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This study experimentally and analytically investigates the flexural behaviour of RC beams reinforced with either
conventional steel longitudinal bars or basalt fibre-reinforced polymer (BFRP) longitudinal bars in combination with
steel stirrups. Eight simply supported beam specimens were tested under monotonic static loading, comprising two
distinct reinforcement systems: steel-reinforced control beams and BFRP-reinforced beams. The experimental
program evaluated reinforcement and concrete strains, mid-span deflections, cracking behaviour, ultimate load
capacity, and elastic energy storage prior to failure. The results indicate that steel-reinforced beams exhibited ductile
flexural failure characterized by steel yielding followed by gradual concrete crushing, enabling controlled crack
development and deformation. In contrast, beams reinforced with BFRP longitudinal bars failed in a more brittle
manner governed by concrete crushing, reflecting the linear-elastic response of BFRP reinforcement, while exhibiting
larger deflections and higher concrete strain levels. Despite these differences in failure mode and ductility, BFRP-
reinforced beams achieved comparable or higher ultimate load capacities relative to their steel-reinforced
counterparts. Analytical predictions based on ACI 440.2R-08 showed good agreement with experimental results, with
conservative underestimations of ultimate capacity (ACI/Exp ratios ranging from 0.93 to 0.97), confirming the
reliability of current design provisions. The findings highlight the inherent trade-offs between stiffness, ductility, and
load-carrying capacity associated with steel and BFRP reinforcement systems and emphasize the importance of
serviceability considerations in BFRP-reinforced RC beam design.

Keywords: RC beams, structural performance, BFRP, load-carrying capacity, stiffness and strength, hybrid
reinforcement

HIGHLIGHTS
— Steel-RC beams exhibit ductile failure; BFRP-RC beams show brittle failure with higher ultimate loads and
deflections.
— BFRP reinforcement provides higher energy absorption and load capacity, sacrificing initial stiffness and
ductility.
- ,8C9:I7440.2R-08 predictions safely estimate flexural capacity for both systems, with ACI/Exp ratios of 0.93-
NOMENCLATURE
As Area of Steel
AC Area of Concrete Section
E Modulus of Elasticity
Ec Modulus of Elasticity of Concrete
Es Modulus of Elasticity of Steel
f'c Cylinder Compressive Strength
fcu Cube Compressive Strength
fc Design/compressive strength used in calculations
fr Modulus of Rupture
ft Splitting Tensile Strength
fu Tensile Strength of Reinforcement
fy Yield Strength of Reinforcement
Pu Ultimate Load
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Tl Coefficient of Friction

w/C Water to cement ratio

Cg Redugtion coefficient in FRP strength due to environmental exposure

over time

Kn Non-dimensional factor of bond quality between the FRP and concrete
Abbreviations

LvVDT Linear Variable Differential Transformer

BFRP Basilt-Fibre Reinforced Polymers

FRP Fibre-Reinforced Polymer

1 Introduction

The deterioration of reinforced concrete (RC) structures due to harsh environmental exposure, cyclic loading, aging
and increased service demands presents persistent challenges in civil engineering, particularly in managing aging
infrastructure [1]. One of the primary causes of structural degradation is the corrosion of embedded steel
reinforcement, which leads to cracking, spalling and eventual structural failure [2]. This deterioration not only
compromises safety and serviceability but also results in significant maintenance and rehabilitation costs over the
life of the structure [3,4].

To address these challenges, fiber-reinforced polymer (FRP) composites have emerged as promising alternatives to
conventional steel reinforcement. FRP materials offer high tensile strength-to-weight ratios, corrosion resistance,
non-conductivity and ease of installation, making them ideal for use in environments prone to corrosion, such as
coastal zones and chemically aggressive areas [5,6]. Recent research has increasingly focused on the flexural
behavior of reinforced concrete (RC) beams strengthened with composite materials, particularly FRP. For instance,
Abdulhameed and Hamza [7] experimentally investigated RC beams with hybrid steel-FRP reinforcement,
highlighting improvements in load capacity and ductility compared to conventional steel-only beams. Similarly,
Abulgasim et al. [8] conducted a numerical study on RC beams strengthened with Carbon FRP laminates under
cyclic loading, providing valuable insights into stiffness degradation, energy dissipation, and failure mechanisms.
BFRP bars are manufactured from basalt rock, a naturally abundant volcanic material, through a process of melting
and fiberizing. This origin makes BFRP bars more environmentally sustainable than carbon or glass FRPs, while also
being thermally stable and economical [9]. Their favorable characteristics, including high tensile strength, resistance
to chemical attack, low thermal conductivity and light weight, make them suitable for long-term use in reinforced
concrete structures exposed to aggressive conditions [10].

