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ARTICLE INFO ABSTRACT

Keywords: This research investigates the flexural behavior and serviceability performance of basalt fiber-reinforced polymer
BFRP (BFRP) reinforced concrete (RC) beams cast with normal- and high-strength concretes (NSC and HSC). Carbon
Flexure . FRP (CFRP) and steel-reinforced concrete beams were also included for comparison purposes. Four-point bending
Crack width - tests were performed on a total of 14 slender beams with dimensions of 180 mm x 230 mm x 2200 mm. The
Bond-dependent coefficient L . . . .

Deflection main aim was to examine the improvement in the performance of BFRP RC beams using HSC and to assess

its compatibility with the recommendations and guidelines of the ACI440 Code. The test results were reported
and discussed in terms of flexural capacity, deflection, crack width, reinforcement and concrete strains, and
failure modes. The results revealed that the flexural capacities of BFRP beams were slightly underestimated by
ACI440.1R-15 while reasonable predictions were observed for the cracking moments in HSC and NSC. The use
of HSC as compared to NSC enhanced the cracking and ultimate moments of all BFRP RC beams by 10% and
16%, respectively. Furthermore, the average bond-coefficient (k;,) value for BFRP-RC beams was found to be
0.70 which is much lower than the conservative k; value suggested by the ACI440 guidelines for sand-coated

High strength concrete

FRP bars.

1. Introduction

The vulnerability of conventional steel bars in concrete structures
to corrosion makes fiber-reinforced polymer (FRP) bars a more attrac-
tive alternative. FRP bars in concrete have been used since the 1980s,
mostly in harsh environments. Their commonly used types include car-
bon fiber-reinforced polymer (CFRP), aramid fiber-reinforced polymer
(AFRP), and glass fiber-reinforced polymer (GFRP). In addition to their
non-corrosive characteristic, FRPs are environmentally friendly, non-
toxic, magnetic insulators with high strength to weight ratio, and of
low densities. These characteristics makes FRPs easy to handle and cost
effective [1-4]. Despite the aforementioned advantages, FRPs in gen-
eral exhibit linear-elastic behavior until failure, and possess no ductil-
ity as compared to conventional steel bars. Since these materials have a
low elastic modulus as compared to steel, they exhibit larger deflections
and wider crack widths; thus they are designed in terms of serviceabil-
ity limit states [5-8]. The ACI 440-1R-15 [9] recommends that FRP-RC
members should be designed to be over-reinforced, i.e., fail by concrete
crushing, to provide a degree of deformability before failure.

In recent years, a newly developed type of FRP, known as basalt
fiber-reinforced polymer (BFRP), has emerged and gained wide atten-
tion over the past few years due to its economic advantage over GFRP
and CFRP composites. Although current design codes ACI 440.1R-15
[9] and CSA S806-12 [10] provide recommendations on FRPs as main
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reinforcement, there are still no material specifications and design codes
for BFRPs specifically. Therefore, research is still required to investigate
the factors that affect the performance of BFRP-RC elements. The re-
search herein focuses on evaluating the flexural behavior of RC beams
reinforced with BFRP bars using normal and high strength concrete (NSC
and HSC).

Several studies showed that BFRP bars have acceptable mechani-
cal and durability characteristics. For example, El Refai et al. [11] and
Altalmas et al. [12] studied the effect of different environmental expo-
sures on the bond stress-slip response, adhesion to concrete, and bond
strength of BFRP bars. The results showed that the bond characteristics
were mainly governed by surface treatment and manufacturing quality
rather than the fiber type. All specimens failed by inter-laminar shear
between the FRP layers rather than shear stress between the bar and
concrete. A number of recent studies were also conducted to evaluate
the effect of BFRP reinforcing bars on the flexural and shear behav-
ior of concrete beams [13-17]. Tomlinson and Fam [13] tested nine
slender concrete beams with BFRP flexural reinforcement ratios rang-
ing from 0.28 to 1.60. The experimental results were well predicted by
ACI 440.1R-06 and CSA S806-12 equations, and indicated that the ul-
timate and service loads were directly related to the flexural reinforce-
ment ratio regardless of the failure mode. El Refai and Abed [14] inves-
tigated the shear behavior of ten BFRP-reinforced concrete beams with
no transverse reinforcement. The results confirmed that the shear behav-
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Fig. 1. Photos of types and sizes of bars used in this study.

