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INTRODUCTION

Concrete is typically reinforced with steel 
bars in the regions expected to experience ten-
sion. Steel is widely used in the construction 
industry for reinforcing structural elements due 
to its exceptional tensile strength [1]. It is the 
perfect material for reinforcing concrete build-
ings because of its capacity to endure high strain 
stresses. Despite its widespread use, steel rein-
forcement has several drawbacks that warrant 
consideration [2]. The vulnerability of steel re-
inforcement to corrosion is a significant draw-
back. Over time, steel can corrode due to the 
exposure to oxygen and moisture which affects 
the structural integrity of the material. Certain 
settings, such as coastal places with high quan-
tities of seawater or areas with high humidity, 
might speed up the corrosion process. Corrosion 
not only weakens the steel reinforcement but 
also leads to cracking and deterioration in the 
surrounding concrete, ultimately compromising 

the overall structural stability. The comparative-
ly heavy weight of steel reinforcing is another 
disadvantage. Steel is a dense material, and 
when utilized in large amounts, it significantly 
increases the weight of the construction as a 
whole. This can pose challenges during installa-
tion, transportation, and construction.

In recent years, researchers have turned their at-
tention to fiber reinforced polymer (FRP) as a vi-
able alternative to steel reinforcement [3–5]. FRP 
provides multiple benefits compared to steel, such 
as a superior strength-to-weight ratio, excellent cor-
rosion resistance, and enhanced durability in chal-
lenging environments [6–9]. FRP reinforcements 
are also significantly lighter than steel, simplifying 
installation and reducing transportation costs. Fur-
thermore, the tensile strength of FRP reinforcements 
can surpass that of steel by up to 10 times, while its 
weight is only approximately 25% of that of steel 
[10–12]. Consequently, FRP has emerged as a com-
pelling choice for the infrastructure projects that pri-
oritize durability and longevity [13].
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The research aimed to investigate the stiffness 
of concrete beams reinforced with BFRP bars. 
From previous studies, BFRP bar reinforced con-
crete beams exhibit greater ultimate load carrying 
capacities compared to steel reinforced concrete 
beams. For instance, Urbanski et al. [14] reported 
that the concrete beams reinforced with BFRP 
bars exhibited a greater ultimate load-carrying 
capacity than those reinforced with steel. This in-
crease in capacity highlights the superior tensile 
strength of FRP reinforcement, as supported by 
ACI Committee 440 [10].

Although BFRP bars offer several advantag-
es, research [15, 16] has highlighted significantly 
greater deflections in BFRP-reinforced concrete 
beams compared to those reinforced with steel. 
This increased deflection is attributed to the lower 
modulus of elasticity of BFRP bars relative to steel 
bars [17]. Additionally, Kosior-Kazberuk et al. 
[16] observed that the concrete beams reinforced 
with BFRP bars exhibited considerably more de-
formation than steel-reinforced beams. During 
the initial loading phase, the BFRP-reinforced 
beams deflected approximately 40% more than 
their steel-reinforced counterparts. As the load 
intensified, the disparity became even more evi-
dent, with the BFRP-reinforced beams ultimately 
bending twice as much as those with steel rein-
forcement. With the first crack appearing when 
the load reached 10% of the beam’s ultimate load 
capacity, Krassowska et al. [15] observed that the 
BFRP-reinforced beams developed a larger num-
ber of cracks with greater widths. Still, the flex-
ural capacity of beams with FRP reinforcement 
exhibited appreciable increases. Important under-
standing of the failure modes of FRP-reinforced 
beams was given by Ashour [18]. Still, ACI Com-
mittee 440 [10] noted somewhat low transverse 
shear resistance of FRP materials. Urbanski et al. 
[14] highlighted the need for further research, as 
the basalt bar-reinforced beams exhibited crack 
widths three to four times larger than those in con-
ventional concrete beams. Developing a detailed 
model to precisely estimate the shear capacity of 
FRP-reinforced concrete beams would improve 
the understanding and help ensure the structural 
reliability of FRP in construction.

Recent studies have continued to explore the 
mechanical and structural behavior of FRP-rein-
forced concrete beams. Zhang et al. [19] reviewed 
the short-term mechanical properties of FRP bars 
and FRP-reinforced beams, emphasizing their 
relevance in practical applications. Li et al. [20] 

examined the dynamic torsional performance of 
geometrically similar BFRP-reinforced beams, 
providing insights into failure modes under com-
plex loading. Kumar et al. [21] conducted experi-
mental investigations on how fiber type and sur-
face characteristics of FRP bars influence beam 
behavior, contributing to material optimization in 
beam design.

