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Abstract: The construction industry is exploring alternatives to traditional steel reinforcement in
concrete due to steel's corrosion vulnerability. Glass Fiber Reinforced Polymer (GFRP) and Basalt
Fiber Reinforced Polymer (BFRP), known for their high tensile strength and corrosion resistance, are
viable options. This study evaluates the flexural performance of concrete beams reinforced with
GFRP, BFRP, and hybrid systems combining these materials with steel, following ACI 440.1R-15
guidelines. Twelve beams were assessed under three-point bending to compare their flexural
strength, ductility, and failure modes against steel reinforcement. Results indicate that GFRP and
BFRP beams achieve higher ultimate load capacities but lower deflections at failure than steel. Hybrid
reinforcements enhance both load capacity and deflection performance. However, GFRP and BFRP
beams show reduced energy absorption, suggesting that hybrid systems could better support critical
applications like seismic and impact-prone structures by improving ductility and load handling.

Keywords: Basalt Fiber Reinforced Polymers (GFRP); hybrid-reinforced beams; ductility; flexure
tests; Glass Fiber Reinforced Polymers (GFRP)

1. Introduction

Fiber Reinforced Polymer (FRP) composites were initially developed for aerospace and military
applications [1,2]; they soon found their way into civil engineering applications due to their superior
corrosion resistance and high strength-to-weight ratio. In particular, Glass Fiber Reinforced Polymer
(GFRP) and recently Basalt Fiber Reinforced Polymer (BFRP), have gained significant traction as
concrete elements reinforcement [3-11]. They emerged as a solution to the limitations of steel
reinforcement corrosion, particularly in environments where steel is prone to corrosion. Their
corrosion resistance, high tensile-strength-to-weight ratio, and durability in aggressive environments
have made them an attractive choice in multiple structural applications. BFRP, a relatively newer
material, offers similar advantages to GFRP, but with enhanced thermal stability and sustainability
and is increasingly being considered for fire-prone areas and sustainable building projects [12-14].
Unlike GFRP, BFRP fibers are derived from natural basalt rock, making them more environmentally
friendly as their natural basalt composition reduces their carbon footprint. In general, the
introduction of FRP materials into structural engineering applications, particularly in reinforcing
concrete elements, allows for the development of structures with extended service life, reduced
maintenance, and improved performance in aggressive environments [15-19].

GFRP bars typically exhibit tensile strength in the range of 500 to 1500 MPa, depending on the
fiber content and the manufacturing process. However, GFRP's elastic modulus is significantly lower
than that of steel, leading to some concerns related to ductility. On the other hand, BFRP offers a
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higher elastic modulus and performs better in high-temperature environments, as it maintains its
mechanical properties up to approximately 350°C [12,17].

The design and application of FRP reinforcement are governed by several ACI guidelines [20-
22]. These guidelines emphasize the importance of considering both strength and serviceability
limits, particularly for flexural members where deflections and cracking need to be controlled. For
example, GFRP-reinforced beams require careful attention to crack width limits, and design
recommendations include the use of crack control reinforcement or increasing the section depth. This
may constitute a drawback for using GFRP in reinforcing concrete elements. BFRP, while not yet fully
integrated into design guidelines, is being studied for future inclusion in codes of practice and
standards.

The durability of FRP-reinforced concrete structures is influenced by the bond between the FRP
bars and the concrete [23,24]. Studies have shown that the bond strength between FRP bars and
concrete is generally weaker than that of steel, which can lead to premature debonding failure if not
properly accounted for during the design process [15,25]. To address this issue, ACI guidelines
provide specific recommendations for the development length of FRP bars, which are typically longer
than those required for steel reinforcement [20-22]. In addition to the bond strength concern, other
factors such as serviceability requirements must be considered when assessing the performance of
FRP-reinforced concrete beams. Few investigations have been performed on estimating the deflection
of beams reinforced with GFRP and BFRP bars [26-28].

Despite the advantages of GFRP and BFRP in reinforced concrete beams, in addition to the
above-mentioned constraints, other limitations still exist. One of the primary challenges is the higher
upfront cost of FRP materials compared to traditional steel reinforcement. Although FRP offers long-
term cost savings due to reduced maintenance and longer service life, the initial cost of materials can
be prohibitive for some projects [29]. Lack of standardized design codes or guidelines for BERP, as
mentioned above, presents another challenge.

