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Abstract

The increasing demand for corrosion-resistant reinforcement in concrete structures has highlighted the potential of basalt
fiber-reinforced polymer (BFRP) bars as a sustainable alternative to conventional steel reinforcement. However, the
flexural behavior of BFRP-reinforced concrete beams remains insufficiently characterized, particularly through advanced
numerical simulation. This study develops and validates a finite element model (FEM) to analyze the flexural performance
of BFRP-reinforced concrete beams and to compare it with that of steel-reinforced beams. Eight beam specimens (200 x
300 x 3,100 mm), including six reinforced with BFRP bars and two with steel bars, were modeled under four-point bending
using ANSYS software. The FEM predictions were validated against experimental data and benchmarked with the design
provisions of ACI 440.1R-15 and CSA S806-12. The model showed strong agreement with experimental results, yielding
ultimate load ratios of 0.92-0.94 for steel-reinforced beams and 1.01-1.45 for BFRP-reinforced beams. At higher
reinforcement ratios, FEM predictions tended to overestimate the capacity of BFRP-reinforced beams. While steel-
reinforced beams exhibited ductile failure, BFRP-reinforced beams failed in a brittle manner. The predicted moment-
deflection responses and crack patterns closely matched both experimental observations and code-based predictions. This
validated FEM provides a reliable computational framework for assessing and optimizing the design of BFRP-reinforced
concrete beams, thereby advancing the application of non-metallic reinforcement in structural engineering. The findings
also highlight challenges in accurately modeling concrete crushing and bond behavior within FEM, indicating directions
for future refinement.

Keywords: Basalt Fiber Reinforced Polymer (BFRP); Reinforced Concrete Beams; Finite Element Analysis; Flexural Behavior; Moment-
Deflection Response; Crack Pattern.

1. Introduction

Structural engineering faces significant challenges in developing durable and sustainable infrastructure capable of
withstanding harsh environmental conditions. Fiber-reinforced polymer (FRP) composites have emerged as an
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advanced class of construction materials owing to their superior mechanical properties and durability [1, 2]. These
engineered composites exhibit high strength, low self-weight, and outstanding resistance to corrosion, making them
suitable for use in aggressive environments, such as those involving acid, chloride, or sulfate exposure [3-5]. FRP
materials also provide high stiffness, excellent damping capacity, enhanced flexural performance, and an optimal
strength-to-weight ratio [6-8].

The development of FRP technology has resulted in several variants, including glass FRP (GFRP), aramid FRP
(AFRP), carbon FRP (CFRP), and basalt FRP (BFRP). Each variant possesses distinct advantages depending on the
required stiffness, strength, durability, and cost considerations [8—10]. While GFRP, AFRP, and CFRP are widely
adopted and covered by established design guidelines, research on BFRP remains relatively limited, rendering current
knowledge insufficient to fully support its codified application in standards such as ACI 440.1R-15 [11] and CSA S806-
12 [12]. Previous studies have investigated FRP for structural strengthening through externally bonded sheets, near-
surface mounted (NSM) systems, and reinforcing bars, with extensive assessments under ambient, seismic, and fire
conditions [1, 5, 13-17].

Among these alternatives, basalt fibers have attracted significant attention due to their distinctive combination of
favorable physicochemical and mechanical properties, processability, and cost-effectiveness [18]. BFRP has
demonstrated competitive performance compared to glass- and carbon-based composites, particularly in the repair and
strengthening of reinforced concrete structures. Recent advances have incorporated data-driven approaches, such as
acoustic emission monitoring and machine learning—including unsupervised learning techniques reported by Liu et al.
[19]—to assess and monitor the performance of BFRP-strengthened beams. For instance, Feng et al. [9] investigated
FRP grid reinforcement in tunnel linings, while Qiong et al. [10] proposed integrated numerical and machine learning
models for FRP-reinforced columns. Moreover, additional recent studies [14, 16, 20] underscore the ongoing
advancement of FRP composites in diverse structural applications. Despite these contributions, the use of BFRP rods
and bars as primary reinforcement in beams continues to present challenges, particularly in terms of bond effectiveness
and long-term performance.

Extensive investigations, encompassing experimental testing, theoretical analyses, and numerical modeling, have
evaluated BFRP as a substitute for conventional steel reinforcement [20-22]. Reported benefits include improved
mechanical performance [23-25], enhanced shear resistance [26], greater flexural strength [27], superior durability in
aggressive environments [28, 29], improved deformation capacity [30], and enhanced fracture toughness [31-33]. These
findings emphasize the potential of BFRP in advancing sustainable and resilient infrastructure.