While these studies have contributed to un-
derstanding the mechanical and material proper-
ties of BFRP bars, they often fall short in connect-
ing experimental results with a broad comparison 
of theoretical models, particularly regarding stiff-
ness and deflection predictions. Furthermore, 
many earlier works have not directly compared 
BFRP and steel reinforcement under identical 
conditions, using both laboratory testing and 
model-based analysis.

This study aimed to bridge that gap by evalu-
ating the performance of the concrete beams re-
inforced with BFRP bars under static loads and 
comparing them to the steel reinforced concrete 
beams with similar reinforcement ratios. Key pa-
rameters such as crack patterns, deflections and 
failure modes were examined. While many previ-
ous studies have primarily focused on the mate-
rial properties of BFRP bars, this research goes a 
step further by comparing the structural behavior 
of BFRP bar reinforced concrete beams with that 
of conventional steel reinforced concrete beams. 
Moreover, the study provides a comparative anal-
ysis of deflection and crack width results using 
various established models from the literature. 
This dual approach not only enhances the under-
standing of the structural performance of a BFRP 
bar but also offers valuable insights for refining 
and improving current stiffness and deflection 
prediction models. The findings contribute to the 
development of more accurate design guidelines 
for the BFRP bar-reinforced concrete elements, 
which hold significant promise for future con-
struction applications.

METHODOLOGY

Test specimens and material characteristics

The concrete mix ratio for sample preparation 
was shown in Table 1. The cement used for the 
experiment was CEM I 42.5R Portland cement.
Different strength tests were used to evaluate 
the concrete strength characteristics in order to 
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ensure that it met the required standards. Com-
pressive strength tests were conducted based on 
EN 12390-3:2009 [22], while concrete tensile 
strength was evaluated following EN 12390-
5:2019 [23]. Additionally, cylindrical samples 
were used to measure the modulus of elasticity 
according to EN 12390-13:2013 [24]. The test 
results, including the average values, standard 
deviations, and coefficients of variation, are pre-
sented in Table 2.

Both the steel and BFRP bars for the beam 
samples were acquired locally. As illustrated in 
Figure 1, helical basalt fiber strands were applied 
to the BFRP bar surfaces to improve bonding per-
formance. As shown in Figure 2, 6 mm diameter 
S-500 steel bars were used, with a characteristic 
yield strength of 500 MPa, an approximate ten-
sile strength of 550 MPa and 200 GPa modulus 
of elasticity and 6 mm diameter BFRP bars with a 
tensile strength of 1180 MPa, 47.6 GPa modulus 
of elasticity for longitudinal reinforcement.

Test procedure 

The study conducted an experimental program 
that focused on a number of important character-
istics in order to better understand their ability to 
BFRP bars work in concrete beams. These included 

Table 1. Concrete mix ratio
Water-to-cement 

ratio
Cement 
[kg/m³]

Water 
[kg/m³]

Sand ≤ 2 mm 
[kg/m³]

Gravel 2–16 mm 
[kg/m³]

Superplasticizer 
[kg/m³]

0.5 320 160 732 1203 3.2

Table 2. Mechanical properties of concrete
Test parameter Average value ± SD CV (%)

Cube compressive strength (MPa) 59.66 ± 1.98 3.32

Tensile strength (MPa) 3.06 ±0.05 1.63

Modulus of elasticity (GPa) 33.53 ± 0.39 1.16

Note: SD – standard deviation; CV – coefficient of variation.

Figure 1. BFRP bars with helical basalt fiber strands

Figure 2. Reinforcement details of specimens
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the ultimate load-bearing capacity, the beams fail-
ure modes, cracking patterns, and the maximum 
deflection. Four concrete beams with dimensions 
of 80 × 120 × 1100 mm were used in the experi-
ment. It included two steel reinforced concrete 
beams (STL-1 and STL-2), along with two BFRP 
bar reinforced concrete beams, (BFP-1 and BFP-
2). The concrete beams reinforced with BFRP bars 
were developed following the standards by ACI 
Committee 440 [10]. The main goal of the test, fol-
lowing ACI Committee 440 [10] guidelines, was 
to evaluate how effectively BFRP bars enhance 
the stiffness and load capacity of concrete beams. 
Each beam was set up with simple supports, and 
point loads were applied at one-third of the beam 
length from each end, as depicted in Figure 3. 