Numerous studies have investigated the structural performance of RC beams internally reinforced with BFRP bars.
Abushanab et al. [11] reported that BFRP-RC beams exhibit a bilinear behavior in load-deflection and strain
responses, with an initial stiffness governed by the concrete and reinforcement interaction, followed by a second
phase controlled by the elastic behavior of BFRP reinforcement. Alhoubi et al. [12] reported that BFRP-reinforced
beams achieved ultimate flexural capacities approximately 2.6—2.9 times higher than comparable steel-reinforced
specimens. However, this enhancement was primarily attributed to differences in reinforcement ratio, failure
mechanism, and sectional design rather than to an inherently higher elastic modulus of BFRP. It is noted that the
elastic modulus of BFRP (=45-55 GPa) is significantly lower than that of steel (=200 GPa); therefore, the observed
strength increase reflects the utilization of higher strain capacity and the absence of yielding in BFRP reinforcement,
leading to concrete crushing—controlled failure rather than improved stiffness. Similarly, Alkhraisha et al. [13]
observed that BFRP-RC beams maintained adequate serviceability performance, including crack width control and
flexural stiffness, under various loading scenarios.

The bond behavior between BFRP bars and concrete has also been a topic of interest. Studies by Jing et al. [14]
and Mark et al. [15] emphasized the significance of bar surface characteristics and concrete confinement in achieving
adequate bond strength, which is critical for ensuring proper strain transfer and structural performance. Harle et al.
[16] reported minimal long-term degradation of BFRP in concrete, even under conditions involving thermal cycling
and aggressive environmental exposure. Furthermore, research by Chen et al. [17] demonstrated that BFRP
reinforcement exhibited excellent resistance to chloride-induced corrosion, reinforcing its potential in harsh marine
or deicing environments.

In recent years, the use of BFRP bars as internal reinforcement in RC beams has emerged as a promising alternative
to conventional steel reinforcement [18]. Integrating BFRP bars directly into the concrete matrix addresses critical
issues such as steel corrosion, while maintaining standard construction practices [19]. Unlike externally bonded FRP
systems, this approach eliminates the need for additional surface treatments, specialized adhesives, or mechanical
anchorage, offering a practical and sustainable solution to enhance the durability and service life of RC structures [20].

Despite the recognized advantages of BFRP reinforcement, existing research on its flexural performance, ductility
and serviceability under realistic loading conditions remains limited, particularly in beam applications. The influence
of varying reinforcement ratios on load-deflection behavior, concrete and reinforcement strains and energy
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dissipation has not been fully quantified, leaving a gap in understanding the comparative behavior of BFRP- versus
steel-reinforced beams.

To address this gap, the current study investigates the flexural performance of RC beams reinforced with BFRP bars
as a direct replacement for steel. An experimental program was conducted on eight beams with different
reinforcement configurations, four with conventional steel bars and four with BFRP bars, subjected to static loading.
Critical structural parameters, including reinforcement and concrete strains, load-deflection response, initial stiffness,
ultimate load capacity and ductility, were measured. In parallel, analytical predictions based on theoretical models
were developed and compared with experimental results to validate the observed structural response and failure
modes, providing a robust framework for the design and application of BFRP-reinforced concrete beams.

2 Materials and methods

2.1 Specimen’s dimension and reinforcement

The experimental investigation involved testing eight, simply supported RC beams to evaluate their flexural behavior
and the effectiveness of different reinforcement types. The specimens were divided into two main groups: four beams
reinforced with conventional steel bars and four with BFRP bars. Details of the specimens are presented in Table 1.

Table 1. Details of tested specimens in the current study

Group Relnf_?;giment Specimen ID Ag (mm?2) Ay (Mm?) Ps Py
2510 157 0 0.00634 0
2812 226 0 0.00919 0
Gl Steel Bars
4510 314 0 0.01268 0
4512 452 0 0.01838 0
2BF10 0 157 0 0.00634
4BF10 0 314 0 0.01269
G2 BFRP Bars
2BF12 0 226 0 0.00919
4BF12 0 452 0 0.01838

Each RC beam had an overall length of 1600 mm with a clear span of 1500 mm, measured from the center of one
support bearing to the other, as illustrated in Figure (1 a and b). The cross-sectional dimensions were kept constant
across all specimens, with a width of 150 mm and a total depth of 200 mm, forming a standard rectangular section
(refer to Figure 2 a and b).

