam, the highest deformation was recorded on concrete
beams reinforced with BFRP, amounting to 7.95‰, which represented a 101.78% increase
compared with the highest deformation recorded on concrete beams reinforced with steel
bars, which was 3.94‰. Conversely, the highest deformation recorded for concrete beams
reinforced with GFRP was 4.38‰, indicating an 11.17% increase from the deformation of
concrete beams with steel reinforcement.

In the last section, which is the tensile zone, the highest deformation was observed
for concrete beams that were reinforced with BFRP bars, measuring 10.76‰, and with
GFRP bars, measuring 9.05‰. These values represented a 171.72% and 128.53% increase,
respectively, compared to the highest deformation of concrete beams reinforced with steel
bars, which was 3.96‰.



Appl. Sci. 2024, 14, 3957 8 of 12

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 12 
 

 

  
(a) (b) 

 

 

(c)  

Figure 6. Deformation in different sections of beam specimens: (a) deformation in compressive zone; 
(b) deformation in mid-section; (c) deformation in tension zone. 

When comparing the values of concrete deformations at the same levels of beam 
loads, it was concluded that in the compressive zone, the highest deformations recorded 
in the case of concrete beams that were reinforced with BFRP and GFRP bars were 3.45‰ 
and 2.73‰, respectively. These values represented a 107.8% and 64.46% increase 
compared to the highest deformation recorded by the concrete beams that were reinforced 
with steel bars, which was 1.66‰. The most significant deformations in the compressive 
zone occurred in the case of concrete beams reinforced with GFRP bars. 

In the mid-section of the beam, the highest deformation was recorded on concrete 
beams reinforced with BFRP, amounting to 7.95‰, which represented a 101.78% increase 
compared with the highest deformation recorded on concrete beams reinforced with steel 
bars, which was 3.94‰. Conversely, the highest deformation recorded for concrete beams 
reinforced with GFRP was 4.38‰, indicating an 11.17% increase from the deformation of 
concrete beams with steel reinforcement. 

In the last section, which is the tensile zone, the highest deformation was observed 
for concrete beams that were reinforced with BFRP bars, measuring 10.76‰, and with 
GFRP bars, measuring 9.05‰. These values represented a 171.72% and 128.53% increase, 

Figure 6. Deformation in different sections of beam specimens: (a) deformation in compressive zone;
(b) deformation in mid-section; (c) deformation in tension zone.

3.4. Failure Modes

The analysis of various beam reinforcements unveiled a common pattern in the failure
modes, providing valuable insights into their structural behavior under a load. Initially,
cracks emerged in the flexural zone and midspan, accompanied by the development of
additional vertical cracks within the shear span as the load intensified. Notably, steel-
reinforced concrete beams exhibited midspan bending failure (Figure 7a,b), characterized
by a premature failure.

In stark contrast, both the GFRP- and BFRP-reinforced concrete beams showcased
ductile behavior, characterized by a gradual expansion of the cracks. Diagonal cracks
were consistently observed in Figure 7c–f and were particularly notable in the GFRP-
and BFRP-reinforced concrete beams, where they manifested as long diagonal cracks.
The GFRP-reinforced concrete beams displayed significant deformations and wider crack
widths compared to the steel-reinforced concrete beams. The BFRP-reinforced concrete
beams exhibited a combination of diagonal tension and flexural failure modes.
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The failure modes exhibited distinct characteristics: the steel-reinforced concrete
beams primarily failed due to flexural tension, while the GFRP-reinforced concrete beams
demonstrated diagonal tension failure, subsequently leading to shear tension failure. The
initiation of shear failure was marked by the emergence of a significant diagonal crack
within the shear span, originating from the applied load. This crack propagated towards
the point of GFRP reinforcement, eventually extending horizontally at the level of the
GFRP bars towards the beam’s support. Consequently, bond failure occurred between
the longitudinal GFRP bars and the concrete, as illustrated in Figure 7. These detailed
observations shed light on the intricate failure mechanisms that are inherent to different
types of reinforced concrete beams.

In terms of failure modes, this study revealed a notable increase in crack formations
within the FRP-reinforced concrete beams compared to their steel-reinforced counterparts.
Specifically, beams reinforced with GFRP experienced shear failure, leading to longitudinal
failure, with cracks propagating towards the support structures. The simulation images in
Figure 7 provide a visual representation of the observed cracks in all the beam specimens
before ultimate failure.

4. Conclusions

This research analyzes the critical shift from traditional steel reinforcement to the use
of fiber-reinforced polymer (FRP) materials, specifically, glass fiber-reinforced polymer
(GFRP) and basalt fiber-reinforced polymer (BFRP), in small concrete beams. Based on the
experimental study, the following conclusions were drawn:
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• A comprehensive investigation into the mechanical characteristics of GFRP- and BFRP-
reinforced concrete beams in comparison to concrete beams that are reinforced with
traditional steel bars was carried out.

• GFRP-reinforced concrete beams demonstrated an ultimate load-bearing capacity of
36.9 kN, outperforming BFRP-reinforced concrete beams and steel-reinforced concrete
beams, which exhibited average ultimate load-bearing capacities of 28.4 kN and
20.9 kN, respectively.

• GFRP-reinforced concrete beams demonstrated notable strength and resilience, leading
to later failure stages compared to their steel-reinforced counterparts.

• The deflection analysis highlighted the remarkable performance of GFRP-reinforced
concrete beams, showcasing their superior strength and deformation properties in
comparison to BFRP-reinforced concrete beams. However, both displayed higher
deflections compared to concrete beams with steel reinforcement. On average, BFRP-
reinforced concrete beams experienced a 122.85% increase in the maximum deflection,
while GFRP-reinforced concrete beams exhibited a 61.21% increase when compared
with steel-reinforced concrete beams.

• The examination of failure modes demonstrated that both GFRP- and BFRP-reinforced
concrete beams exhibited a bending property before failure, while those that were
reinforced with steel broke easily without bending much. This provides valuable
insights into their distinct failure mechanisms.

• This study is limited to the examination of small concrete beams, which requires further
studies regarding the applicability of the findings to full-sized beams. Additionally, fur-
ther research and development of design models are recommended to address deflection
issues associated with concrete beams reinforced by non-metallic reinforcements.
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