Table 1
Mechanical properties of the rebars.

Sample designation ~ Cross sectional area A (mm?)

Ultimate tensile stress f, (MPa)

Ultimate strain &, (%) Modulus of elasticity E (GPa)

BFRP 8 57.4 1075.1 + 37
BFRP 10 58.4 1028.7 + 47
BFRP12 121.3 1118.6 + 31
BFRP16 211.9 1121.3 + 56
CFRP12 113 2068

Steel 10 78.5 460 (yield)
Steel 12 113 460 (yield)

2.1+0.1 429+14
24 +0.1 428+13
24 466 + 1.7
2.4 46+2.1
1.58 131

0.23 (yield) 200

0.23 (yield) 200

ior of the tested BFRP-reinforced beams was similar to GFRP-reinforced
beams. Ovitigala et al. [15] studied the serviceability and ultimate load
behavior of beams reinforced with different BFRP bar sizes of 10, 13,
16, and 25 mm. It was shown that increasing the reinforcement ratio up
to a certain limit had greater influence on reducing the beam deflection
than increasing the moment capacity. Also, the ultimate moment capac-
ity was found to be underestimated by the ACI code while the ultimate
and post cracking strains were in good agreement with the code’s pre-
dicted results. A study conducted by Elgabbas et al. [16] showed that
the increase in reinforcement ratio causes a non-linear increase in the
moment capacity of BFRP RC beams. The average bond-dependent coef-
ficient was estimated to be 0.76 for the sand-coated BFRP bars and the
cracking moment was overestimated by both ACI 440.1R-15 [9] and
CSA S806-12 [10].

The aim of this study is to investigate the flexural response and ser-
viceability of BFRP RC beams using high and normal strength concrete.
The use of HSC is expected to be very effective in enhancing the flex-
ure performance and cracking behavior of FRP-reinforced beams [18]. It
not only enhances the concrete response at the compression side but also
makes efficient use of the tensile strength of the FRP bars. The test pa-
rameters of the present experimental program mainly include the BFRP
reinforcement ratio, reinforcement type (BFRP versus CFRP and steel)
and concrete strength (HSC vs. NSC). The effect of each of these parame-
ters on the flexural capacity, deflection and cracking behavior as well as
reinforcement and concrete strains is studied. The experimental results
of the cracking and ultimate moments as well as the bond-dependent
coefficient (k;,) are employed to assess the design equations of the ACI
440.1R code [9].

2. Experimental program
2.1. Materials

2.1.1. Rebars

Two types of sand-coated FRP rebars were used in this study: BFRP
bars of 8, 10, 12- and 16-mm diameter, and CFRP bars of 12-mm di-
ameter. Steel bars of diameters 10- and 12-mm were also used. Fig. 1
shows the types and sizes of bars used in the study. The BFRP bars were
supplied from Galen, a manufacturing company located in Russia. The
CFRP bars were manufactured and supplied by Structural Technologies
LLC in the United States. Samples from these bars were tested to ob-
tain their mechanical properties, namely, the ultimate tensile strength,
tensile stain, and elastic modulus. Table 1 presents the mechanical prop-
erties of all bars.

2.1.2. Concrete

Two types of concrete mixes, which will be referred to as normal
strength concrete (NSC) and high strength concrete (HSC), were devel-
oped in this study. The concrete mix designs per cubic meter are shown
in Table 2. The target concrete compressive strengths were 35 MPa for
NSC and 65 MPa for HSC. However, on the testing day, the cube com-
pressive strengths for the normal- and high- strength mixes were found
to be 47.5 and 70.5 MPa, respectively.

2.2. Specimen configuration and test matrix

Beams were designed to have a cross section of 180 mm x 230 mm to
satisfy the ACI 440.1R-15 code recommendations in terms of clear cover,
bar spacing, minimum required depth (one tenth of the clear span), and
span-to-depth ratio (a/d > 3) to ensure the specimens are slender. Fig. 2
shows the reinforcement and cross-sectional details of the beam spec-
imens. The clear span of the beams was set to be 1900 mm with an
additional 150 mm extension on each side, adding to a total length of
2200 mm, to provide adequate development length for FRP bars. Steel
stirrups of 10 mm diameter were provided in the shear span at 100 mm
spacing. All FRP-RC beams were designed to be over-reinforced, i.e.,
have a reinforcement ratio that is greater than the balanced reinforce-
ment ratio to fail in flexure by concrete crushing.