The future of GFRP and BFRP as structural concrete elements reinforcement looks promising as
advancements in material science and sustainability continue to drive the development of new FRP
technologies. Sustainability, a crucial factor nowadays, will shape the future of using FRP materials
in structural engineering applications. BFRP, with its natural basalt composition, is well-positioned
to meet the current growing demand for environmentally friendly structures. Advances in fiber
production and composite manufacturing are expected to lower the upfront cost of FRP materials,
making them more accessible for large-scale infrastructure projects [19].

Research into hybrid reinforcement that combines FRP with steel offers significant potential for
improving the overall performance of reinforced concrete structures [30-34]. These hybrid systems
can provide the best of both worlds, combining the corrosion resistance of FRP with the high elastic
modulus and ductility of steel, thereby overcoming some of the FRP limitations.

2. Research Significance

This research underscores the transformative potential of Fiber Reinforced Polymers (FRPs) like
GFRP and BFRP in modern construction, challenging traditional steel reinforcement in concrete
beams. By incorporating advanced composites, this study not only aims to elevate structural
durability and reduce environmental impact but also seeks to enhance the understanding of the
flexural performance of FRP-reinforced beams. The findings could lead to broader adoption of FRP
materials, influencing future design practices and FRP design guidelines, thereby contributing
significantly to sustainability and innovation in structural engineering.

3. Research Objectives

As construction practices evolve and sustainability becomes a core focus, the use of FRPs in
concrete beams has gained considerable attention. As mentioned earlier, these materials are
considered alternatives to traditional steel reinforcement, offering advantages such as superior
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corrosion resistance, lightweight properties, and high tensile strength. However, despite these
benefits, when used to reinforce beams, there is a critical need to conduct flexure testing (among other
tests) to fully understand and compare the performance of GFRP, BFRP, and hybrid reinforcement
systems under real conditions.
While GFRP and BFRP offer promising advantages over steel, there remain several unanswered
questions regarding their flexural behavior in reinforced concrete beams. Key aspects such as flexural
strength, deflection characteristics, ductility, cracking patterns, and failure modes need to be
rigorously assessed and compared to those of traditional steel-reinforced beams. Furthermore, hybrid
reinforcement systems, which combine steel and FRP, also require evaluation to determine whether
they can provide enhanced performance in terms of load-bearing capacity and ductility.
The primary objective of this research is to experimentally investigate the flexural behavior of
concrete beams reinforced with GFRP, BFRP, and hybrid combinations of these materials with steel.
Specifically, the study aims to
e compare the flexural strength of GFRP, BFRP, and hybrid-reinforced beams to that of steel-
reinforced beams,

¢ analyze the deflection characteristics of each type of beam, focusing on the ductility behavior,

e assess the cracking patterns and the overall failure modes to determine the suitability of GFRP,
BFRP, and hybrid reinforcements for different structural applications, and

o examine whether hybrid reinforcement systems, such as Steel/GFRP, Steel/BFRP, and
GFRP/BFRP combinations, offer better alternatives to traditional steel reinforcement, particularly
in terms of ductility.

4. The Experimental Investigation: Materials and Methodology

While several studies have highlighted the advantages of FRPs, the actual performance of GFRP,
BFRP, and hybrid reinforcements in terms of load capacity, cracking behavior, and failure
mechanisms still need further examination. In addition, ACI [20-22] provides guidelines for
designing structural concrete reinforced with FRP bars, but further experimental validation is
required to assess how these materials (particularly GFRP, BFRP, and hybrid reinforcement) behave
in beams subject to flexure loading conditions.

Tests are conducted on 12 concrete beams (Table 1 and Figure 1), grouped into six sets:
beams reinforced with steel (control group),
beams reinforced with GFRP,
beams reinforced with BFRP,
beams reinforced with a hybrid of Steel and GFRP,
beams reinforced with a hybrid of Steel and BFRP, and
beams reinforced with a hybrid of GFRP and BFRP.

SRR e

Table 1. Details of the tested beams.

