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This study presents an experimental and numerical study on the structural behavior and moment redistribution
of basalt fiber-reinforced concrete (BFRC) continuous beams with basalt fiber-reinforced polymer (BFRP) bars. A
total of seven BFRP-BFRC two-span continuous beams were tested to failure under a five-point test setup. Three
parameters were investigated: volume fractions (Vy) of basalt macro-fibers (BMF), BFRP reinforcement ratio, and
stirrups spacing. Test results indicated that compared to stirrups spacing, reinforcement ratio and Vy of BMF were
more significant in improving the structural performance and moment redistribution of the tested beams.
Furthermore, nonlinear 2D finite element (FE) models were developed using the commercial ABAQUS software
to predict the behavior of the tested beams. The FE analysis accounted for the tensile cracking and compressive
crushing of concrete using the built-in concrete damaged plasticity model. Ayub’s analytical model was
employed to simulate the nonlinearity of BFRC in compression. The accuracy of the FE models was validated
using the experimental load-deflection responses and crack patterns at failure. Good agreement was obtained
between the experimental and numerical results with the experimental-to-predicted mean, standard deviation,
and coefficient of variance values of 1.036, 0.041, and 3.95% for the ultimate loads and 0.993, 0.046, and 4.68%
for the deflections, respectively.

1. Introduction

Fiber-reinforced polymer (FRP) bars have attracted immense atten-
tion as a viable non-corrosive alternative to conventional steel bars in
reinforced concrete (RC) structures. FRP bars are characterized by their
superior corrosion resistance and less weight-to-strength ratio and lower
life-cycle cost than traditional steel reinforcements [1]. More recently,
basalt FRP (BFRP) bars have evolved as a promising alternative to the
commercialized glass FRP (GFRP) bars because of their cost-
effectiveness, comparable tensile strength, and better chemical and al-
kali resistance [2,3]. The majority of the previous studies have focused
only on the structural performance of BFRP-RC simply-supported beams
and slabs [2,4-9] and BFRP bond to concrete [10-17]. Nevertheless,
there is a lack of knowledge concerning the structural behavior and
moment redistribution of BFRP-RC continuous beams despite the fact
that RC continuous beams are the most widely used structural element.

The structural performance of steel-RC continuous beams and their
efficiency in redistributing forces between sagging and hogging sections
is well understood and extensively documented in the literature
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[18-21]. Recently, a number of research studies were conducted on the
structural behavior of carbon FRP (CFRP) and GFRP-RC continuous
beams [22-27]. However, little data are available on the structural
performance of BFRP-RC continuous slabs and beams [28,29].

Even though the moment redistribution enhances the ductility and
rotational capacities of RC continuous beams, it is still exempted from
the available FRP design codes and guidelines [30-33] because of the
FRPs’ brittleness. Nonetheless, several researchers have demonstrated
that FRP-RC continuous beams exhibit a uniform moment redistribution
similar to their counterparts with steel reinforcement
[24,26-28,34-36]. For instance, Akiel et al. [28], Habeeb and Ashour
[24], El-Mogy et al. [26], and Santos et al. [37] revealed that the
moment redistribution of FRP-RC continuous beams depends on the
longitudinal reinforcement ratio. According to their studies, the beams
with higher sagging-to-hogging reinforcement ratios reported higher
moment redistribution. Furthermore, Rahman et al. [34] showed that
RC continuous beams with closer stirrups spacing recorded higher
moment redistribution. However, EI-Mogy et al. [25] reported that the
moment redistribution in FRP-RC beams is affected by the stirrups
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Fig. 1. Average compressive, flexural, and tensile strengths with different V; of BMF.

diameter, not stirrups spacing. Mahroug et al. [29] demonstrated that
the moment redistribution of BFRP-RC continuous slabs likely occurred
because of the variation of the flexural stiffness of the slabs, debonding
of BFRP bars from surrounding concrete, and concrete cracks. On the
other hand, only one study has examined the moment redistribution of
BFRP-RC continuous beams. In their study, Akiel et al. [28] showed that
RC beams with BFRP bars achieved higher moment redistribution than
those with a hybrid combination of BFRP and steel bars. Furthermore,
Akiel et al. [28] reported that increasing the hogging-to-sagging rein-
forcement ratio increased the flexural rigidity of the hogging section and
consequently decreased the moment redistribution.