The finite element method (FEM) has proven effective in simulating the behavior of FRP-reinforced structures,
enabling accurate prediction of complex responses while minimizing experimental costs [34, 35]. Software platforms
such as ANSYS and ABAQUS have demonstrated reliable capabilities for nonlinear modeling of FRP-reinforced
systems when appropriate constitutive laws are applied [36-38]. Previous studies have validated FEM predictions
against experimental outcomes, achieving close correlations with mean FEM-to-experiment ratios near unity [39, 40].
However, comprehensive validation of FEM models for BFRP-reinforced beams, particularly across varying
reinforcement ratios and failure modes, remains scarce. Moreover, limitations in accurately capturing bond-slip effects
and concrete crushing within FEM frameworks further justify the need for refined investigations.

The present study addresses these gaps by developing and validating a finite element model to simulate the flexural
behavior of BFRP-reinforced concrete beams using ANSYS. The model is first validated against steel-reinforced
specimens and subsequently extended to BFRP-reinforced beams. Numerical results are benchmarked against the
experimental work of Elgabbas et al. [24] and evaluated against ACI 440.1R-15 [11] and CSA S806-12 [12]. Crack
patterns, moment—deflection relationships, and ultimate capacities are analyzed to provide new insights into the
structural behavior of BFRP reinforcement and its implications for practical design.

The remainder of this paper is organized as follows: Section 2 describes the materials, reinforcement details, and
finite element modeling procedure. Section 3 presents the results of the FEM analysis, including validation against
experimental data and design codes, and discusses the implications of the findings. Finally, Section 4 provides the main
conclusions and recommendations for future research.

2. Materials and Methods

To provide an overview of the methodology, the overall research process is summarized in a flowchart as
demonstrated in Figure 1. The procedure begins with the identification of the problem statement and the collection of
experimental data for benchmark specimens. Subsequently, a finite element model was developed in ANSYS, validated
against two steel-reinforced beams, and extended to six BFRP-reinforced specimens with different reinforcement ratios
and bar diameters. Comparative analyses were performed between FEM predictions, experimental data from Elgabbas
et al. [24], and code-based calculations according to ACI 440.1R-15 [11] and CSA S806-12 [12]. Finally, the results
were synthesized and discussed to derive structural insights and practical implications for design.
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Figure 1. Flowchart illustrating the scope of the study

Following the methodological framework presented in Figure 1, this section is organized into three main parts.
Section 2.1 describes the mechanical properties of the materials used in the specimens, including BFRP and steel
reinforcement bars. Section 2.2 outlines the reinforcement details, such as reinforcement ratios and the design
assumptions adopted from ACI 440.1R-15 and CSA S806-12. Section 2.3 presents the finite element modeling approach
in ANSYS, including the adopted element types, constitutive material models, boundary conditions, and validation
strategy. Together, these subsections establish the basis for the numerical analysis and comparisons discussed in the
subsequent sections.

2.1. Materials Properties

The mechanical properties of the reinforcement bars used in this study are summarized in Table 1. The reinforcement
consisted of basalt fiber-reinforced polymer (BFRP) bars with diameters of 8, 12, and 16 mm, and steel bars with
diameters of 10 and 15 mm. The key properties considered include cross-sectional area, elastic modulus (E), ultimate
tensile strength of BFRP (f},,), yield strength of steel (f,), and the corresponding ultimate strain of BFRP (¢;,) and yield
strain of steel (e,). In this notation, the subscript frefers to BFRP bars, while the subscript s denotes steel reinforcement.

Table 1. Properties of materials [24]

Materials Dl(:::lnnel;er C;::;s (srencltri?)n Elasgc(zzn;:;l e (I\{[fl:a) (N{ly’a) Epu = ];s_f; &= {;_ys
BFRP 8 50 64.6 1655 . 0.0256 y
BFRP 12 113 693 1760 - 0.0254 -
BFRP 16 201 64.8 1724 - 0.0266 -
Steel 10 100 200 - 450 . 0.0023
Steel 15 200 200 - 450 - 0.0023