Beam Bottom Reinf Top Reinf Stirrups Length (m) Dim (mm)
B01-C

B02-C 3no12 Steel 2no10  Steel no 8@100 mm 2.0 200x400
B03-GF
BO4-GF 3nol12 GFRP 2nol0 steel no 8@100 mm 2.0 200x400
Egz_gi 3nol12 BFRP 2nol0 steel no 8@100 mm 2.0 200x400

B07-GE-ST 2no12 Steel

BOS-GF-BE 1no12 GERP 2no10 Steel no 8@100 mm 2.0 200%x400
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B09-BE-ST 2no12 Steel
B10-BE-ST 1no1> BERP 2no10  Steel no 8@100 mm 2.0 200x400
B11-GF-BF 2no12  GFRP
B12-GE-BE 1no 12 BERP 2no10  Steel no 8@100 mm 2.0 200x400
B01-C B03-GF BO5-BF
B02-C B04-GF B06-BF
3
Al (2010 2no10 21121010
S no. 8@100 mm no. 8@100 mm & no. 8@100 mm
=H = H
3 no 12 Steel 3 no 12 GFRP v 3 no 12 BFRP
200 — 200 20, |
B07-GF-ST B09-BF-ST B11-GF-BF
B08-GF-ST B10-BF-ST B12-GF-BF
%
21010 2no 10 $) | 210 10
o no. 8@100 mm & no.8@100 mm S no. 8@100 mm
= = — =
2 no 12 Steel 2 no 12 Steel 2 no 12 GFRP
1 no 12 GFRP 00 1no12 BFRP ¥ P 1no 12 BERP

Figure 1. Cross sections and reinforcement details of the tested beams.

Each set consists of two replica beams to increase the reliability of the test results. The flexure
testing is intended to evaluate:

e the flexural strength based on the nominal moment and load capacity,
e the deflection profiles to assess ductility,

e crack propagation and failure modes of each reinforcement type, and
e ductility of beams compared to that of steel-reinforced beams.

This experimental study provides a comprehensive comparison of the flexural behavior of
beams reinforced with GFRP, BFRP, and hybrid reinforcement systems. It will identify the
advantages of hybrid systems in enhancing ductility and load-bearing capacity. Furthermore, it will
offer recommendations for incorporating GFRP and BFRP reinforcements into structural design
codes, contributing to the development of sustainable and high-performance concrete structures.

The length of all the tested beams is 2.0 m and they are tested over a span of 1.85 m. All the
beams are reinforced in shear with no 8§ @ 100 mm and have top reinforcement of 2 no. 10. The cross-
section dimensions of the beams are 200mmx=400mm.

The concrete used in casting the beams has a mix designed to produce a 28d cylinder strength f¢
of 25 MPa. The mix is composed of
o 350 kg/m? Ordinary Portland Cement
. w/c ratio of about 0.4
o 615 kg/m? fine aggregates (sand)

"

o 1100 kg/m? coarse aggregate (1", 2" equal portions)

U Super plasticizer Skiament C494 Type F.
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A 1.0 m3 capacity mixer is used to mix the concrete and 100 mm x 300 mm concrete cylinders
were extracted from the same mix to test the 7d and 28d concrete compressive strength. Figure 2
shows the casting and curing of the casted beams.

A concrete slump test is performed on the concrete mix which yielded a 20 mm slump indicating
low concrete workability. The mix temperature measures 32.5°C which is about the recommended
mix temperature (10 — 32 °C). The air content of the fresh concrete measures 3.2%. These tests are
shown in Figure 3.

Three cylinders (150mmx300mm) are tested after 7 days in compression yielding a 7d concrete
compressive strength of about 18 MPa. After 14 days, rebound tests using a Schmidt hammer are
performed on the beams. Readings were taken on each beam yielding an average cube
(200mmx200mm) strength of 24.5 MPa. Applying correction factors of 1.05 for the cube size and 1.25
for the cylinder strength yields f/(14d) = 20.6 MPa. Three cylinders (150mmx300mm) are tested after
28 days in compression yielding a 28d average concrete compressive strength of 24.8 MPa.

Six samples of the 12 mm and the 8 mm steel bars adopted for flexure and shear reinforcement
are tested in uniaxial tension. The sample length is 400 mm with a gauge length of 260 mm. The
results revealed a yield strength of 465+35 MPa and 358+2.9 MPa for the 12 mm bars and the 8 mm
bars, respectively. Figure 4 shows the stress-strain relations resulting from the tests performed on
these bars. The resulting values for the steel yield strength (465 MPa and 360 MPa) are adopted in the
analytical calculations of the beams’ nominal moment and shear.