On the other hand, FRP bars show a linear elastic behavior up to
failure and have lesser ductility than steel bars, which is a downside
when used as in RC beams. Addressing this concern, several researchers
have explored the possibility of using fiber-reinforced concrete (FRC)
with FRP-RC structures [2,38-42]. The addition of fibers to the concrete
mixture mainly increases the ultimate compressive strain of concrete,
thereby enhancing the rotational capacity of the FRP-reinforced mem-
bers. This unique characteristic of the FRC is of great significance when
FRP bars are used as internal reinforcement in continuous beams as it
enhances their moment redistribution. Yang et al. [38] reported that the
incorporation of synthetic and steel discrete fibers in concrete increased
the first cracking load and improved the ductility index of FRP-RC
beams. Wang and Belarbi [43] also revealed that the FRP-RC beams
with discrete polypropylene fibers achieved lower crack widths and
higher ductility index than those with no fibers. Attia etal. [2], Abed and
Alhafiz [44], and Lee et al. [45] have also reported similar results.
Furthermore, Visintin et al. [46] demonstrated that moment redistri-
bution of FRC continuous beams started even before their plastic limits.
Nevertheless, the addition of steel fibers to concrete mixes might dete-
riorate and adversely affect the performance of RC members because of
their high iron content and corrosiveness [2]. This study, therefore,
addressed the feasibility of replacing steel fibers with non-corrosive
basalt macro-fibers (BMF). In addition to their non-corrosiveness,
basalt fibers are characterized by their higher elastic modulus than
other synthetic fibers [47]. Abed and Alhafiz [44] observed that the
moment capacity of BFRP-BFRC beams increased by increasing the
volume fractions (Vp) of BMF. Thus far, studies on the effect of BMF on
the structural behavior and moment redistribution of continuous beams
with BFRP bars have not been reported. Therefore, this study was con-
ducted to fill the gap in the literature.

On the other hand, with the recent advances in computational
technology, the finite element method (FEM) has become an essential
and inexpensive tool to simulate the behavior of RC elements under
various geometric and loading conditions. Modeling the nonlinear

response of concrete is one of the most challenging aspects of FEM
simulations. Considering the elasticity, plasticity, and concrete damage
theories, different constitutive models for concrete have been adapted
by FEM software [48]. Numerous researchers have numerically simu-
lated the structural performance of FRP-RC elements [5,49-53]. For
instance, Cai et al. [5] created a finite element (FE) model to study the
performance of BFRP-RC simply supported beams using ATENA/GID
software. The authors [5] have employed the fracture-plastic model to
simulate concrete behavior, whereas reinforcing bars were modeled
using truss elements. Good agreement with the experimental results was
achieved in terms of failure modes and load-deflection responses.
Pawtowski and Szumigata [52] performed numerical studies on BFRP-
RC simply supported beams using ABAQUS software. In their study
[52], tension stiffening of concrete was simulated using Wang and Hsu
modified formula [54]. Thus far, numerical studies and simulations have
only focused on simply supported RC beams and slabs prepared with
conventional concrete. Nonetheless, marginal attention has been
focused on FRP-FRC continuous members.

In this study, the structural behavior and moment redistribution of
BFRP-BFRC continuous beams were experimentally and numerically
investigated. Three parameters were investigated, namely Vy of BMF,
BFRP reinforcement ratio, and stirrups spacing. Moreover, a two-
dimensional (2D) FE model using ABAQUS software was developed
and calibrated. The sensitivity of the FE model was provided. The
developed model was validated against the experimental results of the
tested beams. Additional research on a broader range of parameters
could be implemented by the FE models developed in this study as al-
ternatives to the laboratory tests.

2. Materials and methods
2.1. Material properties

2.1.1. Concrete mixes

Three ready-mix concrete patches made with three V; of BMF (O,
0.75, and 1.5%) with a target 28-day compressive strength of 35 MPa
were used in this study. BFRC slump was immediately determined after
casting as per ASTM C143/C143M-15a provisions [55]. Slump test re-
sults revealed that concrete slump was slightly affected by the addition
of the BMF. Plain concrete reported a slump of 180 mm, whilst BFRC at
Vrof 0.75% and 1.5% had a slump of 160 and 150 mm, respectively. This
reduction might have occurred because of the larger surface area of
BMF, which absorbed part of the cement paste and thus increased con-
crete’s viscosity [56]. These results are similar to those reported by
Ramesh and Eswari [57]. Compressive and flexural tensile strengths for
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Fig. 2. Failure of flexural strength test prisms: (a) plain prism and (b)
BFRC prism.