A total of fourteen beams were prepared and tested in flexure. Seven
of these beams were cast using the HSC mix while the other seven were
cast using the NSC mix. The main aim was to study the flexural per-
formance of BFRP-reinforced beams using normal and high strength
concrete. The variables considered in the present test matrix included
the reinforcement ratio, reinforcement type, and concrete compressive
strength. The designation of the beams was selected to represent the size
and number of bars, bar type and concrete compressive strength. The
first number denotes the number of main reinforcement bars in each
beam. The letter T and the number next to it indicates the diameter of
reinforcing bars in millimeters. The letters B, C and S denote the types
of reinforcing bars which are BFRP, CFRP and steel, respectively. The
last letter symbolizes the concrete compressive strength of the beam. For
instance, beam 3T8B-N is reinforced with 3 BFRP bars that are 8 mm
in diameter and cast with normal concrete compressive strength (NSC).
The details of the 14 beams are shown in Table 3.

2.3. Test setup and instrumentation
A four-point loading test setup, shown in Fig. 3, was utilized in this

study to evaluate the flexural response of all beams. All tests were con-
ducted using the universal testing machine (UTM) with 2000 KN loading
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Fig. 2. Beam specimen; (a) reinforcement details and (b) cross-section.
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Fig. 3. Beam test setup;(a) beam under UTM machine, (b) illustration of setup and instrumentation.
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Table 2
Concrete mix designs.

Composites Part C: Open Access 4 (2021) 100107

ConcreteUnit Weight (Kg/m3)

Mix Cement Water 3/4” Cr Aggregate 3/8” Cr Aggregate 3/8 Cr Sand Dune Sand Additives Total Unit Weight
NSC 350 168 518 420 640 314 5 2415
HSC 430 153 459 420 643 284 47.5 2436.5
Table 3
Test matrix details.
Beam Bar Type Bar Size (mm) A (mm?) EA (MN) Pr p¢/ ey
3T8B-N BFRP 8 3T8=172 7.5 0.00448 1.90
2T10B-N  BFRP 10 2T10=171 7.85 0.00471 1.85
2T12B-N  BFRP 12 2T12=243 113 0.00682  2.90
3T16B-N  BFRP 16 3T16=636  30.15 0.0184 7.97
2T12C-N  CFRP 12 2T12=243  29.6 0.00682  3.73
2T10S-N Steel 10 2T10=157 314 0.00471 0.16
2T12S-N Steel 12 2T12=226  45.2 0.00682  0.23
3T8B-H BFRP 8 3T8=172 7.5 0.00448 1.45
2T10B-H  BFRP 10 2T10=171 7.85 0.00471 1.4
2T12B-H  BFRP 12 2T12=243 113 0.00682 2.2
3T16B-H  BFRP 16 3T16=636  30.15 0.0184 6.03
2T12C-H  CFRP 12 2T12=243  29.6 0.00682 2.84
2T10S-H Steel 10 2T10=157 314 0.00471 0.12
2T12S-H Steel 12 2T12=226  45.2 0.00682  0.18
Table 4
Experimental and predicted ultimate and cracking moments.
Experimental Exp./Pred. ACI [9] Failure
Beam M, KN.m) 6 (mm) M, (kN.m) M, M, Mode
3T8B-N 23.00 36 6.49 1.11 1.07 cC
2T10B-N 22.80 40 6.56 1.09 1.08 cC
2T12B-N 31.10 34 6.10 1.23 1.01 CC
3T16B-N 38.30 30 6.00 1.05 0.99 cC
2T12C-N 41.60 35 6.08 1.11 1.00 cC
2T10S-N 21.00 23 6.83 130 1.13 TC
2T12S-N 24.40 14 6.38 1.08 1.05 TC
3T8B-H 26.00 36.2 7.65 1.10 1.04 cC
2T10B-H 24.80 38 7.36 1.03 1.00 cC
2T12B-H 31.90 44 6.90 1.11 0.93 cc
3T16B-H 44.50 31 6.75 1.05 091 cC
2T12C-H 50.30 34 8.06 1.14  1.09 cC
2T10S-H 22.29 29.2 7.10 1.34 0.96 TC
2T12S-H 26.60 24.5 6.77 1.15 0.92 TC
Average - - - 1.14 1.01 -
Standard deviation - - - 0.09 0.06 -