Steel bars Strain gaugeT P oncrete Strain gauge

Steel stirrups T10@100 mm
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(a) Group G1 — beams reinforced with conventional steel bars
P —Concrete Strain gauge
Steel stirrups TL0@100 mm
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300

(b) Group G2 — beams reinforced with BFRP bars
Fig. 1. Schematic and details of the tested RC beams
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Fig. 2. Cross-sectional view of the proposed beam

As presented in Figure (3), G1 beams were reinforced in the top compression zone with D6 mm steel bars and in the
tension zone with either four D12 mm or four D10 mm steel bars arranged in two layers, with additional side bars for
symmetry. Shear reinforcement consisted of D10 mm stirrups spaced at 100 mm along the beam. G2 employed the
same reinforcement layout, but all steel bars were replaced with D10 mm and D12 mm BFRP bars in both tension
and compression zones. This configuration ensured comparable structural detailing between steel and BFRP beams
for consistent experimental comparison.

V4

Fig. 3. Reinforcement cages in molds

The mechanical properties of the steel and BFRP reinforcements used in this study are summarized in Table 2. The
steel bars conform to ASTM A615 standards, with the 10 mm bars additionally meeting ASTM A82 requirements,
while the BFRP bars were characterized according to the manufacturer’s specifications.
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Table 2. Mechanical properties of steel and BFRP reinforcement

Material Diameter Tensile Yield Strength Modulus of Elongation (%) Bend Test
(mm) Strength (MPa) (MPa) Elasticity (GPa) 9 Result
Steel 12 658-660 448-482 ~200 10.5-11.5 Pass
Steel 10 662-663 451-487 ~200 11.0-12.0 Pass
Steel 6 570-601 >485 ~200 3.3-5.0 No visual
cracks
BFRP 12 2900 - 50 2.5-3.2 -
BFRP 10 2950 — 55 2.5-3.2 —

2.2 Concrete mix

The concrete mix utilized for casting the RC beams was proportioned to achieve a target 28-day compressive strength
of 39.8 MPa, reflecting a typical design strength suitable for medium-strength structural applications. The mix design
was developed using conventional materials, adhering to standard practices for structural concrete production. The
proportions were determined by weight, ensuring appropriate workability, strength development and durability under
standard curing conditions. The concrete specimens used in this study consisted of both cubes (150 x 150 x 150
mm) and cylinders (150 mm diameter x 300 mm height) for compressive strength tests. The cement used was
Ordinary Portland Cement (OPC) Type |, locally produced by Lafarge (Taslouja), meeting Iraqi Specification No.
5/2019. The fine aggregate was natural river sand with a fineness modulus of 2.95 (Zone Il) and SO; content of
0.36%, while the coarse aggregate was crushed stone with a nominal size of 5-19 mm and sulfate content of 0.091%,
both conforming to 1QS 45/1984. A superplasticizer (carboxylate-based) was used to enhance workability and
maintain the target water-cement ratio. Details of the concrete-mix composition are presented in Table 3.

Table 3. Concrete mix proportions used in the current study

Fine Coarse -
Component Cement Aggregate Aggregate Water Superplasticizer Slump wic
: 400 3 3 180 o 75-100
Quantity kg/m? 700 kg/m 1200 kg/m liters/m? 2.8 (0.7) % mm 0.41

The concrete mix was designed with a water-cement ratio (w/c) of 0.41 to balance strength, durability and workability
while minimizing permeability. Materials were proportioned by weight and mixed in a rotary drum mixer to achieve
uniform consistency, with a target slump of 75-100 mm ensuring adequate workability for casting and vibration. The
fresh concrete was placed in two layers within beam molds and compacted using an internal vibrator to eliminate
voids and ensure complete reinforcement encapsulation (Figure 4a). After 24 hours of ambient curing, the specimens
were demolded (Figure 4b) and transferred to a water tank at 20°C for 28 days to promote full hydration and achieve
the desired compressive strength. Finally, all beams were inspected for surface defects and only those meeting
quality requirements were retained for flexural testing.

asting of specimens _ - Curing specimens in a water tank
Fig. 4. Specimen’s casting and curing