the three concrete patches were measured at 28 days in accordance with
ASTM C39/C39M-20 [58] and ASTM C1609/C1609M-12 provisions
[59], respectively. As shown in Fig. 1, the compressive strength was
slightly affected by adding BMF. BFRC specimens at V; of 0.75% and
1.50% recorded about 9% lower compressive strength than plain con-
crete specimens. This might be attributed to the larger surface area of
BMF, which alerted the macrostructure of concrete and increased
entrapped air in the matrix. On the other hand, test results showed that
BMF significantly improved BFRC flexural tensile strength. Fig. 1 shows
that BFRC specimens at Vyof 1.5% achieved 25% higher flexural tensile
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strength than plain specimens. Moreover, adding BMF to concrete has
changed the failure mode of the flexural prisms from a brittle failure
(Fig. 2(a)) to a more ductile one (Fig. 2(b)). That was due to the bridging
effect of BMF, which bridged the initiated cracks at BFRC surfaces and
redistributed the tensile stresses along the entire prisms’ lengths. Similar
results were also reported by Attiaa et al. [2], Jiang et al. [60], and
Branston et al. [61].

Concrete direct tensile strength was measured at 28 days using three
“I” shaped specimens with a layout and dimensions shown in Fig. 3(a).
The “I” specimens were reinforced with 8-mm steel bars at both squares
to ensure a neck failure. The specimens were also provided with two
holes at the square areas to be safely mounted on the Universal Testing
Machine (UTM) (Fig. 3(b)). It could be noticed from Fig. 1 that adding
BMF at Vs of 0.75% and 1.5% increased the direct tensile strength by
14% and 35% in comparison with plain concrete specimens, respec-
tively. The effect of the BMF could also be observed in the tensile
stress—strain curves in Fig. 4. Plain specimens had a sudden and abrupt
drop at failure, whilst BFRC specimens experienced a more progressive
failure and restrained 43% and 38% of the tensile strength at V; of BMF
of 0.75% and 1.5%, respectively, until BMF pullout or rupture. This is
attributed to the bridging effect of the BMF, which absorbed the tensile
stresses and prevented the propagation of internal cracks. Such im-
provements in BFRC specimens indicated that BMF increased concrete
ductility. Similar trends were also observed by Attia et al. [2] and
Alnahhal and Aljidda [62].
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Fig 3. Direct tensile strength test: (a) specimens’ dimensions, layout, and formwork and (b) test setup.
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Fig. 4. Stress—strain curves of direct tensile test specimens with different V¢ of BMF.
mm, specific gravity of 1.9 g/cm?, elastic modulus of 44 GPa, ultimate
tensile strength of 1100 MPa, and ultimate strain of 0.021. The BMF
8 mm BFRP 8

used have a rough and helical surface texture to improve interlocking
and bonding mechanism with the surrounding concrete.

2.2. Continuous RC beam details and test setup

Seven two-span continuous RC beam specimens were tested in order
to validate the developed finite element models. The geometry, rein-
forcement arrangement, and loading patterns of the tested beams are
(a) shown in Fig. 6. Three parameters were considered, namely V; of BMF

(0%, 0.75%, and 1.5%), sagging-to-hoggin reinforcement ratio (0.32,
Fig. 5. Reinforcement used in this study: (a) BFRP bars and (b) BMF. 0.67, 1.00, 1.33, and 1.50), and stirrups spacing (80 and 120 mm).
Table 2 presents a detailed testing matrix for the beam specimens. The
beams’ designation is summarized in Fig. 7. The beams were designed
according to the procedures stipulated in ACI 440.1R-15 guidelines
[30]. All tested beams were designed for flexural failure except beams

10 mm BFRP

Table 1
Properties of steel and BFRP reinforcement.

Reinforcement material $10-steel $10-BFRP $8-BFRP V1-R4-S1, V2-R4-S1, and V3-R4-S1 designed for shear failure to eval-
stirrup bar bar uate the moment redistribution in shear failure mode and to examine the
Modulus of elasticity (GPa) 195 44.7 42.7 effect of the BMF in resisting the shear forces.

Yielding tensile strength (MPa) 515 N.A N.A The details of the test setup and instrumentations of a typical

Yield strain (mm/mm) 0.00268 N.A N.A . . . A .
Ultimate tensile strength 553 1070 1096 continuous beam specimen are illustrated in Fig. 8. All tests were carried
(MPa) out using a constant displacement rate of 1 mm/min. The support re-
Ultimate strain (mm/mm) 0.248 0.023 0.027 actions were monitored using load cells placed under the support loca-
Note: N.A — Not applicable. tions. Linear variable differential transducers (LVDTs) were added at

both midspans to measure the mid-span deflections. Strain gauges were
bonded at concrete and reinforcement surfaces to measure concrete and
reinforcement strains. Furthermore, a 200-mm-long crack transducer
was placed at the hogging middle support to measure the crack widths.