The GFRP and BFRP bars were tested earlier [35] yielding tensile strength of 1060 MPa and 1470
MPa, rupture strain of 0.022 and 0.026, and modulus of elasticity of 47.5 GPa and 59.7 GPa,
respectively. Three samples of the GFRP bars (8 mm in diameter) are tested in uniaxial tension. Both
ends of each bar are encased in metal sleeves and epoxy to minimize the gripping effect on the fibers.
Despite these precautions, failure occurs at the gipping zones in all samples. As such, test results are
used combined with results available from literature and listed in ACI 440.6-08. The stress-strain
curves for the three tested samples are shown in Figure 5. The sample length is 400 mm with a gauge
length of 260 mm. The results reveal a GFRP elastic modulus of 38.2+1.4 GPa, an ultimate strength of
567+292 MPa, and an ultimate strain of 0.0183+0.008. These values are close to the values available in
the literature as listed above.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Casting and curing the beams.
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Figure 3. Tests performed on fresh concrete.
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Figure 4. Uniaxial tension tests performed on the 12 mm (left) and 8 mm (right) bars used for flexure and shear

reinforcement.

Three samples of the BFRP bars (10 mm in diameter) are tested in uniaxial tension. The sample
length is 400 mm with a gauge length of 260 mm. Both ends of each BFRP bar are encased in metal
sleeves and epoxy to minimize the gripping effect. Once again, failure occurs at the gripping zones;
thus, test results are used in combination with previous tests listed above. The stress-strain curves for
the three tested samples are shown in Fig. 6. The results reveal a BFRP elastic modulus of 43.2+0.6
GPa, an ultimate strength of 790+41 MPa, and an ultimate strain of 0.033+0.002.

All beams are tested in flexure in a 3-point loading scheme monotonically to failure (Figure 6).
Load is applied using an actuator that is connected to a load cell measuring the applied load.

Mid-span deflection is measured using an LVDT (Linear Variable Differential Transformer)
attached to the soffit of the beam at mid-span. Three strain gauges are attached to the reinforcement
(Figure 6) to measure the tensile strains in the reinforcement bars while an additional strain gauge is
attached to the concrete in compression. All readings (load, deflection, and strains) are collected via
a data acquisition system.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Uniaxial tension tests performed on the 8 mm GFRP bars (left) and 10 mm BFRP bars (right) used for

flexure reinforcement.
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5. The Analytical Investigation

An analytical investigation is conducted based on ACI code of practice and guidelines [20,36] to
compare the experimental results with the analytical predictions. Based on the equilibrium of forces
and compatibility of strain conditions (Figure 7), the nominal moments for beams reinforced with
steel, GFRP, BFRP, and hybrid reinforcement are calculated. ACI 318-19 [36] is used for beams
reinforced with steel while ACI 440.6R-08 [20] is adopted for beams reinforced with FRP and hybrid
systems.

Furthermore, calculations for nominal shear are also performed based on the above-mentioned
code of practice and guidelines for these beams. In these calculations, the concrete, steel, and FRP
mechanical properties listed in Table 2 are adopted.

5.1. Nominal Moment

With reference to Figure 7, the equilibrium of forces condition yields

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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o, X f! xaxb= A XF,+ A, XF,

1
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where f¢ is the 28d concrete compressive strength, Fs and Frare the stresses in the steel and FRP bars,
respectively, Fy-is the yield stresses of the steel bars, Furis the rupture stress of the FRP bars, As and
Ay are the areas of the steel and FRP bars, respectively, a is the depth of the equivalent concrete
compression block and b is the width of the beam’s cross-section.

G o af,
—_— O \
L C I C=0(1fc ab
) / S
o-F--1t-—-—-1—Ag——— < 4 -
Ts= A F
Steel IS o e
| e®e® v v
Strain Stress Equivalent Stress
Beams reinforced with steel bars
& alfc\
\ C o [ C=a/f." ab
< Y l
T % i
sFF-——1———T— A < -
;Tf JIr=AcE
o Strain Stress Equivalent Stress
Beams reinforced with FRP bars
Figure 7. Distribution of stress and strains for nominal moment calculations
Table 2. Mechanical properties of concrete, steel, GFRP, and BFRP.
Material Property Value
Concrete 28d compressive strength: f¢/ 25 MPa
Crushing strains &u 0.003
Initial elastic modulus Ec =4700 (f/)'/ 23.5 GPa
o and PBi 0.85, 0.85
Steel bars Yield stress Fys — reinforcement bars 465 MPa
Yield stress Fyo — stirrups 360 MPa
Elastic modulus E;s 200 GPa
Yield strain &-s— reinforcement bars 0.0023
Yield strain &-— stirrups 0.0018
GFRP bars Tensile strength Fu-crrp 483 — 690 MPa
Elastic modulus Ecrrp 35-61 GPa