CC: Concrete Crushing; TC: Tension Control (steel yielding).

capacity (Fig. 3a). The load was applied using hydraulic jacks directly
on the spreader beam which transfers the load equally into two load-
ing points on the beam over a constant moment span of 400 mm. Strain
gauges were mounted on the reinforcing bars prior to casting and on the
concrete beams prior to testing to record the strains throughout each
test. LVDT’s were fixed at the beam soffit to measure the vertical de-
flection. Crack transducers were also utilized to measure crack widths
during the tests.

3. Results and discussions
3.1. Cracking moment

The load at first crack was monitored visually during the test for
all beams and recorded for comparison with the code predictions. All
beams showed similar behavior until first cracking. The reinforcement
ratio had negligible effect on the first cracking load. Table 4 summarizes
the experimental and predicted cracking and ultimate moments for all
NSC and HSC beams along with their mid-span deflections and failure
modes.

The average cracking moment for all NSC beams was 6.34 kN.m
(ranged from 6.0 to 6.83 kN.m), which is close to the cracking moment
values predicted by the ACI code equation [9]. On the other hand, the
cracking moments for HSC beams ranged from 6.9 to 8.06 kN.m with an
average of 7.1 kN.m. Increasing the compressive strength from 47.5 to
70.5 MPa led to an increase in the cracking moment by approximately
10%. The predicted values for the cracking moments were found to be
quite similar to the experimental cracking moments for most of the HSC
beams. Different findings were reported by Elgabbas et al. [19] where
the cracking moment was 27% lower than those predicted by ACI [9] for
BFRP-RC beams. The lower cracking moments reported in [19] were at-
tributed to the additional stresses from shrinkage, temperature effect,
and freezing and thawing of water inside the concrete, which may have
resulted in lower cracking loads than predicted. In this study, however,
the cracking moment results seem to be compatible with ACI 440.1R-
15, as shown in Table 4. The average experimental to predicted cracking
moment for all beams was found to be 1.01+0.06. In general, the crack-
ing moment values were mostly in the range of 21 to 30% of the ultimate
moment capacity.
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Table 5

Experimental bond dependent coefficient (k).
Beam ID 0.30M,, w = 0.7mm Average
3T8B-N 0.48 0.43 0.46
2T10B-N 0.46 0.78 0.62
2T12B-N 0.42 0.49 0.46
3T16B-N 1.27 1.06 1.16
2T12C-N 0.80 1.05 0.93
3T8B-H 0.52 0.40 0.46
2T10B-H 0.62 0.38 0.50
2T12B-H 0.50 0.63 0.56
3T16B-H 0.62 0.78 0.70
2T12C-H 1.08 1.32 1.20
Average 0.68 0.73 0.70
Standard Deviation - - 0.28

3.2. Bond-dependent coefficient (k)

Since FRP bars have a low modulus of elasticity compared to steel,
the design of flexural members is often controlled by serviceability re-
quirements. The design for the crack width can either follow a direct or
indirect procedure: direct by determining the crack width explicitly, and
indirect by specifying the maximum bar spacing limits. Both methods re-
quire the determination of the bond coefficient, ki, to account for the
bond between the FRP bars and surrounding concrete, which affects the
crack width. An extensive analysis was conducted by the ACI commit-
tee on a variety of concrete cross-sections and FRP bar manufacturers,
resin formulations, fiber types, and surface treatments to evaluate the
ky, values. The ACI [9] committee suggests that a value of 1.4 should be
used when the ky, factor is unknown from experimental data, whereas,
the CAN/CSA S6 [10] recommends using a value of 0.8 for sand-coated
bars.