2.1.2. BFRP and steel reinforcement

BFRP bars with diameters of 8 and 10 mm were used in this study as
the beams’ main reinforcement (Fig. 5(a)). The BFRP bars have a helical
wrapping surface with an indentation distance of 3 cm to improve the
interlocking and bonding mechanism with concrete. All beams were
made of 10-mm diameter steel stirrups. Table 1 lists the properties of
steel and BFRP reinforcement, as provided by the manufacturers.

3. The numerical simulation
3.1. Model description
2.1.3. Basalt macro-fibers Seven FE models representing the seven tested beams were devel-

BMF, shown in Fig. 2(b), had a length of 43 mm, diameter of 0.66 oped using ABAQUS 6.14 commercial software [63]. A number of re-
searchers have implemented ABAQUS software to simulate the
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Fig. 6. Geometry, main reinforcement details, and loading patterns of the tested beams (all dimensions are in mm).

Table 2

Testing matrix of the beams.
Beam Vyof Sagging Hogging Sagging reinforcement Hogging reinforcement  Sagging-to-hoggin Transverse reinforcement

BMF reinforcement reinforcement ratio (p/pyy) ratio (p/pyf) reinforcement ratio spacing (mm)

V1-R4-S1 0.00% 6 ¢ 10 4¢10 3.69 2.33 1.50 120
V2-R4-S1 0.75% 6 ¢ 10 4¢ 10 3.87 2.45 1.50 120
V3-R4-S1 1.50% 6¢ 10 4¢10 3.88 2.46 1.50 120
V1-R4-S2 0.00% 6 ¢ 10 4¢10 3.69 2.33 1.50 80
V2-R3-S1 0.75% 6 ¢ 10 6 ¢ 10 3.87 3.87 1.00 120
V2-R2-S1 0.75% 4¢ 10 6 ¢ 10 2.45 3.87 0.67 120
V2-R1-S1 0.75% 2¢8 4¢10 0.8 2.45 0.32 120

Note. p;; = balance reinforcement ratio as per ACI 440.1R-15 guidelines [29].

nonlinear behavior of steel and FRP-RC elements with a good matching
between the experimental and numerical results [64-67]. ABAQUS
software provides three constitutive models for concrete modeling,
namely concrete brittle cracking (CBC), concrete smeared cracking
(CSM), and concrete damaged plasticity (CDP) [63]. Both CBC and CSM

vl - Rl - Sl

A\ 4

Stirrups spacing (S1 =120
mm and S2 = 80 mm)

\ 4

Sagging-to-hoggin reinforcement ratio (R1 =
0.32,R2=0.67, R3 =1.00, and R4 = 1.50)

V of BMF (V1 = 0%, V2 = 0.75%, and V3 = 1.5%)

Fig. 7. Designation of the tested beams.

models are unfit for concrete, as the CBC model simulates only the
tensile behavior of concrete, and the CSC model causes stress allocation
at open cracks and is unstable at higher loadings [48]. The CDP, how-
ever, simulates the tension and compression failure modes of concrete,
can be subjected to monotonic, cyclic, and dynamic loadings, and

considers concrete’s permanent strains resulting from the loading and
unloading stages [63]. Several studies have successfully employed the
CDP model in FRP-RC elements and obtained comparable results to that
obtained experimentally [48,52,64,68-70]. In this study, the full-length
beam model was constructed to provide a uniform loading condition and
to consider unsymmetrical loading patterns for future studies. Moreover,
the FE models were constructed in 2D to reduce computational time.
Material nonlinearity was also adapted in the constructed FE model to
accurately simulate the beams’ behavior. BFRC element was modeled as
a 4-node 2D solid homogeneous element, while both steel and BFRP
reinforcements were modeled as a 2-node 1D truss element. None of the
tested beams had a bond failure. Therefore, all FE models were con-
structed with a perfect bond between concrete and the embedded BFRP
bars and steel stirrups. All simulated beams were loaded with a vertical
displacement of 1 mm/step to failure. The loads and displacements were
reported at each step. Further information related to the element types
employed in the current study can be found in ABAQUS 6.14 user’s
manual [63]. The following subsections discuss the element types, ge-
ometry, and modeling procedures of the constructed FE beam models in
detail.

3.2. Element types

3.2.1. BFRC

The build-in CDP model was used to model plain concrete and BFRC
elements as a 4-node 2D solid homogeneous element [63]. The prop-
erties of the CDP model used in this study are listed in Table 3.