During the testing process, the ultimate bend-
ing capacity of each element was recorded along 
with measurements of midspan deformations, 
maximum deflections, and the formation and 
progression of cracks and failure modes. Before 
starting the tests, an initial preload of 0 kN was 
applied to the beams. The load was then progres-
sively increased in 2 kN increments every 30 sec-
onds, remained constant for around 30 seconds 
at each level to enable data recording. The load 
was applied via a hydraulic cylinder, controlled 
through the control panel of the PZA machine. 
Inductive sensors from the Megatron-Munchen 
return spring, placed at the midspan of the speci-
men, were used to measure deflection. Crack 
widths were documented at each load increment 
based on the captured images.

RESULTS

During the stiffness test, the following relevant 
data were recorded: the load at which the initial 

crack was observed, the ultimate load before fail-
ure, (as outlined in Table 1), the number and pattern 
of cracks at each 2 kN load increment, and the de-
flection at each load phase. The subsequent sections 
analyze and interpret the collected data (Table 3).

Ultimate load bearing capacity

The load bearing capacity of the entire beams 
was observed, recorded, and graphically illustrat-
ed in Figure 4.

The load bearing capacity of the beams rein-
forced with BFRP bars was higher than that of 
the beams reinforced with steel. Although steel 
reinforced concrete beams could sustain higher 
loads before the initial cracking appeared, they 
failed more rapidly. In contrast, the BFRP bar-
reinforced concrete beams began to crack sooner 
than the steel reinforced beams but ultimately 
exhibited higher load bearing capacity. The aver-
age ultimate load bearing capacity of the concrete 
beams reinforced with BFRP bars was 35% great-
er than that of the steel reinforced beams. This 
improvement is due to the higher tensile strength 
of BFRP bars compared to steel.

Crack patterns and mode of failure

Overall, all beams exhibited similar crack pat-
terns prior to failure. The initial crack consistently 
formed near the mid-span of the beam in a verti-
cal orientation, with its occurrence varying based 
on the reinforcement type and concrete strength, 
as illustrated in Figure 5. With increasing load, 
additional flexural cracks emerged in both the 
mid-span and shear span regions. Existing cracks 
widened and deepened significantly, especially in 
the BFRP-reinforced concrete beams (Figure 5c 
and 5d), due to the lower modulus of elasticity of 

Figure 3. Test setup
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Table 3. Test results

Beam 
notations b (mm) D (mm)

Longitudinal STEEL bars
fcu

(N/mm2)
Pcr 

(kN)
P

(kN) ρb
No. ø 

diameter 
(mm)

ρs (%) E 
(kN/mm2)

ffu
(N/mm2)

STL-1 80 120 4 ∅6 1.76 210 315
56.66

8 20 0.09

STL-2 80 120 4 ∅6 1.76 210 315 10 21.8 0.09

Longitudinal BFRP bars
No. ø 

diameter 
(mm)

ρf  (%) Ef (kN/mm2) ffu (N/mm2)

BFP-1 80 120 4 ∅6 1.76 47.6 1180
59.66

2 26.3 0.004

BFP-2 80 120 4 ∅6 1.76 47.6 1180 2 30.5 0.004

Note: D – the overall depth of the test specimens; ρs and ρf – the reinforcement ratios for steel and BFRP bars 
respectively, determined as Af/bd; Af – the cross-sectional area of the reinforcement bars; b and d – the width and 
effective depth of the test specimens respectively. ρb – the balanced reinforcement ratio of FRP bars. Ef and ffu – the 
modulus of elasticity and the tensile rupture strength of the reinforcement bars, respectively, while fcu is the cube 
compressive strength of the concrete. Pcr – the total load at which the first visible crack appears, and P – represents 
the total failure load. When the reinforcement ratio (ρf)  is lower than the balanced ratio (ρb), FRP bars are prone 
to rupture (ρf < ρb). On the other hand, if ρf surpasses ρb, the failure mechanism is governed by concrete crushing.

Figure 4. Ultimate load-bearing capacity of the beam specimens

Figure 5. Failure of specimens due to concrete crushing (A) STL-1, (B) STL-2, (C) BFP-1, (D) BFP-2. P denotes 
the applied load, and a represents the distance between the maximum crack and the edge of the concrete beam
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BFRP bars relative to their tensile strength. The 
oblique and horizontal cracking observed at the 
supports of BFRP-reinforced concrete beams, as 
shown in Figure 6 – a close-up image of the crack 
on sample BFP-1 – clearly indicates shear failure 
in addition to bending failure.