2.3 Test setup and procedures

The experimental program was conducted at the Structural Engineering Laboratory of Mustansiriyah University, as
presented in Figure (5), using a 1600 kN hydraulic Universal Testing Machine (UTM) to evaluate the flexural behavior
of reinforced concrete beams. Each beam, simply supported over a 1400 mm span, was subjected to a monotonic
mid-span point load through a 50 mm steel rod. Instrumentation included concrete and reinforcement strain gauges,
three LVDTs for deflection measurements and a calibrated load cell integrated with the UTM. All devices were
connected to a LabVIEW-based data acquisition system operating at 10 Hz. Loading was applied at a constant rate
of 1 kN/s until failure, defined by dominant flexural cracking, significant loss of capacity, or rupture. Crack
development and failure modes were visually documented, while equipment calibration and identical testing
conditions ensured reliability and repeatability of the results.
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Fig. 5. Experimental test setup and instrumentation details

3 Results and discussion
3.1 Experimental results
3.1.1 Reinforcement strain

The experimental results in Figure (6) illustrate the contrasting behavior of steel- and BFRP-reinforced beams under flexural
loading. For the steel-reinforced beams (G1), the peak reinforcement strains ranged from 1300 pe for 4510 to 1650 pe for 2S12,
reflecting the ductile nature of steel reinforcement. Beams with higher steel ratios exhibited lower strains, indicating earlier
engagement of the reinforcement and more effective stress transfer to the surrounding concrete. The failure mode in these beams
was ductile, characterized by steel yielding followed by concrete crushing, accompanied by significant deflections and crack
development.

In comparison, the BFRP-reinforced beams (G2) exhibited substantially higher reinforcement strains, ranging from 2800 pe for
4BF10 to 3400 pe for 2BF12, nearly double those observed in the steel beams. This behavior is consistent with the linear-elastic
nature of BFRP bars, which do not yield prior to failure. The failure of BFRP beams was primarily brittle, controlled by concrete
crushing rather than bar rupture. Notably, increasing the BFRP reinforcement ratio led to higher ultimate loads while slightly
reducing peak strains, as seen in 4BF12, which achieved 118.2 kN at 2950 pe.

The reinforcement strain data highlights that while BFRP-reinforced beams can sustain higher loads compared to steel beams,
they do so with reduced ductility. The observed trends emphasize the need for careful design consideration of BFRP beams,
particularly with respect to serviceability limits, including deflection and crack control, to balance load capacity with structural
performance.
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Fig. 6. Reinforcement strain of specimens
3.1.2 Concrete strain

The measured concrete strains, presented in Figure (7), at mid-span provide valuable insight into the flexural
performance and failure mechanisms of the tested RC beams. For the steel-reinforced beams (G1), the peak
concrete strains ranged from 950 pe in 2S10 to 1900 pe in 4S12. These values increased with both the applied load
and the steel reinforcement ratio, reflecting effective stress transfer from the yielding steel to the surrounding
concrete. The gradual increase in concrete strain confirms the ductile flexural behavior observed experimentally,
where steel yielding preceded concrete crushing. The largest strain in 4S12 coincided with the highest ultimate load
(110.966 kN), indicating the synergistic interaction between steel reinforcement and concrete in resisting bending
moments.
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For the BFRP-reinforced beams (G2), concrete strains were generally higher than in the steel beams at comparable
load levels, ranging from 1400 pe in 2BF10 to 2100 ye in 4BF12. This trend reflects the linear-elastic behavior of
BFRP bars, which do not yield, thereby transferring larger strains to the concrete until ultimate failure occurs. Notably,
2BF12 exhibited a moderate ultimate load (77.8 kN) but a concrete strain equal to 4S10 (1600 pe), indicating that BFRP-
reinforced beams experience higher strain concentrations in the concrete despite comparable loads. The highest concrete strain,
observed in 4BF12 (2100 pe), corresponded with the maximum load in the BFRP group (118.5 kN), highlighting that concrete
crushing dominated the ultimate failure.

Overall, the concrete strain data confirm that while steel-reinforced beams rely on steel yielding for ductility, BFRP-reinforced
beams transmit more stress to the concrete, resulting in higher concrete strains and more brittle behavior. These findings
underscore the importance of carefully considering concrete strain limits in BFRP beam design, particularly for serviceability
and ultimate performance.
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Fig. 7. Concrete strain of specimens
3.1.3 Time to failure and ultimate load capacity

The progression of applied load with time, divided into 30-second intervals up to failure, provides valuable insight
into the flexural response and ductility of both steel- and BFRP-reinforced beams. As presented in Figure (8), steel-
reinforced beams (G1) exhibited a relatively gradual increase in load during the initial stages, reflecting the
progressive engagement of the reinforcement and concrete. For instance, 2S10 and 2S12 reached approximately
70-75% of their ultimate loads by 240 s, while the final 60 s saw slower increments leading to ultimate failure,
highlighting their ductile behavior and energy dissipation capacity.