BFRC compressive stress-strain response was modeled using Ayub
et al. [71] analytical model. As can be noticed in Fig. 9 and Table 4, the
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Fig. 8. Test setup and instrumentations of a typical beam specimen.
Table 3 model consists of two coupled equations: Eq. (1) that describes the

Properties of the CDP model.

Property Value
Poisson’s ratio v 0.18
Dilation angle ¢ 20.0
Eccentricity & 0.10
Obo/Oco 1.16
Concrete density p (kN/m%) 25.0

Note: 61,/0¢, = the ratio of initial biaxial compressive to the
initial uniaxial compressive yield stress

fror fly
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Fig. 9. Compressive stress—strain of BFRC (Ayub et al. [71]).
Table 4

Equation used in predicting the compressive stress—strain of the BFRC (Ayub et al.

stress—strain response up to f; = 0.96 x f, and Eq. (2) that measures the
impact of the BMF after the failure (i.e., f; > 0.96 x f;). Egs. (1) and (2)
are represented in Fig. 9 as the ascending and descending branches,
respectively.

Up to date, there is no globally accepted analytical formula to predict
the tensile stress—strain response of BFRC. For that reason, the experi-
mental BFRC tensile stress—strain response for Vy of 0%, 0.75%, and
1.5%, shown in Fig. 4, was used in the developed FE models.

3.2.2. Steel and BFRP elements

Both steel and BFRP elements were modeled as a 2-node 1D truss
element. The truss element simulates the elastic and plastic de-
formations of the reinforcing bars. As per ABAQUS user’s manual [63],
the truss element has one axial degree of freedom per node. The elastic
part of the steel reinforcement is defined by Poisson’s ratio and elastic
modulus, while the yielding stress and inelastic strain define the plastic
part. The mechanical properties of BFRP and steel reinforcements are
presented in Table 1. The BFRP element was defined as a linear
stress—strain relationship until failure, whilst steel element as a bilinear
stress-strain relationship.

3.3. Geometric modeling of the FE model

The geometric, loading patterns, element types, and boundary con-
ditions of the developed FE models were identical to the tested beams, as
shown in Fig. 10. The 2D geometric model was preferred over the 3D
model because the torsional effect was not considered in this study and
to reduce computational time. Rigid bodies with a capacity of 90 GPa
(shown in brown color in Fig. 10) were modeled under the applied load
locations and at both overhangs. These bodies were modeled to avoid
any stress concentration under the load locations and to neglect the

Model

fo= Ecf\np
nf—1+(—)

e (5

Eof

0 < ey < cfim (1)

Eof

Ef  Ecflim 1-01%
fof = fefiim ¥ exp (1 —n+ O.lsz) x {— - 7} € > Ecflim (2)

Eof Eof

fftim = 0.96 x £, (3)

n = constant related to curve toughness

/3 = constant related to curve shape

f; = concrete compressive strength, (MPa)
e = strain at the concrete stress of f.

& = strain at concrete stress of f,

Vf = Vy of BMF

[71D).
Relevant formula
STy 2.59 (For plai te) ®
p= G523 2 or plain concrete
1
p= (For BFRC) 5)
1 (Ee
Ei .
E;; = (10300 —400V¢)/3f,(MPa) (6)
. 7
Ey = I Q)

Eof
E; = initial modulus of elasticity, (MPa)
Es = final modulus of elasticity, (MPa)
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Rigid element Four-node plain stress for Two-node truss for Node Rigid element
BFRC element Reinforcement element

Fig. 10. Geometric, loading patterns, element types, and node locations of the developed FE model.

contribution of both overhangs in the beams’ stiffness. Furthermore,

30 seven nodes (shown in yellow color in Fig. 10) were created: three at
support reactions, two at both midspans, and two at the applied load
27.84 locations. These nodes were used to record the support reactions, mid-

28 &4/ . .
span deflections, and loads. The support reactions included two roller
26.13 supports at both ends and one pin support at the middle. The pin support

was restrained in both vertical and horizontal directions, while the roller
support was restrained only in the vertical direction.