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Rupture strain &:crrp 0.01 -0.031

BFRP bars Tensile strength Fu-srrp 600 — 1700
Elastic modulus Esrre 50 - 90 GPa
Rupture strain &:srrp 0.018 - 0.032

Using the compatibility of strain condition to check steel yielding and FRP rupture,

£, & £, £, a
_< / ; c

d-c c d-c :Fl

< 5o —P}'<
.26, &=4rS., g =2-%f,
/

2

where, &, &, and g are the strains in the concrete top fibers, steel bars and FRP bars, respectively, and
Es and Erare the elastic moduli of the steel and FRP, respectively, &is the yield strain of the steel, &
fis the rupture strain of the FRP, & is the concrete crushing strain, d is the depth to the reinforcement,
and c is the depth to the neutral axis of the cross-section.

Solving Equations 1 and 2 simultaneously defines the failure mode and yields the nominal
moment Mn, which is given by

M, = Afofx[d—£j+As X F, x(d—ﬁj
3)

_4AxXM,
L

u-M

where Puum is the failure load corresponding to the three-point loading scheme (Figure 7), and L is the
tested span of the beam (1.85 m).
5.2. Nominal Shear
The shear strength of the beam Vn is calculated as follows:
V,=V.+V,
A, XF,  xd
= —

For steel-reinforced beams: V, = 0.17x \/ft/ xbxd 4)

%

s

For FRP and hybrid-reinforced beams: V, = %xw | [ xbx(kxd)
P, =2XV,

where V. is concrete shear resistance, Av is the area of the stirrups, Fy-is the yield stress of the stirrups
steel, s is the spacing between the stirrups, and Pu-v is the failure load corresponding to the nominal
shear. For FRP- and hybrid-reinforced beams, the concrete shear strength is significantly reduced via
a factor x (ACI 440.1R-15) since the contribution of the FRP to the dowel action has not been
determined. This factor is calculated based on the modular ratio between the FRP and the concrete 1y
and the FRP reinforcement ratio pr as follows:

A ©)
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5.3. Cracking Moment

The beam’s cracking moment is calculated based on ACI 318-19 using the modulus of rupture fr
as follows:

£=062f M, =fxS

where S is the elastic section modulus of the beam’s cross-section, M is the cracking moment and Per
is the cracking load corresponding to the three-point loading scheme.
5.4. Results of the Analytical Investigation

Based on Equations 1 to 5, the analytically calculated nominal moment, nominal shear, and the
expected failure modes for all beams are summarized in Table 3. Furthermore, using Equation 6
yields a cracking moment and cracking load of 16.5 kN-m and 35.7 kN, respectively.

Table 3. Analytical investigation results.

Nominal Expected Nomin Expected
Beam moment failure Failure mode al failure
M load Pum analytically predicted shear  load Puv
(kN-m) (kN) Va (kN) (kN)
gg;:g 55.5 120 Steel yield — Conc crushing 197 393
ggi:gi 80.9 175 GFRP rupture — Conc crushing 154 308
ggz:gi 92.9 201 Conc crushing 157 314
B07-GE-
ST 62.4 135 Steel yield — GFRP rupture 197 393
B08-GEF-
ST
B09-BE-
ST 76.7 166 Steel yield — Conc crushing 197 393
B10-BF-
ST
B11-GEF-
BE 92.1 199 GFRP rupture — Conc crushing 197 393
B12-GF-
BF

6. Experimental Investigation Results and Discussion

The results of the experimental investigation are summarized in Table 4. The table lists the
encountered failure loads, the deflection corresponding to the failure load, and the observed modes
of failure for all beams.