The service load level still does not have a fixed definition in design
codes. Several studies assume that the service load occurs at approxi-
mately 30% of the nominal flexural capacity. In this study, the k, val-
ues were obtained both at 0.30M,, and at a crack width of 0.70 mm as
shown in Table 5. The average k;, value for all sand-coated BFRP and
CFRP bars was found to be 0.70. The k;, factor results demonstrate that
the 1.4 value suggested by the ACI code may be too conservative on av-
erage for the sand-coated BFRP bars. The 0.70 average value, however,
seem to be closer to the 0.80 factor suggested by CAN/CSA S6 for the
sand-coated bars. Similar findings were reported in [19].

3.3. Crack width and propagation

All beams were found to exhibit traditional flexural cracking behav-
ior. Flexural cracks appeared in the constant moment region once the
concrete’s tensile strength was exceeded. The flexural cracks propagated
slowly from the constant moment region to the compression face of the
concrete where crushing occurred. The flexural cracks were affected by
a combination of flexural and shear stresses while propagating out of
the pure bending zone and thus tended to gain a horizontal component.
Fig. 4 illustrates the cracking behavior at the service and ultimate stages
for all beams. As observed, increasing the reinforcement ratios led to a
different crack behavior and distribution for both NSC and HSC beams.
In other words, increasing BFRP reinforcement increased the number
of cracks which therefore reduced the crack spacing (beams 2T10B vs.
2T12B and 3T16B) for both NSC and HSC.

Since FRPs are resistant to corrosion, the guidelines and codes per-
mit larger crack width for FRP-RC elements than for steel reinforced
concrete members. Considerations for FRP crack width control include
aesthetics, creep rupture, and shear effects. As per CAN/CSA S806 and
CAN/CSA S65 codes, crack widths for up to 0.5- and 0.7-mm are al-
lowed for exterior and interior exposure, respectively. The ACI 440.1R
recommends using CAN/CSA S806 in most of the cases. In addition,
since the crack width is directly affected by the strain in the FRP rein-

Composites Part C: Open Access 4 (2021) 100107

forcing bars, the ISIS Manual No. 3 specifies a strain limit of 0.002 to
control the crack width. Fig. 5 shows the moment versus crack width
for NSC and HSC beams with different reinforcement types. The crack
width increased gradually with the increase in moment; however, the
increasing trends were slightly different. Increasing the reinforcement
ratio provided stiffer moment vs. crack width trend as was the case for
the 2T12B and 3T16B beams when compared with the 2T10B beam for
both concrete compressive strengths.

The effect of the number of reinforcing bars on the propagation of
the cracks widths was also noticeable. For example, for the same rein-
forcement ratio, BFRP-RC beams reinforced with 3 bars (3T8B) showed
stiffer moment versus crack width relationships than the BFRP beam
reinforced with only two bars (2T10B), as illustrated in Fig. 5(a) and
5(b). This behavior was more apparent for HSC beams than NSC beams.
Similar results were reported in [16] and [19] regarding the increase of
number of bars in concrete beams. This agrees with the ACI440.1R-15
equation, since reducing spacing between bars should reduce the crack
width of the beams.

For beams with different types of reinforcing bars but with almost
the same axial stiffness (3T16B, 2T12C & 2T10S), the BFRP- and CFRP-
RC beams (3T16B & 2T12C) showed some similarities in their crack-
ing behavior at service loading for both concrete strengths, as shown in
Fig. 5(c) and 5(d). On the other hand, beams reinforced with conven-
tional steel bars (2T10S) started to deviate prior to yielding with larger
crack widths at smaller moments. When comparing the cracking width
response between the two different types of FRP bars for the same re-
inforcement ratio (2T12C vs. 2T12B), beams reinforced with CFRP bars
(2T12C) exhibited smaller crack width values at high moments com-
pared to the beams reinforced with BFRP bars (2T12B) due to the high
stiffness CFRP bars exhibit. This response is clearly illustrated in Fig. 5(c)
and 5(d) for NSC and HSC, respectively.

3.4. Flexural capacity and mode of failure

All FRP-RC beams were designed to fail by concrete crushing when
the concrete reaches its ultimate strain of 0.003. This is the common de-
sign approach for FRP beams according to ACI 440.1R-15 [9] and CAN/
CSA S806-12 [10]. The ultimate capacity of the beams along with the
failure mode is presented in Table 4 and Fig. 6. As designed, all FRP-RC
beams were observed to fail by concrete crushing whereas the conven-
tional steel-RC beams failed by steel yielding, i.e., tension-controlled
failure. The beams with the highest BFRP reinforcement ratio (3T16B)
had the highest flexural capacity, followed by beams 2T12B, 2T10B and
3T8B, respectively (see Table 4). Note that beams 3T8B and 2T10B have
similar stiffnesses (7.5 and 7.85 MN) and reinforcement ratios (0.00448
and 0.00471), which resulted in similar ultimate capacities of 23 and
22.8 MPa for the NSC mix, and 26 and 24.8 MPa for the HSC mix.