Deflection (mm)
o
[=))

24 o 23:16 2363 2358
3.4. Solution and convergence criteria
22 . .
50 40 30 20 10 The convergence of the FE model was achieved by conducting a mesh
. size sensitivity study on five FE models for beam V1-R4-S2. The loading
Mesh size (mm) . e
was performed at a displacement rate of 1 mm/step until failure. The
Fig. 11. Effect of mesh size on the FE accuracy. mesh sizes considered ranged between 10 and 50 mm. The effect of mesh
size on the FE models in terms of the mid-span deflection at ultimate
load is presented in Fig. 11. After running these FE models, it was
Table 5 noticed that FE models with a mesh size smaller than 30 mm had
Mode of failure and mid-span deflection at failure of all tested beam. significantly higher computational time without significantly improving
Beam Failure mode Maximum mid-span deflection the models’ accuracy. Therefore, the FE model with a mesh size of 30
mm was considered in this study.
V1-R4-S1 shear 23.48
V2-R4-S1 concrete crushing 22.56 . X
V3-R4-S1 concrete crushing 20.34 4. Results and discussion
V1-R4-S2 concrete crushing 23.09
V2-R3-S1 concrete crush?ng 26.06 4.1. Experimental test results
V2-R2-S1 concrete crushing 28.59
V2-R1-S1 BFRP bar rupture 10.65

All beams were gradually loaded to failure under a five-point test
setup. The failure mode and mid-span deflection at failure are presented

450 450
400 400
350 350
~ 300 ~ 300
Z 250 %250 B
§ 200 § 200
150 —VI1-R4-S1 150 V2-RI-S1
100 V3-R4-S1 100 47 —V2-R2-S1
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30 50 1 V2-R4-S1
0 - T T T " 0 T T T "
0 1 2 3 4 0 1 2 3 4
Crack width (mm) Crack width (mm)
(a) (®)
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350
~ 300
é 250
% 200
=
150 —VI-R4-S1
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50 -
0 7 T T "
0 1 2 3
Crack width (mm)
(©

Fig. 12. Load versus crack width with different: (a) V of BMF, (b) sagging-to-hogging reinforcement ratio, and (c) stirrups spacing.
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Fig. 13. Effect of the measured concrete and reinforcing bar strains with: (a) Vy of BMF, (b) sagging-to-hogging reinforcement ratio, and (c) stirrups spacing.
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Fig. 14. Effect of the measured mid-span deflections with (a) Vy of BMF, (b) sagging-to-hogging reinforcement ratio, and (c) stirrups spacing.

in Table 5. The tested beams exhibited three failure modes: concrete
crushing, BFRP bar rupture, and shear failure. Detailed discussion on the
effect of BMF, reinforcement ratio, and stirrups spacing on the tested
beams’ crack widths, strains, deflections, load-carrying capacity, end-
reaction deviations, and moment redistribution are presented in the
following subsections.

4.1.1. Effect of BMF

Test results indicated that the addition of BMF controlled the prop-
agation and widening of cracks and improved the beams’ failure mode.
For instance, beam V1-R4-S1 exhibited a diagonal-shear crack at the

middle of the beam. As the loads increased, the diagonal crack widened
and propagated toward the compression zone of the beam, and thus the
beam failed in shear failure mode. Nevertheless, adding BMF in beams
V2-R4-S1 and V3-R4-S1 has restrained the widening and propagation of
the shear cracks and prevented the shear failure. Consequently, both
beams V2-R4-S1 and V3-R4-S1 failed by a flexural-compression failure
mode (i.e., concrete crushing). It could also be observed from Fig. 12(a)
that adding 1.5% Vyof BMF in beam V3-R4-S1 decreased the crack width
at service by 62.81%. In addition, the results showed that BMF had
enhanced the load-strain and load-deflection responses of the tested
beams (Figs. 13(a) and 14(a)). For example, beam V2-R4-S1 reported
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Fig. 15. Elastic versus actual bending moments at failure.

49% and 37% lower tensile strain and mid-span deflection at service
than beam V1-R4-S1, respectively. Beam V3-R4-S1 showed a similar
trend to that of V2-R4-S1. Furthermore, load-midspan deflection curves
in Fig. 14(a) show that the energy absorption capacity of BFRC beams
was improved by adding BMF. This improvement was due to the
bridging effect of the BMF, which absorbed part of the applied stresses
and bridged the initiated cracks. A similar trend was observed by Abed
and Alhafiz [44] and Alnahhal and Aljidda [62]. Regarding the effect of
BMF on the moment redistribution of the beams, Fig. 15 depicts that

beams V1-R4-S1, V2-R4-S1, and V3-R4-S1 achieved 16.5%, 16.7%, and
17.40% sagging moment redistribution and 27.6%, 27.7%, and 28.9%
hogging moment redistribution, indicating that the BMF increased the
rotational capacity and improved the moment redistribution of the
beams. Similarly, Abed and Alhafiz [44] reported that RC beams made
with basalt fibers had higher ductility than reference beams with no
fibers.
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Table 6
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Comparison between experimental and predicted ultimate loads and mid-span deflections.