In contrast, BFRP-reinforced beams (G2) demonstrated a distinct load-time pattern. Early-stage load increments
were moderate, but the majority of the load was mobilized in the latter half of the test, consistent with the linear-
elastic behavior of BFRP bars and the lack of yielding. Beams such as 4BF12 and 4BF10 reached 80-90% of their
ultimate loads between 210-270 s, with sudden failure occurring shortly afterward, emphasizing their brittle nature.
Despite achieving comparable or higher ultimate loads than steel beams, BFRP beams exhibited larger deflections
and concentrated strain, consistent with their lower initial stiffness and reduced ductility.

The time-load analysis confirms that steel beams provide controlled, gradual load progression, ductility and delayed
failure, while BFRP beams mobilize high loads rapidly near the end of the test, resulting in brittle failure. These trends
reinforce the need to account for serviceability limits and deflection control when designing with BFRP reinforcement,

even when ultimate strength is comparable or higher than conventional steel-reinforced beams.
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Fig. 8. Time to failure and ultimate load of tested specimens
3.1.4 Mid-Span deflection analysis

The mid-span deflection measurements (Figure 9) provide a clear indication of the stiffness and ductility of the tested
RC beams. For the steel-reinforced beams (Group 1), the deflections ranged from 6.8 mm for 2510 to 11.2 mm for
4S12, increasing consistently with both applied load and reinforcement ratio. This trend reflects the progressive
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engagement of steel reinforcement and concrete in resisting bending moments. The relatively moderate deflections,
together with the observed reinforcement and concrete strains, confirm ductile flexural behavior where steel yielding
occurs prior to concrete crushing.

In contrast, the BFRP-reinforced beams (Group 2) exhibited substantially larger mid-span deflections, ranging from
12.5 mm for 2BF10 to 17.5 mm for 4BF12, despite having comparable or higher ultimate loads than their steel
counterparts. The larger deflections in BFRP beams are attributed to the linear-elastic behavior of the BFRP bars,
which do not yield, resulting in greater strain transfer to the concrete and reduced overall stiffness. For example,
4BF12, which achieved the highest ultimate load (118.2 kN), showed the largest deflection (17.5 mm), highlighting
the trade-off between strength and serviceability in BFRP-reinforced beams.

Overall, the deflection data, when combined with the reinforcement and concrete strain results, illustrate the
fundamental differences in structural performance between steel and BFRP beams. Steel beams provide ductility
and controlled deflections through yielding, whereas BFRP beams, while capable of higher ultimate loads, exhibit
increased deflections and reduced ductility, emphasizing the need for careful design consideration in serviceability
and safety assessment.
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Fig. 9. Mid-span deflection load of beam specimens
3.2 Theoretical investigation

A theoretical investigation was conducted based on the guidelines provided in ACI 440.2R-08 to evaluate the flexural
capacity of concrete beams reinforced with continuous basalt fiber-reinforced polymer (BFRP) bars as a replacement
for traditional steel reinforcement. The analysis utilized the average compressive strength of concrete obtained
through laboratory testing, along with the tensile properties of the BFRP bars as provided by the manufacturer.

It is important to note that ACI 440.2R-08 does not explicitly define an environmental reduction factor C; for BFRP
reinforcement. However, due to the comparable manufacturing processes, mechanical properties and durability
characteristics of BFRP and glass fiber-reinforced polymer (GFRP), a reduction factor of 0.75, consistent with that
prescribed for GFRP in ACI 440.2R-08, is proposed for BFRP in this study. This assumption is supported by
manufacturer data presented in Table 2 and by findings from relevant literature [21,22], providing a rational basis for
adopting this value in structural design involving BFRP reinforcement.

The design methodology aligns with the principles outlined in ACI 440.2R-08 and includes the following steps:

1) The design tensile strength and design rupture strain of the FRP material are determined using:
fru=Ce X fri" (1)
gy = Cp X gpy” 2)
Where, f5, = The calculated ultimate tensile strength of fiber-reinforced polymer (FRP) materials used in structural
design; f;,,'= The ultimate tensile strength of FRP as specified by the manufacturer based on material testing; and

Cg : A coefficient that accounts for the reduction in FRP strength due to environmental exposure over time. C; = 0.75
suggested value for BFRP as mentioned in (Table 9.1-ACI 440.2R-08 guidelines)

2) Concrete properties according to ACI 318M-11
131 = 0.85
E. = 4700Vfc’ 3)
Where, B;: Equivalent stress block depth factor; and E,.: Modulus of elasticity of concrete.
3) Strain at the Concrete Soffit (&5;)

g7 = 0.003 (df — C) )