2.2. Reinforcement Details

Table 2 presents various reinforcement configurations, including reinforcement ratios and concrete strength
parameters. The specimens were designed with different reinforcement ratios (o) to evaluate their influence on beam
behavior. Using specified compressive strength of concrete (f), balanced reinforcement ratios (p;,) were calculated

according to ACI 440.1R-15 [11] and CSA S806-12 [12] using Equations 1 and 3. The stress block parameters (a; and

B,) were determined using Equations 2 and 4 for ACI 440.1R-15 and CSA S806-12 codes, respectively. Analysis of

reinforcement ratios (;—f) showed ranges of 1.52-6.81 for ACI 440.1R-15 and 1.81-8.17 for CSA S806-12, with
fb

variations attributed to different assumptions in stress-strain behavior and internal force distributions. BFRP-reinforced
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beams were designed to fail by concrete crushing at maximum compressive strains (g.,) of 0.003 for ACI 440.1R-15
and 0.0035 for CSA S806-12, while steel-reinforced control beams were designed as under-reinforced sections to ensure
yielding behavior. For ACI 440.1R-15 [11]:

fe _ Erecu
i e 1
Prb alﬁl fru Efecutfru ( )
where; a; = 0.85and ; = 0.85—0.05 (fC’;ZS) ©

and CSA S806-12 [12]:

0.65f, €cu 3)
ffu Ecutefu

Prp = a1y

where; a; = 0.85— 0.0015f, > 0.67 and B, = 0.97 — 0.0025f, > 0.67 @)

Table 2. Details of reinforcement

Ps/Psp Ps/Psb
Specimen R"i“ﬁ";;‘;.‘“ ent dflff;“f(‘,",fﬁ.) (Bﬁ‘a) Ps Py ACI440.1R-  CSA S806- ACI 440.1R-f ‘ CSA S806-
15[11] 12 [12] 15 [11] 12[12]

S 2-D10 257 00039 - 0.11 0.09 - -

) 2-D15 254 7 00079 - 0.22 0.18 - -

Bl 3-8 mm 258 - 0.0029 - - 1.52 1.81
B2 5-8 mm 244 227 - 0.0051 - - 2.68 3.19
B3 2-12 mm 256 - 0.0044 - - 2.65 329
B4 3-12 mm 256 7 - 0.0066 - - 3.97 4.93
B5 2-16 mm 254 - 0.0079 - - 454 545
B6 3-16 mm 254 208 - 00119 - - 6.81 8.17

2.3. Finite Element Model
2.3.1. Geometric Modelling

Eight beam specimens were analyzed using ANSYS finite element software. The beams were modeled with
dimensions of 200 mm X 300 mm % 3,100 mm and calibrated against experimental data from Elgabbas et al. [24]. The
analysis included six BFRP-reinforced beams with bar diameters of 8, 12, and 16 mm, and two steel-reinforced reference
beams with bar diameters of 10 and 15 mm. All specimens featured compression reinforcement consisting of two 10-
mm diameter bars (2-D10) and stirrups of 10-mm diameter at 100-mm spacing (1-D10@100), with varied stirrup spacing
in the moment zone to examine flexural behavior effects. The beams were analyzed under four-point bending conditions
using displacement-controlled loading. Figure 2 and Table 2 present the reinforcement details and material properties,
while Figure 3 illustrates the test configuration.

DI0@100 (STR P2 P2 2-D10 (Main rebar)
@100 ( | | f
1 - I
8
4
[o) Ay

200 | 1100 | 500 I 1100 | 200 I-—
—'I I T T =1

Figure 2. Beam geometry and reinforcement details (dimensions in millimeters)

Figure 3. Four-point bending test configuration in ANSYS
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2.3.2. Element Type and Model

The finite element model utilized SOLID65 elements for concrete and LINK180 elements for reinforcement. The
concrete material behavior was simulated using the Willam & Warnke [41] nonlinear constitutive model. This model
accounts for concrete cracking under tension and crushing under compression, along with the development of
reinforcement plasticity [42]. The nonlinear response is characterized by multi-linear stress-strain relationships as
depicted in Figure 4-a. For the compressive behavior of concrete, the stress-strain relationship follows the model
proposed by Hognestad et al. [43], which is governed by the following Equations

. 2

e a - () Jonereo < e i
p 0.15f."

f=f - (—0.0038;00) (. — €,0) Where g, > €, 6)

€0 = % where f," = 0.9f, and E, = 4730\/; 7

where £. is the concrete compressive strength (MPa) corresponding to the strain value &, f."'is the reduced compressive
strength of concrete (MPa), and E_is the modulus of elasticity of concrete (MPa).