6.1. Cracking Moment and Load-Deflection Relations

Cracking patterns and cracks’ propagation were recorded and marked during testing of the
beams; these are shown in Figure 8. The load-deflection curves (Figure 9) and the cracking patterns
show that all beams exhibit cracking around the values calculated by Equation 6. Cracks appeared
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and propagated in the vicinity of the beams’ midspan indicating flexure failure for all beams. As such,
as indicated earlier via the previous calculations for shear capacity, the experimental observations
indicate that all beams failed in flexure.

Table 4 and Fig. 8 also show the failure modes encountered experimentally. All failure modes
agreed with those predicted analytically except for beams reinforced with BFRP bars where
debonding of these bars was encountered before concrete crushing.
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B02-C (control beam): steel

yielding and concrete crushing

B03-GF (GFRP reinforced beam):

GFRP rupture and concrete crushing

B05-BF (BFRP reinforced beam): BFRP

Debonding and concrete crushing

B07-GF-ST (hybrid GFRP-Steel
reinforced beam): steel yielding and

GFRP rupture

B09-BF-ST (hybrid BFRP-Steel
reinforced beam): steel yielding and

concrete crushing

B11-GF-BF (hybrid GFFP-BFRP

reinforced beam): GFRP rupture and

= j concrete crushing

Figure 8. Cracking patterns and failure modes of the tested beams.
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Table 4. Experimental investigation results.
Calc. Experimen Capacit
Beam failure Expected tal failure Deflection at Observed y
load  Failure Mode load failure (mm) Failure Mode increas
(kN) (kN) €%
152.
0B01-C 120 Steel yield- 2 150.8 69.8 48.2+ Steel yield - B
B02-C Conc crushing 149. +19 26,5 30.6 Conc crushing
5
GFRP rupture 156. GFRP rupture
B03-GF 175 ~ Conc 4 1635 266 299% Conc 89
B04-GF . 170. +10.1 332 4.7 .
crushing 6 crushing
178.
BO>-BE 201  Conc crushing 2 1689 204 202+ BFR_PCii)Cond 12%
B06-BF 159. +132 199 04 .
5 crushing
B07-GF- 168.
ST 135 Steel yield — 7 1626 36.7 43.1+ Steelyield - 89,
B08-GF- GFRP rupture 156. +87 495 9.1 GFRP rupture
ST 4
B09-BF- 176.
ST 166 Steel yield- 3 1799 223 23.0+ Steel yield - 17%
B10-BF- Conc crushing 177. +0.85 23.6 0.9 Conc crushing
ST 5
B11-GF- 135.
BF oo TUPIC Ty a6 238 07 O L TUPMIE
B12-GF- . 153. +129 375 9.7 .
BE crushing . crushing

"
g
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Figure 9. Load defection recorded for all tested beams and the adopted ductility index.

6.2. Ductility

To compare the ductility of the tested beams, a ductility index is calculated based on the concept
shown in Figure 9. The areas under the load-deflection curves are calculated for all the tested beams
to indicate the energy absorption capacity (toughness) of the beam. This area indicates the ability of
the beam to sustain dynamic or cyclic loads. The said areas are calculated and listed in Table 5 for all
beams. They are also correlated to the control beam traditionally reinforced with steel bars in this
table. Furthermore, the table compares the ductility index of all the tested beams to the control beams
traditionally reinforced with steel bars.

Table 5. Ductility index toughness of the tested beams.

Beam A1 (mm) Ac(mm)  DI=A/A:  AGKNmM  A/Acw
11.

foozl_f 276(_)5 48.3+30.8 gg 6.6+2.1 7.4 30 7.245.5 1.00
3.29

Egiﬁgﬁ igf 29.9+4.5 ;6 6.8+1.1 44 ;gi 2.9:0.6 0.41

EgZ:Eﬁ 25(')5 20.3+0.4 g:i 6.5+2.8 3.1 i; 1.7:0.63 0.23

gggzgig ig:g 43.3+9.2 :g 5.4+1.1 8.0 g:gz 4.6+1.9 0.64

DonTer B0 D7 5048 47 o0 2001 04l

EEEEZEE §§§ 23.8+0.07 2; 5.8£1.0 4.1 Zég 3.3+1.6 0.45

6.3. Failure Modes

Failure modes observed during the experimental investigation are listed in Table 4 and shown
in Figure 8. All failure modes agree with those analytically predicted except for beams reinforced
with BFRP where debonding of the BFRP from concrete was encountered before concrete crushing
as shown in Figure 4. The compressive concrete stains recorded during testing of all the beams are
plotted in Figure 10.