Theoretically, such cracks and failures are ex-
pected due to the inherent characteristics of FRP 
bars, which exhibit relatively weak interlaminar 
shear resistance [10]. This weakness arises from 
the presence of unreinforced resin layers be-
tween fiber layers. Additionally, the low elastic 
modulus of BFRP bars further contributes to the 

development of these crack failures. However, 
since BFRP bars are resistant to corrosion, the 
significance of crack width is lower compared to 
steel reinforcement.

Deflections

STL-1 and STL-2 showed similar perfor-
mance, failing at loads of 20 kN and 21.8 kN, 
with midspan deflections of 4.8 mm and 4.7 mm, 
respectively. In contrast, BFP-1 and BFP-2 ex-
hibited greater load bearing capacity, with 26 kN 
and 30 kN and midspan deflections of 16.17 mm 
and 21.50 mm, respectively. Figure 7 below sum-
marized the load and deflection relationships for 
each sample at midspan. The results indicate a 
significant increase in deflection in the concrete 
beams reinforced with BFRP bars, with the aver-
age deflection values of these two samples being 
three times higher than those of the two concrete 
beams reinforced with steel bars.

Theoretical background

For a simply supported beam with a span of 
length (l), subjected to two equal concentrated 
loads (P/2) positioned symmetrically on either 
side of the beam centeliner, the maximum de-
flection (Δmax) occurring at the beam’s center can 
be calculated using the following expression in 
(Equation 1).

 ∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚
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Figure 6. Actual image of concrete sample BFP-1

Figure 7. Load vs. deflection curves at midspan
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where: x – the distance from the support to the 
point of load application, L – the total 
length of the beam, P – the applied load, 
and Ec – the modulus of elasticity of the 
concrete, Icr – the moment of inertia of the 
cracked section, while the immediate de-
flection under service loads is determined 
using the effective moment of inertia Ie. 

For the FRP reinforced beams, various schol-
ars have proposed modifications to the formula for 
Ie. As per Bischoff [17], the effective moment of 
inertia, derived from curvature, is calculated as 
(Equation 2):
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where: Ma – is applied moment, Ig – is the gross 
sectional moment of inertia (bh3/12), Mcr  
– is a cracking moment calculated by 
2frIg/h. where,   𝑓𝑓𝑟𝑟 = 0.62√𝑓𝑓𝑐𝑐′  

 
 
 

 and h – is 
depth of concrete beam, and Icr – is the 
moment of inertia of the cracked section. 

On the other hand, The ACI 318-08 [25] and 
Branson [26] propose the following equation 
(Equation 3) for the effective moment of inertia;
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𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (3)

Due to the substantially higher ratio of Ig/Icr 
in the beams reinforced with BFRP, the deflection 
values computed using this formula are often un-
derestimated. Yost et al. [27] introduced the Bran-
son βd expressed on (Equation 7) parameter to ac-
count for the bond between concrete and BFRP 
bars and the modulus of elasticity of BFRP bars. 
The modified effective moment of inertia is given 
by (Equation 4);

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (4)

where: Icr – is the moment of inertia of the cracked 
section which can be calculated by (Equa-
tion 5).

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (5)

where: nf = Ef/Ec – is the modular ratio of reinforce-
ment to concrete and k – is the ratio of the 
depth of the neutral axis to the reinforce-
ment depth calculated by (Equation 6);

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (6)

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (7)

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 

 (8)

The ACI 440.1R-06 [10] expression modi-
fies Yost et al.’s [24] equation by revising the  
(Equation 9) parameter as follows: 

 

∆𝑚𝑚𝑚𝑚𝑚𝑚=
𝑃𝑃𝑚𝑚

24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒
(3𝑙𝑙2 − 4𝑥𝑥2) (1) 

 
𝐼𝐼𝑒𝑒 =

𝐼𝐼𝑐𝑐𝑐𝑐
1−(1−(𝐼𝐼𝑐𝑐𝑐𝑐𝐼𝐼𝑔𝑔 ))(

𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 (2) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (3) 

 

𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3
𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐

𝑀𝑀𝑎𝑎
)
3
⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 (4) 

 