Stress (/. ) Stress (/)
" Li/near f it
! <€ sy Brke
" £, £, £
= il i Steel
E =tana
7 i .
To . 0008  Swain (¢.) €y Eh Strain (&)
() (b)

Figure 4. Material constitutive models used in FEM analysis: (a) nonlinear stress-strain relationship for concrete,
and (b) linear elastic and bilinear behavior for BFRP and steel reinforcement

Concrete elements were modeled using eight-node SOLID65 elements with three translational degrees of freedom
per node in X, y, and z directions, enabling simulation of plastic deformation, three-directional cracking, and crushing.
LINK180 elements were used to model both BFRP and steel reinforcement, providing three degrees of freedom per
node with capabilities for plasticity, creep, and large deformation analysis. The material models, shown in Figure 4-b,
followed bilinear constitutive behavior for steel and linear elastic behavior until rupture for BFRP. The finite element
model consisted of 12,500 elements, comprising 12,000 concrete elements and 500 reinforcement elements, as illustrated
in Figure 5.

(b)

Figure 5. Finite element mesh discretization: (a) concrete elements, and (b) reinforcement elements
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3. Results and Discussion

This section presents the results of the finite element analysis (FEA) of BFRP- and steel-reinforced concrete beams,
together with a comprehensive discussion of their structural behavior. The analysis is structured to first validate the
FEM predictions against experimental data reported by Elgabbas et al. [24]. Subsequent subsections examine ultimate
moment capacity (M,), moment—deflection behavior, and crack pattern development, followed by a comparison with
design code provisions (ACI 440.1R-15 [11] and CSA S806-12 [12]). The discussion highlights both the accuracy and
limitations of FEM in capturing the structural response, as well as the implications for practical design.

3.1. Validation of Finite Element Method

The validation process was carried out by comparing the ultimate moment capacities predicted by the finite element
model (M, rem) With the experimental results (M, exp) reported by Elgabbas et al. [24]. For conventional reinforced
concrete (RC) beams S1 and S2, the capacity ratios (Mn rem/Mn £xp) Were 0.92 and 0.94, respectively, indicating strong
agreement. As shown in Table 3, beam S1 exhibited an experimental ultimate moment of 31.33 kN-m, compared with
28.85 kN-m from FEM, while the ACI and CSA predictions were lower at 22.60 kN-m and 22.24 kN-m, respectively.
Similarly, beam S2 recorded an experimental value of 51.60 kN-m, compared with 48.29 kN-m from FEM, while ACI
and CSA predicted 43.59 kN-m and 42.16 kN-m, respectively. The moment—deflection relationships in Figure 6 confirm
that FEM captured the yield point and ductile response characteristic of steel reinforcement with high accuracy.

Table 3. Ultimate moment of steel-BFRP reinforced beams

. Ultimate moment, M,, (kN-m) M, ren M, 4o M, csa
Specimen M n i
M;, gxp M, pem M, act M;, csa nEXP n EXP n EXP
S1 31.33 28.85 22.60 22.24 0.92 0.72 0.71
S2 51.60 48.29 43.59 42.16 0.94 0.84 0.82
Bl 52.85 53.20 49.06 43.51 1.01 0.93 0.82
B2 65.45 80.08 56.21 49.19 1.22 0.86 0.75
B3 54.40 58.26 56.75 48.55 1.07 1.04 0.89
B4 67.02 97.16 67.23 56.83 1.45 1.00 0.85
BS 71.09 90.71 72.38 62.16 1.28 1.02 0.87
B6 91.03 110.51 85.17 72.11 1.21 0.94 0.79
Specimen S| Specimen S2
100 100
90 + — FEM 90 + —FEM
80 + £
- f -----Elgabbas et al. [24] 80 E - Elgabbas et al. [24]
£70 + E 70 -i
60 £ Z 60 £
b= =
E'SO T =50 ¢ ez e
40 £ a0t
I S 01/
O R A——— * 2304/
20 + =2 £/
10 4 10 4
0 s,  — st s, 0 P, P, TS P
0 20 40 60 80 0 20 40 60 80
Deflection, A (mm) Deflection, A (mm)