The effect of increasing the BFRP reinforcement ratio on the im-
provement in the load-bearing capacity of BFRP RC beams is shown
in Fig. 7. For NSC beams, increasing the reinforcement ratio by 44.7
and 290% (2T12B and 3T16B with respect to 2T10B) increased the
moment capacity by 36 and 68% (31.1 and 38.3 MPa with respect to
22.8 MPa), respectively. A slightly different trend was observed for HSC
beams where the corresponding moment capacities increased by 28.6
and 79.4% (31.9 and 44.5 MPa with respect to 24.8 MPa), respectively.
The nonproportional increasing trend of the flexural capacity agrees
well with the ACI 440.1R-15 [9] moment equation for compression-
controlled failure mode, as illustrated in Fig. 7.

It can also be noticed that the percentage improvement in the mo-
ment capacities of BFRP RC beams due to a nearly 50% increase in con-
crete compressive strength was 8.7% for the lower BFRP reinforcement
ratio (2T10B), but increased up to 16.2% at the higher BFRP reinforce-
ment ratio (3T16B). This is attributed to the fact that delaying the con-
crete failure at the compressive zone allows the FRP bars to strain more
and consequently attain higher resistance/strength, thus positively con-
tributing to the overall flexural capacity of the beam based on their axial
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Fig. 4. Crack pattern at (a) service load stage, (b) ultimate load stage.

stiffnesses. For the case of CFRP RC beams (2T12C), an improvement of
up to 21% in the flexural capacity was recorded due to the 50% increase
in f..

A comparison of the flexural capacity of BFRP beams with other types
of reinforcement (CFRP and steel) was also evaluated. For the same axial
stiffness (EA ~ 30 MN) but different reinforcement ratios (3T16B vs.
2T12C and 2T108S), the CFRP RC beam showed a comparable flexural
capacity to the BFRP RC beam with a variation of less than 8% for the
case of NSC beams but up to 12% for the case of HSC beams, as listed
in Table 4. However, both types of FRP reinforcements recorded much
higher moment capacities than steel-reinforced beams with an increase

up to 98% and 130% for NSC and HSC, respectively. On the other hand,
for FRP and steel beams of similar reinforcement ratios (2T12B, 2T12C,
and 2T12S), CFRP RC beams showed much higher moment capacity
than BFRP RC beams, which is evidently attributed to the higher elastic
modulus (i.e., axial stiffness) of CFRP as compared to BFRP bars, as listed
in Table 1. Furthermore, the flexural capacity of the 2T12B and 2T12C
beams were higher than that of the 2T12S by 27 and 71% for NSC and
20 and 89% for HSC, respectively.

The ratios of the experimental to predicted flexural capacity of all
beams can be shown in Table 4. The predicted moment capacity was
calculated as per the moment equations specified by AC1 440 for FRP-
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Fig. 5. Moment vs. Crack Width (a) different BFRP re-
inforcement ratios with NSC, (b) different BFRP rein-
forcement ratios with HSC, (c) different reinforcement
types with NSC, and (d) different reinforcement types
with HSC.

Failure modes of all beams: (a) NSC and (b) HSC.
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RC beams and ACI-318 for steel-RC beams. In general, the ultimate ca-
pacities of the beams were slightly underestimated by the ACI code.
Similar observations were reported in [15]. The average experimental
to predicted ultimate capacity of the beams was found to be 1.14+0.09.

3.5. Deflection behavior

The moment versus mid-span deflection response of all beams can be
shown in Figs. 8 and 9. The effect of using different BFRP reinforcement
ratios on the moment versus mid-span deflection curves is illustrated
in Fig. 8a and 8b for the NSC and HSC beams, respectively. At early
stages and prior to cracking, the BFRP reinforcement ratio had negligible
effect on the first cracking moment (see Table 4) as all beams showed
similar deflection behavior, indicating similar stiffnesses at this stage.