Knowing that the crushing of concrete takes place at around 0.003 strain, the shown results also
agree with the failure modes outlined above for the beams.

The tensile stains in the steel, GFRP, and BFRP reinforcement bars recorded during testing of all
the beams are plotted in Figure 11a,b. Steel yielding and GFRP rupture or BFRP debonding are
evident from the strain measurement and well-agree with the failure modes observed during the tests
and predicted from the analytical investigation.

6.4. Investigation Outcomes

Results of the analytical and experimental investigations reveal the following outcomes:

1. Load Capacity: GFRP- and BFRP-reinforced beams generally exhibited higher ultimate load
capacity compared to Steel-reinforced beams; 8% and 12%, respectively. Hybrid GFRP-Steel and
BFRP-Steel reinforced beams also show a higher load capacity compared to steel-reinforced
beams; 8% and 17%, respectively. Hybrid GFRP-BFRP reinforced beams do not improve the load
capacity due to rupture of the BFRP bars.
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2. Deflection: GFRP- and BFRP-reinforced beams show significantly lower deflection at failure
compared to Steel-reinforced beams; 62% and 42% of the steel-reinforced beams, respectively.
Hybrid GFRP-Steel and BFRP-Steel reinforced beams improve this behavior where they show
90% and 48% of the Steel-reinforced beams' defection.

3. Failure Modes: GFRP-reinforced beams failed due to GFRP rupture, while BFRP beams
experienced debonding or concrete crushing before rupture. Hybrid GFRP-Steel and BFRP-Steel
reinforced beams first exhibit steel yielding followed by GFRP rupture for GFRP-reinforced
beams or concrete crushing for BFRP-reinforced beams. All failure modes well agree with those

predicted analytically.
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Figure 10. Concrete compression strain measurements for all the tested beams.
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Figure 11. (a) Reinforcement tensile strain measurements for all the tested beams. (b) Reinforcement tensile strain

measurements for all the tested beams.

4. Ductility: GFRP- and BFRP-reinforced beams exhibited lower ductility compared to Steel-
reinforced beams, as evidenced by their ductility indices; ductility index of steel-reinforced,
GFRP-reinforced and BFRP-reinforced beams are 7.4, 4.4, and 3.1, respectively. The ductility
improves significantly for hybrid systems of GFRP-Steel and BFRP-Steel reinforced beams;
ductility indices are 8.0 and 4.7, respectively.

5. Energy Absorption: The area under the load-deflection curve indicating energy absorption
capacity and resistance to failure when subject to repeated or cyclic loading. Steel-reinforced
beams show the highest area and a superior behavior to all other reinforced beams. The lowest
areas are recorded for the GFRP-reinforced beams and the BFRP-reinforced beams (41% and 23%
compared to steel-reinforced beams). The hybrid GFRP-Steel and BFRP-Steel reinforcement
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systems improve this behavior showing 64% and 41%, respectively of the area under the load-

deflection curve recorded for steel-reinforced beams.

7. Conclusions

The paper investigates the flexural performance of concrete beams reinforced with GFRP, BFRP,
and hybrid reinforcement systems. The study focuses on understanding how these materials compare
to traditional steel reinforcement regarding flexural strength, ductility, cracking behavior, and failure
modes. Twelve beams are tested, each group reinforced with one type of material (steel, GFRP, BFRP,
or hybrids). A three-point load flexural testing scheme is performed, and deflections, strains, and
failure loads are recorded.

Given the limited size of the specimen analyzed in this research, the following general
conclusions are deducted from the investigation:

1. Special consideration must be adopted in designing beams reinforced with GFRP or BFRP bars
regarding
2. Longer development length is required when using BFRP bars in reinforcing beams. This is not

essentially required for GFRP-reinforced beams.

3. Hybrid GFRP-Steel reinforced beams showed significantly better ductility and increased
toughness. Hybrid BFRP-Steel reinforced beams do not show the same improvement but still
show better behavior in ductility and toughness than BFRP-reinforcement beams.

In general, it can be concluded that GFRP- and BFRP-reinforced beams require careful
consideration in design to avoid brittle failure. On the other hand, hybrid GFRP-Steel and BFRP-Steel
reinforced beams may offer a better solution that improves both load-carrying capacity and ductility,
especially in critical applications like seismic zones or impact-prone structures.
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