Figure 6. Comparison between FEM and experiment for steel reinforcement

For BFRP-reinforced beams, the ratios M, rem/Mi exp ranged from 1.01 to 1.45, reflecting variable levels of prediction
accuracy. Beam B1 demonstrated the closest agreement (M, rem/Ms exp = 1.01), with FEM predicting 53.20 kN-m
compared with the experimental value of 52.85 kN-m. Beam B3 exhibited a ratio of 1.07, while beams B2, B5, and B6
showed overestimations ranging between 1.21 and 1.28. The largest discrepancy occurred in beam B4, where FEM
predicted 97.16 kN-m compared with an experimental value of 67.02 kN-m, yielding a ratio of 1.45. These trends are
consistent with previous reports by Vacev et al. [44] and Mohyeddin et al. [45], who noted that FEM frequently
overestimates load-carrying capacity relative to both experiments and code-based estimates.

The tendency of FEM to overestimate capacity can be attributed to several factors, including the assumption of a
perfect bond between BFRP and surrounding concrete—which neglects bond-slip effects [46], the lack of tension-
stiffening representation in the adopted concrete model, and the inherently brittle response of BFRP reinforcement at
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higher reinforcement ratios. As emphasized by Ovitigala et al. [30] and Abushanab et al. [35], accurate representation
of bond-slip behavior and crack development is essential for predicting the performance of BFRP beams. Therefore,
while FEM provides reliable predictions for steel-reinforced beams and BFRP beams with lower reinforcement ratios,
its accuracy declines in heavily reinforced BFRP specimens.

3.2. Ultimate Flexural Strength

The evaluation of ultimate flexural strength is essential to verify the accuracy of FEM predictions and to assess the
reliability of design provisions. This subsection compares the ultimate moment capacities obtained from experiments,
FEM simulations, and analytical calculations based on ACI 440.1R-15 [11] and CSA S806-12 [12]. The comparison
highlights the effectiveness of FEM in capturing flexural behavior and provides insight into the conservatism of current
design codes. The design methodology for FRP-reinforced concrete sections governs the moment capacity through
concrete crushing failure, which occurs at maximum compressive strains (€,,) of 0.003 for ACI 440.1R-15 and 0.0035
for CSA S806-12. This approach ensures that failure occurs before the BFRP bars reach their ultimate tensile capacity
in over-reinforced sections. The ultimate moment capacity analysis, summarized in Table 3 and calculated using
Equations 8 to 13, demonstrates consistent trends across experimental results, FEM predictions, and design code
provisions.

M, = Acf;(a-2) (8)
d_
fr = Erécy (Bla a) when f; < fr, )
and;
a =L for ACI440.1R-15 (10)
aife b
(Erecy)’ 5 Epec
fr = JfT+%Efscu — L= for ACI440.1R-15 (11
=27 for CSA $806-12 (12)
0.65a1f; b

(13)

fr = j (e 6:“)2 + 0""5"‘1’”6'1;}5” — 25U for CSA $806-12
Pr 2

where, M, is the nominal moment capacity (N-mm); Afis the area of fiber-reinforced polymer (FRP) reinforcement

(mm?); f; is stress in FRP reinforcement in tension (MPa); d is the distance from extreme compression fiber to centroid

of tension reinforcement (mm); a is the depth of equivalent rectangular stress block (mm); and b is the width of

rectangular cross section (mm).

For the steel-reinforced control beams, specimen S1 exhibited an experimental ultimate moment of 31.33 kN-m,
with prediction ratios of 0.92, 0.72, and 0.71 for FEM, ACI, and CSA, respectively. Similarly, specimen S2 reached an
experimental value of 51.60 kN-m, with corresponding prediction ratios of 0.94, 0.84, and 0.82. These results confirm
that FEM provides accurate predictions for steel reinforcement, while the code-based methods remain conservative.

For beams reinforced with BFRP, the performance varied with reinforcement ratio. In the lower reinforcement group,
B1 achieved an experimental ultimate moment of 52.85 kN-m, with prediction ratios of 1.01, 0.93, and 0.82 for FEM,
ACI, and CSA, respectively. B2 recorded a higher experimental value of 65.45 kN-m, with ratios of 1.22, 0.86, and
0.75. In the medium reinforcement group, B3 reached 54.40 kN-m with ratios of 1.07, 1.04, and 0.89, while B4 achieved
67.02 kN-m, but FEM significantly overpredicted its capacity, yielding a ratio of 1.45 compared to 1.00 for ACI and
0.85 for CSA. For beams with higher reinforcement ratios, B5 exhibited an experimental capacity of 71.09 kN-m with
prediction ratios of 1.28, 1.02, and 0.87, and B6 reached the highest experimental capacity of 91.03 kN-m with
corresponding ratios of 1.21, 0.94, and 0.79.