4) Bond-dependent coefficient
(km) = 0.7
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5) Initial Assumption for neutral axis depth (c)
Cintial =0.2d (5)
6) Strain calculations
- Effective strain in FRP at failure:

df —
Ere = 0.003( fc C) < kmegg, (6)

- Concrete strain at the compression fiber:

& = (&q + £,;)0.003 (df — c) < km &, @)
- Steel reinforcement strain:
df —c
g, = 0.003( fc ) < kmeggy (8)
7) Stress calculations
- Steel stress: fs=EsXe <f, 9)
- FRP stress: fre = Ef X & (10)
8) Calculate the inertial force and verify the equilibrium
Af
CcC = —I (11)
Bifc'b

9) Adjust the value of c iteratively until equilibrium is satisfied between internal forces and external moments.
10) Computing the nominal flexure capacity (Mn)

Mn=Af><fs><(df—%> (12)

My, = A; X fro X (df - %) (13)

The comparison, in Table (4) and Figure (10), between the ACI 440.2R-08 predicted flexural capacities and the
experimentally measured ultimate loads demonstrates good agreement across all tested beams. For the steel-
reinforced beams (G1), the predicted capacities were slightly lower than the experimental results, with
ACI/Experimental ratios ranging from 0.94 for 2S10 to 0.97 for the larger beams (2512, 4S10, 4S12). This minor
underestimation is consistent with the conservative nature of ACI design provisions, which aim to ensure safety while
accounting for variability in material properties and construction practices. The close agreement indicates that the
ACI approach reliably captures the flexural behavior of steel-reinforced concrete beams, including the influence of
reinforcement ratios on ultimate capacity.

For the BFRP-reinforced beams (G2), the predicted values were also slightly conservative, with ACI/Experimental
ratios ranging from 0.93 for 2BF10 to 0.97 for 4BF12. The results confirm that the ACI 440.2R-08 design methodology
provides a reasonable estimation of ultimate load for BFRP-reinforced beams, even though BFRP exhibits linear-
elastic behavior until failure. Minor deviations are attributed to the higher deflections and strain levels observed in
BFRP beams, which are not fully captured in the simplified ACI prediction equations.

Overall, the comparison highlights that the ACI 440.2R-08 design equations offer a safe and reliable tool for predicting
ultimate flexural capacity in both steel- and BFRP-reinforced beams. The consistent underestimation also
emphasizes the importance of complementing code-based predictions with experimental validation when dealing
with novel reinforcement materials like BFRP, particularly in applications where serviceability and ductility are critical.

Table 4. Comparison of ACI 440.2R-08 predictions and experimental results for beam specimens
ACI Prediction

Group Specimen (kN) Experimental (kN) ACI/Exp
2510 38.50 40.86 0.94
1) 2512 69.98 72.19 0.97
4510 87.01 89.70 0.97
4512 107.96 110.96 0.97
2BF10 42.03 45.21 0.93
@ 4BF10 89.97 94.52 0.95
2BF12 74.95 78.64 0.95
4BF12 115.04 118.22 0.97
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Fig. 10. Experimental and theoretical ultimate load of tested beam specimens

The flexural performance parameters summarized in Table 5 provide a comprehensive comparison of steel- and
BFRP-reinforced concrete beams, highlighting key differences in stiffness, load capacity, deflection and energy
dissipation. Steel beams (G1) exhibited the highest initial stiffness, with 4S12 reaching 9.908 kN/mm, serving as the
reference for normalized parameters. Their ultimate loads ranged from 40.867 kN (2S10) to 110.966 kN (4S12), with
ductile behavior reflected in moderate deflections (6.8-11.2 mm) and energy dissipation values (u) increasing
proportionally with reinforcement ratio. The k/ko, Pu/P, and A/A, ratios demonstrate that increasing steel content
enhances both strength and stiffness while maintaining controlled ductility.

In contrast, BFRP-reinforced beams (G2) showed significantly lower initial stiffness, from 3.616 kN/mm (2BF10) to
6.754 kN/mm (4BF12), reflecting the lower modulus of elasticity of BFRP bars. Despite this, BFRP beams achieved
comparable or higher ultimate loads, ranging from 45.2 kN to 118.2 kN and exhibited larger deflections (12.5-17.5
mm) due to their linear-elastic behavior. The normalized energy dissipation values (u/po) indicate that BFRP beams,
particularly 4BF12 (1.666), can store more energy before failure compared to steel beams, although this comes with
reduced stiffness and increased service deflections.