Beam Ultimate load Ultimate mid-span deflection
Experimental(kN) Predicted (kN) Experimental/Predicted Experimental (mm) Predicted (mm) Experimental/Predicted

V1-R4-S1 337 333 1.012 23.48 23.23 1.011
V2-R4-S1 341 336 1.015 22.56 24.19 0.933
V3-R4-S1 345 329 1.049 20.34 19.29 1.054
V1-R4-S2 435 389 1.118 23.09 24.32 0.949
V2-R3-S1 425 405 1.049 26.06 25.68 1.015
V2-R2-S1 308 305 1.010 28.59 29.85 0.958
V2-R1-S1 177 177 1.000 10.65 10.30 1.034
Mean 1.036 0.993
SD 0.041 0.046
COV% 3.950 4.680

4.1.2. Effect of reinforcement ratio

By referring to Table 5, it could be seen that beam V2-R1-S1 failed
because of BFRP bar rupture without a sign of crack widening. This is
due to the low axial stiffness at the sagging section, which, in turn,
decreased its tensile strength capacity. However, increasing the sagging
reinforcement ratio in beam V2-R4-S1 increased the beam’s stiffness and
changed the failure mode from brittle failure to a flexural-compression
failure (i.e., concrete crushing). The presented results also revealed
that the tested beams’ crack widths and strains decreased as the sagging-
to-hogging reinforcement ratio increased (Figs. 12(b) and 13(b)). This
can be seen in beam V2-R4-S1 that had 68.16% and 20% lower crack
widths than beam V2-R2-S1 at service and failure loads, respectively. As
well, beam V2-R3-S1 exhibited about 58% lower tensile strain at service
than beams V2-R2-S1 and V2-R1-S1. Moreover, Fig. 14(b) shows that
increasing hogging and sagging reinforcement ratios enhanced the
tested beams’ stiffness. For instance, beam V2-R3-S1 exhibited a 28%
higher failure load than beam V2-R4-S1. At failure, beams V2-R3-S1, V2-
R4-S1, and V2-R2-S1 reported 54%, 39%, and 24% lower deflections
than beam V2-R1-S1, respectively. However, beam V2-R1-S1, which was
under-reinforced, reported the highest crack widths, strains, and mid-
span deflections at all loads compared to all tested beams. The
improvement in the crack widths, strains, stiffness by increasing rein-
forcement ratios can be linked to the increased axial stiffness of BFRP
bars, which increased beams’ flexural capacity and enhanced the ad-
hesive force between BFRP reinforcing bars and concrete. These findings
are consistent with the findings of Akiel et al. [28]. It could also be
recognized from the presented results that higher moment redistribution
was reported in beams having higher sagging reinforcement ratios
(Fig. 15). For instance, beam V2-R3-S1 had 43.11% higher sagging and
hogging moment redistribution at failure than beam V2-R2-S1, owing to
the increased sagging moment capacity, and thus allowed it to accept
more tensile stresses. Conversely, increasing the hogging reinforcement
ratio in beam V2-R3-S1 decreased the moment redistribution at failure
by 28.94% compared to beam V2-R4-S1. This reduction might be due to
the increased flexural rigidity of the hogging section, which allowed it to
sustain more tensile stresses and thus decreased the tensile stress
transfer toward the sagging section. On the other hand, beam V2-R1-S1,
which was under-reinforced in the sagging section, exhibited an inverse
moment redistribution (i.e., toward the hogging section). This might
have occurred because of the excessive flexural cracks that appeared at
the sagging section, consequently decreasing its stiffness. E1-Mogy et al.
[26] and Akiel et al. [28] also reported an inverse moment redistribution
in FRP-RC beams by increasing the hogging reinforcement.

4.1.3. Effect of stirrups spacing

Test results revealed that decreasing the stirrups spacing from 120 to
80 mm in beam V1-R4-S2 changed the failure mode from brittle-shear
failure to concrete crushing. Additionally, decreasing the stirrups
spacing in beam V1-R4-S2 decreased its crack width, tensile strain, and
mid-span deflection at failure by 19%, 40%, and 38%, respectively, in
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comparison with beam V1-R4-S1 (Figs. 12(c), 13(c), and 14(c)). This is
primarily attributed to the effect of the additional stirrups, which
absorbed more tensile stresses and increased concrete confinement. It
could also be observed from Fig. 15 that stirrups spacing had a minimal
effect on the beams’ moment redistribution. Beam V1-R4-S2 showed
only a 6% increase in the moment redistribution compared to its
counterpart with 120 mm stirrups spacing. The slight improvement in
the moment redistribution with closer stirrups spacing might be because
stirrups are mainly used to resist shear forces.