Overall, FEM predictions tended to overestimate the moment capacity of BFRP-reinforced beams, with ratios
ranging from 1.01 to 1.45. By contrast, ACI 440.1R-15 exhibited closer agreement with experimental results, with ratios
between 0.86 and 1.04, while CSA S806-12 consistently underestimated the capacity with ratios of 0.75 to 0.89. The
observed increase in ultimate moment capacity with higher reinforcement ratios is consistent with the findings of
Ovitigala et al. [30], confirming that flexural strength in BFRP-reinforced beams is strongly influenced by reinforcement
ratio.

Notably, both ACI and CSA predictions were consistently lower than experimental and FEM results, highlighting
the conservative nature of these design provisions. This conservative estimation is beneficial in practice, as it ensures a
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safety margin when applying FRP materials in structural design [47]. However, the tendency of FEM to overestimate
capacities—particularly at higher reinforcement ratios—underscores the need for refined constitutive models that
incorporate bond—slip behavior and tension-stiffening effects.

3.3. Moment-Deflection Behavior

The relationship between applied bending moment and mid-span deflection is a fundamental indicator of flexural
performance in reinforced concrete beams. It provides direct insight into stiffness degradation, crack initiation and
propagation, and overall ductility. Evaluating this relationship is therefore essential for assessing both serviceability and
ultimate limit states. In the present study, moment—deflection behavior was investigated for BFRP-reinforced beams
using FEM simulations, experimental results reported by Elgabbas et al. [24], and analytical predictions derived from
ACI 440.1R-15[11] and CSA S806-12 [12].

The moment—deflection response can be divided into two distinct stages. In the initial uncracked stage, behavior is
governed by the gross moment of inertia (I g), with deflection determined directly from the applied moment (M,). Once
the applied moment exceeds the cracking moment (M,,.), the beam enters the cracked stage, where stiffness is governed
by the cracked moment of inertia (I,.). The cracking moment, M,,, marks the onset of flexural cracking and is a key
indicator of the serviceability limit state. It can be calculated using the modulus of rupture, f,., as shown in Equation 14.
The modulus of rupture is further defined according to ACI 440.1R-15 [11] and CSA S806-12 [12] in Equations 15 and
16, respectively.

frl

M., = y—f (14)
f = o.sz\/E for ACI440.1R-15 (15)
f = 0.60\/; for CSAS806-12 (16)

where y; is the distance from the centroidal axis of gross section, neglecting reinforcement, to tension face (mm), and
fr is the modulus of rupture of concrete (MPa), determined according to Equations 15 and 16 for the ACI 440.1R-15
and CSA S806-12 provisions, respectively.

Following cracking, deflection behavior is better represented using the concept of effective moment of inertia, I,,
which accounts for the progressive reduction in stiffness due to crack propagation. The ACI440.1R-15 provisions define
I, through a set of empirical Equations 17 to 21, while CSA S806-12 provides a simplified expression given in Equation
22. In these formulations, / denotes the distance from the support to the loading point, L represents the clear span length
between supports, and n; is the modular ratio, defined as the ratio of the modulus of elasticity of BFRP bars to that of
concrete. These equations allow calculation of deflections for simply supported beams subjected to two-point loading,
as in the present study.

For ACI 440.1R-15:

__Pp 2_ 42
4= BL2 = 41 (17)
I
I, =—— < whenM, >M,
T Ty &M 09
y =172 -0.72 (4e) (19)
3
I, = %k3 +npApd?(1— k)2 (20)

For CSA S806-12:

NP

T 24Elcy

(317 — 417 — 8y1?) and = ( - ’I—) 22)
g

Figure 7 illustrates the moment—deflection curves. For beams with lower reinforcement ratios (B1-B3), FEM
predictions showed strong agreement with experimental results up to deflections of approximately 40 mm, validating
the applicability of the effective moment of inertia concept at moderate load levels. In contrast, beams with higher
reinforcement ratios (B4-B6) demonstrated larger discrepancies beyond this range. Specimen B4 showed the greatest
divergence, with FEM overestimating the ultimate moment by approximately 35%. Beams B5 and B6 initially showed
close agreement with experiments in the serviceability range; however, FEM consistently overpredicted ultimate
capacity by about 10% at larger deflections.
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=50 £ e Z 50 £
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€30+ s £ 30 £ —FEM
= 20 £ e p= 20 £ oA Elgabbas et al. [24]
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Figure 7. Moment-deflection response of BFRP-reinforced beams