®)

After cracking, however, the reinforcement ratio had a significant effect
on the deflection behavior, as seen in the decrease in the slopes due to
the reduced stiffness. From Fig. 8a and b, BFRP RC beams of the same
axial stiffness (2T10B and 3T8B) experienced almost the same flexural
response for both concrete mixes. However, the beams reinforced with 3
bars showed slightly lower deflection than that of the beams reinforced
with 2 bars (3T8B vs. 2T10B) for both NSC and HSC. Similar results
were reported by Abed and Alhafiz [20] on the effect of the number of
bars on mid-span deflection. Increasing the reinforcement ratio led to a
higher post-cracking stiffness in the beams, which therefore resulted in
better deflection behavior and lower deflection values (for more details
see Fig. 8 and Table 4). Beams with the highest BFRP reinforcement ratio
and stiffness (3T16B) experienced the lowest deflection at the ultimate
moment compared to other BFRP RC beams. The deflection values for
the 3T16B beam were 30 and 31 mm for the NSC and HSC, respectively.
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Fig. 9, on the other hand, shows the deflection behavior for the NSC
and HSC beams reinforced with different reinforcement types (BFRP,
CFRP & steel). The FRP beams of the same axial stiffnesses (3T16B &
2T12C) did not show significant differences in their deflection behav-
ior. The 2T12C beam showed slightly better load-deflection performance
than the 3T16B beam for both types of concrete mixes. As for the steel
reinforced beam with the same EA (2T10S), the load-deflection behavior
was fairly close to the FRP beams up to the steel yielding point.

For the case of concrete beams having the same reinforcement ratios
(2T12B, 2T12C & 2T128S), 2T12C beam showed lower deflection values,
followed by 2T12B beams and 2T12S beams, for the same load level. In
addition, increasing the concrete strength of the beams led to a slight
enhancement in the flexural capacity and deflection for all beams.

3.6. Reinforcement and concrete strain

Figs. 10 and 11 show the strain values of longitudinal reinforcement
at the tension side and of concrete at the compression side, captured
using strain gauges installed at the mid-span of the reinforcement and
concrete sections. All beams showed similar pre-cracking response, fol-
lowed by a significant post-cracking increase in FRP tensile strains un-
til failure. This is due to the reduced post-cracking stiffness associated
with the FRP bars. The concrete and reinforcement strains at ultimate
loads for all beams are summarized in Table 6. As the reinforcement
ratio increases, the reinforcement strain decreases. The beams with the

highest p (3T16B) showed the lowest reinforcement strains of 0.0105
and 0.013 for beams cast with NSC and HSC, respectively. Similar re-
sults were reported in [16,20,21]. The two BFRP beams with similar EA
(3T8B & 2T10B) showed some similarities in strain values, as shown in
Fig. 10. However, the ultimate strain of the beams reinforced with two
bars (2T10B) was higher than that of the beam reinforced with 3 bars
(3T8B) for both normal- and high-strength concrete.

In general, BFRP-reinforced beams cast with HSC mixes exhibited
higher compression strains at the top fibers as compared to their NSC
counterparts. This, in turn, helped engage the BFRP bars, thus enhanc-
ing the flexural capacity of the HSC beams. However, the percentage
improvement in the moment capacity is still not proportional to the
percentage increase in concrete compressive strength.

Fig. 11 shows comparisons of the strain responses for beams with
different types of longitudinal reinforcement (BFRP vs. CFRP & steel).
For the beams with the same p (2T12B, 2T12C & 2T12S), steel showed
the highest reinforcement strain compared to basalt and carbon at the
maximum loads. Increasing the compressive strength from 47.5 MPa to
70.5 MPa for beams of the same type slightly decreased the strain after
cracking at the same load level. A linear relationship between moment
and strain was noticed in the FRP bars for NSC and HSC beams, with
a steeper slope for CFRP bars due to their high(er) elastic modulus. At
higher moments, CFRP bars exhibited lower strain values compared to
BFRP bars. A similar comparison of the strain response was made be-
tween concrete beams of the same EA (3T16B, 2T12C, & 2T10S) where
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Reinforcement and concrete strains at ultimate moments.