4.2. Validation of the FE models

The developed FE models were validated using the experimental
load-deflection responses and cracking patterns presented in Section
4.1. Fig. 16 showed the load versus mid-span deflection responses at all
loading stages for all FE models and their corresponding experimental
results. It could be seen that the predicted and experimental
load-deflection curves exhibited approximately a bilinear relationship.
Similar to the experimental load—deflection curves, the predicted curves
showed a quasi-linear relationship up to concrete cracking. After
cracking, the curves abruptly and nonlinearly increased with the applied
loads because of the stiffness deterioration. The FE models accurately
predicted the post cracking behavior and crushing loads of the beams. It
could also be observed that the predicted load—deflection curves before
failure were slightly stiffer than those obtained experimentally. This
might have occurred because the FE analysis assumes a full efficiency,
perfectly fit and bonded, and optimal compliance for concrete element,
whereas in reality, concrete might be encountered to shrinkage cracks,
voids, or extra water, which results in a local degradation in concrete.
Similarly, Attia et al. [47] and Metwally [72] reported that the predicted
load-deflection curves were stiffer than the experimental ones. A com-
parison between the predicted and experimental ultimate loads and
their corresponding mid-span deflections between FE and experimental
results is shown in Table 6. From the table, it is evident that the FE
models accurately predicted both ultimate loads and mid-span de-
flections with a mean, standard deviation (SD), and coefficient of vari-
ance (COV) experimental-to-predicted of 1.036, 0.041, and 3.95% for
ultimate loads and 0.993, 0.046, and 4.68% for mid-span deflections. In
addition, Fig. 17 compares the predicted and experimental crack pat-
terns at failure for the seven beam specimens. It could be seen that FE
models have correctly predicted the cracking patterns and damages of
the tested beams. Considering these results, the validated FE models can
be utilized to predict the response of BFRP-BFRC continuous beams
while examining a broader range of parameters as an alternative to
experimental tests. However, caution should be paid when utilizing this
FE model to other beams’ configurations or other types of FRP bars or
when different materials are used. Therefore, More experimental data
are required to provide more confidence in the developed FE to be used
as a powerful tool to study the behavior of BFRP-BFRC continuous
beams.
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5. Conclusions

The structural behavior and moment redistribution of seven BFRP-
BFRC continuous beams with different Vy of BMF, reinforcement ratio,
and stirrups spacing were experimentally and numerically examined. A
total of seven nonlinear 2D FE models were developed to predict the
structural behavior of the BFRP-BFRC tested continuous beams. The
beams’ load-deflection responses and crack patterns were predicted
using FE numerical simulations. The main observations and conclusions
of this study were drawn as follows:
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1- BMF have proved their efficiency in enhancing the flexural strength
of concrete. BFRC specimens at Vy of 0.75% and 1.5% reported 5%
and 26% higher flexural tensile strength and 14% and 35% higher
direct tensile strength than plain concrete specimens, respectively.
Furthermore, adding BMF to concrete has changed the failure mode
of the flexural prisms from brittle failure to a more ductile failure.
The addition of BMF to concrete has changed the tested beams’
failure mode from brittle-shear failure to a flexural-compression
failure mode (i.e., concrete crushing). Also, BMF have decreased
the tested beams’ crack widths and strains up to 62% and 49%,
respectively, compared to their counterparts with no added BMF.
The beams’ flexural strength and stiffness were improved by
increasing sagging and hogging reinforcement ratios. Increasing the
sagging BFRP reinforcement ratio increased the moment redistribu-
tion by 43.11%, while increasing the hogging reinforcement ratio
decreased the moment redistribution by 28.94%.

Decreasing the stirrups spacing has marginally affected the beams’
moment redistribution. Further studies are needed to confirm this.
Ayub’s analytical model provided a reasonable prediction of the
behavior of BFRC in compression.

The developed FE models accurately predicted the beams’
load-deflection responses, with a mean, standard deviation, and
coefficient of variance experimental-to-predicted of 1.036, 0.041,
and 3.95% for the ultimate loads and 0.993, 0.046, 4.68% for the
ultimate deflections, respectively. Moreover, the FE models accu-
rately predicted the beams’ cracking patterns and damage locations.

Finally, the current study has confirmed the efficiency of BMF in
enhancing the structural behavior of BFRP-BFRC continuous beams in
terms of cracking, failure loads, deflections, strains, and moment
redistribution. Further studies are still needed to confirm the durability
and long-term behavior of BFRP-BFRC elements.
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