These discrepancies highlight the limitations of FEM in modeling nonlinear mechanisms such as bond degradation,
loss of tension stiffening, and crack localization at advanced loading stages. While ACI and CSA design codes provide
conservative moment—deflection predictions, FEM offers more accurate representation of intermediate-stage behavior
but tends to overestimate capacities in heavily reinforced beams. These findings are consistent with observations by
Ovitigala et al. [30] and Abushanab et al. [35], who emphasized the influence of reinforcement ratio and bond—slip
effects on flexural behavior. Overall, the results confirm that moment—deflection behavior is directly governed by
effective stiffness reduction mechanisms, as expressed in Equation 17 to 22, with reinforcement ratio serving as a critical
parameter influencing both serviceability and ultimate response.

3.4. Effect of Reinforcement Ratio

The reinforcement ratio is a key parameter governing the flexural performance of reinforced concrete beams,
influencing stiffness, ductility, and failure mode. To investigate this effect, normalized moment—deflection curves were
compared for all tested specimens, as shown in Figure 8. The BFRP-reinforced beams (B1-B6) exhibited progressively
steeper slopes with increasing reinforcement ratios, reflecting enhanced sectional stiffness and reduced deformability.
In contrast, the steel-reinforced specimens (S1-S2), highlighted in red, displayed distinctive yielding plateaus associated
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with the plastic behavior of steel reinforcement, which differs fundamentally from the predominantly linear elastic
response observed in BFRP-reinforced specimens.
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Figure 8. Response of normalized moment versus normalized deflection for BFRP and steel-reinforced beams

The relationship between normalized moment capacity and reinforcement ratio (;—f) was further examined through
b

power-function curve fitting analysis, as illustrated in Figure 9. The finite element predictions closely followed
experimental trends, yielding coefficients of determination (R?) of 0.8657 for ACI 440.1R-15 and 0.7346 for CSA S806-
12 approaches. Experimental results demonstrated even stronger correlations, with R? values of 0.9608 for CSA and
0.8935 for ACI predictions. These correlations covered reinforcement ratios ranging from 1.18 to 5.14 for CSA and 1.54
to 6.87 for ACI provisions. Notably, the experimental-CSA correlation achieved superior predictive accuracy (R? =
0.9608) compared to the experimental-ACI correlation (R? = 0.8935).
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Figure 9. Effect of reinforcement ratio (:—f) on normalized ultimate moment: comparison of FEM and experimental results
b

with design code predictions

Overall, the results confirm that the flexural strength of BFRP-reinforced beams increases with reinforcement ratio,
but at the expense of ductility, as reflected in the nearly linear moment—deflection response. These findings are consistent
with those reported by Elgabbas et al. [24] and Ovitigala et al. [30], who emphasized the strong influence of
reinforcement ratio on both strength and deformation characteristics. The superior correlation observed with CSA-based
predictions further highlights the conservatism of ACI provisions relative to experimental data.

3.5. Crack Pattern Prediction

Accurate prediction of crack formation and propagation is a critical measure of the validity of finite element models,
as it reflects the capability of the numerical approach to capture bond behavior, stress redistribution, and ultimate failure
mechanisms. In this study, experimental crack patterns reported by Elgabbas et al. [24] were compared with FEM
predictions for both steel- and BFRP-reinforced beams, as illustrated in Figure 10. Overall, the FEM results
demonstrated close agreement with experimental observations, successfully reproducing the initiation and progression
of cracks under increasing loads.
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Figure 10. Crack pattern comparison of experiment by Elgabbas et al. [24] and FEM predictions

In the steel-reinforced specimens (S1 and S2), the FEM model demonstrated the expected ductile response,
characterized by flexural cracks initiating at the tension face and eventual crushing of concrete in the compression zone
at mid-span. By contrast, the BFRP-reinforced beams (B1-B6) exhibited more widely distributed cracking along the
beam span, consistent with their linear-elastic behavior. Crack development followed a systematic sequence: initial
flexural cracks formed at mid-span, then propagated toward the supports with further loading. As the load increased,
vertical cracks widened and deepened, in line with trends reported in previous studies [24, 26, 34]. At advanced load
stages, several vertical cracks near the supports evolved into diagonal cracks, with crack density and distribution strongly
influenced by reinforcement ratio.
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Stress distribution maps, shown through color coding, further confirmed these mechanisms: low tensile stresses were
indicated in blue, intermediate stresses in green—yellow, and high stress concentrations in red. Both numerical and
experimental results consistently demonstrated flexural cracking in regions of positive bending moment, supporting the
reliability of the FEM predictions [48].