The results demonstrate the fundamental trade-offs between steel and BFRP reinforcement: steel provides higher
initial stiffness and ductility, while BFRP allows for higher ultimate loads and energy dissipation at the expense of
larger deflections. These results emphasize the need to carefully balance strength, stiffness and serviceability in the
design of BFRP-reinforced beams.

Table 5. Flexural performance parameters for steel and BFRB reinforced concrete beams

Initial Max. Max.
Beam Stiffness k K/Kcontrol | Load Pu | Pu/PuUcontrol Deflection | A/Aconroi | Ductility p | p/Hcontrol
(KN/mm) (kN) A (mm)
4812 9.908 1.000 110.966 1.000 11.2 1.000 1242.819 1.000
2S12 8.494 0.857 72.198 0.651 8.5 0.759 613.683 0.494
4S10 9.344 0.943 89.703 0.808 9.6 0.857 861.149 0.693
2S10 6.01 0.607 40.867 0.368 6.8 0.607 277.896 0.224
2BF10 3.616 0.365 45.211 0.408 125 1.116 565.221 0.455
4BF10 5.906 0.596 94.521 0.852 16.1 1.429 1512.212 1.217
2BF12 5.614 0.567 78.612 0.708 14.2 1.251 1100.412 0.886
4BF12 6.754 0.682 118.211 1.065 17.5 1.563 2068.521 1.666

Figures (11 and 12) compare the theoretical and experimental load—mid-deflection curves for the two group tested
specimens. The overall trend of the theoretical curves was in reasonable agreement with the experimental results,
particularly in capturing the general shape of the load-deflection response. However, the ultimate load-carrying
capacities were overestimated for specimens with a total reinforcement ratio exceeding 1.06%. This discrepancy can
be attributed to the assumptions made in the theoretical modeling, where steel or BFRP bars were idealized as fully
bonded to the concrete matrix.
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Fig. 12. Comparison of experimental and theoretical load-mid deflection curves for BFRP reinforced beams (G2)

The experimental results, shown in Table (6), demonstrate a clear distinction between steel- and BFRP-reinforced
beams, consistent with ACI 440.2R-08 predictions. Steel-reinforced beams (2S10-4S12) exhibited ductile flexural
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failure, with yielding of steel followed by gradual concrete crushing, allowing for large deflections, crack development
and controlled energy dissipation; the highest steel-reinforced beam, 4512, achieved 110.966 kN while maintaining
ductility.

In contrast, BFRP-reinforced beams (2BF10-4BF12) showed brittle failure governed by concrete crushing, as the
linear-elastic BFRP bars did not yield, leading to sudden failure after moderate to large deflections. Lower-reinforced
BFRP beams exhibited moderate ductility, while higher-reinforced beams, such as 4BF12, reached 118.2 kN but
failed abruptly, emphasizing the trade-off between high ultimate load and reduced post-peak deformation.These
findings highlight that steel beams provide controlled, ductile behavior, whereas BFRP beams offer higher load
capacity at the cost of ductility, confirming the reliability of ACI 440.2R-08 in predicting failure modes for both
reinforcement types.

The novelty of the present study lies in the experimental characterization and comparative analysis of RC beams
strengthened with BFRP bars, a material that offers high corrosion resistance and long-term durability compared to
conventional steel reinforcement. While previous studies have explored FRP or hybrid reinforcements, limited
research exists on BFRP as a primary longitudinal reinforcement in RC beams under flexural loading. The core
problem addressed is the need for alternative reinforcement materials that mitigate the effects of corrosion and
enhance structural longevity, while providing comparable or superior load-carrying capacity and energy absorption.
The findings of this study provide a foundation for future research, which could focus on long-term durability under
environmental exposure, fatigue behavior under cyclic loading, hybrid BFRP-steel reinforcement systems, and the
development of design guidelines or predictive models to optimize the performance of BFRP-reinforced RC structures
in practical applications.

Table 6. Experimental and theoretical failure modes of steel- and BFRP-RC beams

: Experimental Theoretical Failure .
Specimen ID Failure Mode Mode Key Observations

2510 Ductlle.FIexuraI Steel Yielding Y|eIdeq steel, foIIowed.by concrete crushing. Large
Failure deflection and crack width.

2512 Ductgzillfjlreexural Steel Yielding Yielded steel, followed by concrete crushing.

4S10 Ductgzillfjlreexural Steel Yielding Yielded steel, followed by concrete crushing.

4S12 Ductlle.FIexuraI Steel Yielding Yielded ste_el, _followed by concrete crushing. Highest
Failure load capacity in control group.