Concrete Strain

Longitudinal Reinforcement Strain

Beam Moment (kN.m)

3T8B-N 23.00 0.0026
2T10B-N  22.80 0.0028
2T12B-N  31.10 0.0025
3T16B-N  38.30 0.0033
2T12C-N  41.60 0.0028
2T10S-N 21.00 0.0021
2T12S-N 24.40 0.0019
3T8B-H 26.00 0.0032
2T10B-H  24.80 0.0038
2T12B-H  31.90 0.0034
3T16B-H  44.50 0.0028
2T12C-H  50.30 0.0034
2T10S-H 22.29 0.0030
2T12S-H 26.60 0.0034

0.014
0.016
0.015
0.0105
0.013
0.029
0.032
0.016
0.019
0.015
0.013
0.012
0.035
0.027

both FRP bars showed comparable strain responses but with strain val-
ues much lower than that of steel bars, as shown in Fig. 11. At the ulti-
mate moments, the reinforcement strains of 2T12C, 2T12B, and 2T12S
beams were 0.013, 0.015, and 0.032 for NSC, and 0.012, 0.015, and
0.028 for HSC, as listed in Table 6.

4. Summary and conclusion

This research investigated the flexural behavior and serviceability
performance of BFRP-RC beams using two concrete mixes of 47 MPa
(NSC) and 70 MPa (HSC) cube compressive strengths and compared
them to CFRP-and steel-RC beams. The experimental program involved
testing a total of 14 beams: seven beams cast with NSC and seven others
cast with HSC. The flexural tests were conducted using a four-point load-
ing test. The beams were 180 mm X 230 mm X 2200 mm in dimension
and had a clear span of 1900 mm. All FRP bars were sand coated, with
bar sizes of 8, 10, 12, and 16 mm for BFRP, and 12 mm for CFRP. The
sizes of the steel bars were 10 and 12 mm. The following conclusions
can be drawn within the scope of this investigation:

+ The use of HSC mixes enhanced the cracking moment of all BFRP
RC beams by around 10% when compared to NSC beams. The ACI
equation was found to be satisfactory in predicting the modulus of
rupture for NSC and HSC beams. The BFRP reinforcement ratio had
negligible effect on the cracking moment.

The average bond-dependent coefficient k;, for BFRP-RC beams was
found to be around 0.70 which indicates a good bond between the
sand-coated FRP bars and surrounding concrete. The results suggest
that the value of 1.4 recommended by the ACI 440 may be very
conservative.

The flexural capacity was significantly affected by the BFRP rein-
forcement ratio (p) and reinforcement type. The increasing trend of
the flexural capacity for BFRP-RC beams with increasing p agrees
well with the ACI 440.1R-15 moment equation for the compression-
controlled failure mode. The average experimental to predicted mo-
ment capacity for all beams was reported as 1.14+0.09. Further-
more, HSC beams showed up to 16% increase in the ultimate mo-
ments as compared to NSC beams.

The reinforcement ratio had a negligible effect on the deflection and
strain values of all beams at initial stages prior to cracking. A typical
bilinear curve for deflection and strain was observed for the BFRP-RC
beams until failure. However, after cracking, beams with the highest
reinforcement ratio showed the lowest deflection and strain values
due to the increased stiffness. Also, for beams of the same stiffness,
increasing the number of bars led to lower values of deflection and
strain.

The deflection behavior was affected by the type of reinforcement.
For beams with the same axial stiffness (EA), the deflection behavior
of both BFRP- and CFRP-RC beams were almost similar as compared

.

10

to steel-reinforced beams. For beams with the same p, the CFRP beam
(highest EA) showed better deflection behavior followed by BFRP
then steel.

Increasing the reinforcement ratio and stiffness increased the
amount of absorbed energy which enhanced the cracking behavior
for the BFRP-RC beams. The 3T8B and 3T16B beams showed bet-
ter cracking performance than 2T10B and 2T12B beams, mainly for
having 3 bars. In general, FRP-RC beams showed smaller crack width
with high moment values as compared to steel-RC beams. Beams
with same stiffness are expected to have similar behavior.

The reinforcement strain decreased with the increase in reinforce-
ment ratio for the BFRP-RC beams. However, the CFRP-RC beam
showed slightly different load vs. strain relationship as compared to
BFRP-RC beam with the same EA.
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