𝐼𝐼𝑐𝑐𝑐𝑐 =
𝑏𝑏𝑑𝑑
3
3
𝑘𝑘3 + 𝑛𝑛𝑓𝑓𝐴𝐴𝑓𝑓𝑑𝑑2(1 − 𝑘𝑘)2 (5) 

 

𝑘𝑘 = √2𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 + (𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓)2 − 𝜌𝜌𝑓𝑓𝑛𝑛𝑓𝑓 (6) 

 
𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏(

𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠
+ 1) (7) 

 
𝛼𝛼𝑏𝑏 = 0.064( 𝜌𝜌𝑓𝑓

𝜌𝜌𝑓𝑓𝑓𝑓
) + 0.013 (8) 

 
𝛽𝛽𝑑𝑑 =

𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1 (9) 

 
 (9)

The theoretical deflections of the tested 
BFRP-reinforced and steel-reinforced beams 
were calculated using the procedures and formu-
las summarized in Table 4.

The following graph, (Figure 8) illustrates 
the comparison between average experimental 
deflections of the concrete beams reinforced with 
steel bars and BFRP bars with the different theo-
retical values of deflection described above.

During the initial stages of the loading phase, 
the experimental deflection values closely align 
with theoretical predictions. However, at higher 

Table 4. Deflection calculations of beams with BFRP bars from different theories 

Literature Proposed equation for effective moment of inertia (𝐼𝐼𝑒𝑒) 

Bischoff [17] 𝐼𝐼𝑒𝑒 = 𝐼𝐼𝑐𝑐𝑐𝑐

1 − (1 − (𝐼𝐼𝑐𝑐𝑐𝑐
𝐼𝐼𝑔𝑔

))(𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)2
 

Branson [23] 𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3

𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)
3

⌉ 𝐼𝐼𝑐𝑐𝑐𝑐 

Yost et al. [24] 𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3

𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)
3

⌉ 𝐼𝐼𝑐𝑐𝑐𝑐;    𝛽𝛽𝑑𝑑 = 𝛼𝛼𝑏𝑏 (
𝐸𝐸𝑓𝑓
𝐸𝐸𝑠𝑠

+ 1) , 𝛼𝛼𝑏𝑏 = 0.064 (
𝜌𝜌𝑓𝑓
𝜌𝜌𝑓𝑓𝑏𝑏

) + 0.013 

ACI 440.1R-06 [10] 𝐼𝐼𝑒𝑒 = [𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

]
3

𝛽𝛽𝑑𝑑𝐼𝐼𝑔𝑔 + ⌈1 − (𝑀𝑀𝑐𝑐𝑐𝑐
𝑀𝑀𝑎𝑎

)
3

⌉ 𝐼𝐼𝑐𝑐𝑐𝑐;     𝛽𝛽𝑑𝑑 = 𝜌𝜌𝑓𝑓
5𝜌𝜌𝑓𝑓𝑓𝑓

≤ 1, 

Maximum deflection ∆𝑚𝑚𝑎𝑎𝑚𝑚 

∆𝑚𝑚𝑎𝑎𝑚𝑚= 𝑃𝑃𝑃𝑃
24𝐸𝐸𝑐𝑐𝐼𝐼𝑒𝑒

(3𝐿𝐿2 − 4𝑃𝑃2) 
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loads exceeding 10 kN, the tested samples, par-
ticularly the beams reinforced with BFRP bars, 
exhibit greater deflection than anticipated in theo-
retical estimations. This discrepancy suggests 
that additional mechanisms may be necessary to 
enhance the deflection resistance of such beams.

CONCLUSIONS

The concrete beams reinforced with BFRP 
bars show enhanced load-bearing capacity com-
pared to those reinforced with steel. The fail-
ure mode analysis indicates that the BFRP bar 
reinforced beams exhibit significant bending 
behavior before failure, whereas the steel rein-
forced concrete beams fail at an earlier stage. 
However, the BFRP bar-reinforced beams show 
signs of shear and bond failure, as evidenced by 
horizontal cracking near the supports. This be-
havior is attributed to the lower elastic modulus 
and other mechanical properties of BFRP bars. 
Despite the increased crack formation in the 
BFRP bar-reinforced beams, the inherent cor-
rosion resistance of the bars allows for larger 
crack widths. Additionally, the comparison with 
theoretical models revealed variations in de-
flection predictions, emphasizing the need for 
refined analytical tools. The higher deflections 
observed in the case of BFRP bar-reinforced 
beams highlight the need for further research to 
optimize their structural performance.
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