Figure 11 presents a direct comparison of experimental and FEM crack development in reinforced beams. The results
highlight the fundamental progression of flexural behavior: cracks initiate at the tensile surface, propagate into the
constant-moment region, and subsequently develop into diagonal cracks within the shear span, while concrete crushing
dominates in the compression zone at ultimate load. Importantly, the FEM captured the concrete crushing mechanism
without indicating premature shear failure near the supports, aligning well with experimental outcomes.

Diagonal
cracks

Flexural
cracks

Concrete
crushing

3833

Figure 11. Crack formation mechanisms and failure pattern analysis

Overall, the strong correlation between numerical predictions and experimental results validates the ability of FEM
to simulate crack initiation, propagation, and ultimate failure in reinforced beams. These findings are consistent with
those of Abushanab et al. [35] and Godat et al. [46], who emphasized the importance of bond—slip and tension-stiffening
effects in controlling crack formation. While FEM offers reliable prediction of crack behavior, refinement of bond—slip
modeling would further enhance its ability to capture localized crack widths and spacing, particularly in BFRP-
reinforced members.

4. Conclusions

This study investigated the flexural performance of basalt fiber-reinforced polymer (BFRP) and steel-reinforced
concrete beams through finite element analysis (FEA), sectional analysis based on ACI 440.1R-15 and CSA S806-12
provisions, and experimental validation. Eight beam specimens, each with dimensions of 200 x 300 x 3,100 mm and
tested under four-point bending with a clear span of 2,700 mm, were analyzed to evaluate ultimate moment capacity,
moment—deflection behavior, and crack development. The principal findings are summarized as follows:

e The FEM model exhibited strong correlation with experimental results for steel-reinforced beams, with FEM-to-
experimental ratios of 0.92 and 0.94 for specimens S1 and S2. For BFRP-reinforced beams, ratios ranged from
1.01 to 1.45, with FEM predictions generally overestimating capacities at higher reinforcement ratios. These
outcomes confirm the accuracy of FEM for conventional reinforcement and its limitations for BFRP beams with
large reinforcement ratios.

e BFRP-reinforced beams demonstrated higher ultimate moment capacities compared with steel-reinforced
specimens. The moment—deflection relationships revealed consistent behavioral trends across experiments, FEM
predictions, and design codes. Increasing the reinforcement ratio from 0.0029 to 0.0119 resulted in proportional
enhancement of beam strength, although at the expense of ductility due to the brittle nature of BFRP reinforcement.

e Distinct failure modes were observed between reinforcement types. Steel-reinforced beams exhibited ductile
behavior characterized by yielding and sustained resistance, whereas BFRP-reinforced beams failed in a brittle
manner, with abrupt loss of capacity at peak load.

e FEM simulations implemented in ANSYS effectively predicted ultimate moment capacities, moment—deflection
responses, and crack propagation patterns. This computational approach provides a cost-effective and reliable tool
for evaluating BFRP-reinforced concrete beams, offering potential applications in design optimization and
parametric studies where experimental testing may be limited.

o The systematic overestimation of capacity by FEM relative to experiments and design codes reflects inherent
limitations in the adopted concrete material models, particularly under combined cracking and crushing with
perfect bond assumptions. These modeling simplifications, also reported in previous studies [44—45, 47],
emphasize the need for further refinement.

Overall, this research highlights the potential of FEM as a predictive tool for assessing the behavior of BFRP-
reinforced beams, while also confirming the conservative and safety-oriented nature of ACI440.1R-15 and CSA S806-
12 provisions. Future research should incorporate bond—slip models, tension-stiffening effects, and nonlinear fracture
mechanics into FEM simulations, as well as extend the framework to shear-dominated, dynamic, and hybrid
reinforcement systems. These refinements will enhance predictive accuracy and provide more comprehensive guidance
for the structural application of BFRP reinforcement, particularly in bridge decks and marine structures, where its
durability against chloride and sulfate attack is especially advantageous.
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