2BE10 Brittle Flexural Concrete Crushing No bar yielding; fgllure controlled by concrete crushing.
Failure Moderate deflection.

Brittle Flexural . Concrete crushed before bars reached ultimate strain.

4BF10 Failure Concrete Crushing Larger load than 2BF10.

SBE12 Brittle Flexural Concrete Crushing Con(_:_rete crushing preceded BFRP rupture. Moderate
Failure ductility.

ABE12 Brittle Flexural Concrete Crushing Highest load |n.BFRP group. Sudden failure after
Failure concrete crushing.

3.3 Limitations and future studies

The novelty of the present study lies in the experimental characterization and comparative analysis of RC beams
strengthened with BFRP bars, a material that offers high corrosion resistance and long-term durability compared to
conventional steel reinforcement. While previous studies have explored FRP or hybrid reinforcements, limited
research exists on BFRP as a primary longitudinal reinforcement in RC beams under flexural loading. The core
problem addressed is the need for alternative reinforcement materials that mitigate the effects of corrosion and
enhance structural longevity, while providing comparable or superior load-carrying capacity and energy absorption.

Despite the comprehensive experimental and analytical investigation presented in this study, several limitations
should be noted. First, the number of RC beam specimens tested was limited, which restricts the ability to assess
variability and perform extensive statistical analysis. Expanding the sample size in future studies would improve the
robustness and generalizability of the findings. Second, the beams were tested under monotonic flexural loading
only, whereas real-world structures often experience cyclic, dynamic, or seismic loads. Investigating the behavior of
BFRP-reinforced beams under such complex loading conditions would provide valuable insights for practical
applications.

Another limitation is the absence of long-term environmental exposure effects. The study did not account for factors
such as temperature fluctuations, freeze-thaw cycles, or aggressive chemical environments, which may influence the
durability of both BFRP and steel reinforcement. Additionally, all tested beams had identical cross-sectional
dimensions and concrete mix proportions. Future research could explore variations in beam geometry, reinforcement
ratios, and concrete strengths to evaluate their influence on structural performance and serviceability. While ultimate
load capacity and crack behavior were thoroughly analyzed, long-term effects such as deflection, creep, and
shrinkage in BFRP-reinforced beams require further investigation.
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Future studies may also focus on hybrid reinforcement strategies combining BFRP with other FRP types or steel to
optimize ductility, strength, and serviceability. Numerical modeling and finite element simulations of larger structural
systems, validated against experimental results, could further advance the design guidelines for BFRP-reinforced
concrete. Finally, long-term monitoring and durability studies, including corrosion resistance, fatigue behavior, and
fire performance, would help confirm the practical applicability and safety of BFRP as a primary reinforcement in
structural concrete. These efforts will contribute to a more complete understanding of BFRP-reinforced systems and
support the development of durable and efficient concrete structures.

4 Conclusions

This study investigated the flexural performance of RC beams strengthened with conventional steel and BFRP bars,
providing a comprehensive comparison of their mechanical behavior, serviceability and ultimate capacity. The
experimental results demonstrated that steel-reinforced beams exhibited ductile flexural failure, characterized by
yielding of steel followed by gradual concrete crushing, allowing for controlled deflections, crack development and
energy dissipation. In contrast, BFRP-reinforced beams failed in a brittle manner, with failure governed by concrete
crushing and linear-elastic behavior of the BFRP bars, resulting in sudden failure after larger deflections and higher
strain concentrations in the concrete. The analysis of reinforcement and concrete strains, mid-span deflections and
energy dissipation revealed that BFRP-reinforced beams can achieve higher ultimate loads and energy absorption
compared to steel beams, despite lower initial stiffness and moderate ductility. Time-to-failure evaluations further
highlighted the gradual load progression in steel beams versus the rapid mobilization of load near failure in BFRP
beams. Theoretical predictions based on ACI 440.2R-08 were in good agreement with experimental results, with
minor conservative underestimations (ACI/Exp ratios 0.93-0.97), confirming the reliability of the design methodology
for both steel and BFRP reinforcement.

Finally, the findings emphasize the trade-offs between strength, ductility and serviceability inherent to different
reinforcement types: steel reinforcement provides controlled, ductile behavior suitable for serviceability-critical
applications, while BFRP reinforcement enables higher ultimate loads and energy storage at the expense of stiffness
and post-peak ductility. These insights provide a valuable reference for the design and optimization of RC beams
using innovative BFRP reinforcement, highlighting the need for careful consideration of deflection, crack control and
load capacity in practical applications.
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