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ABSTRACT

This paper presents an experimental study aimed at determining the bond-dependent coefficient (k,) and
investigating the flexural performance of concrete beams reinforced with ribbed basalt fiber-reinforced polymer
(BFRP) bars. The performance of the BFRP-RC concrete beams is compared against that of GFRP-RC ones. A total
of five concrete beams measured 200 mm wide x 300 mm deep x 3100 mm long were constructed and tested in
four-point bending over a clear span of 2700 mm. The main variables were reinforcement type (BFRP, GFRP, and
steel bars as reference) and reinforcement ratio. The test results showed that the average k, was 0.85 for the ribbed
BFRP bars. The ky value of ribbed BFRP bars was lower than 1.0 recommended by the Canadian Highway Bridge
Design Code, CHBDC (CSA S6-14).
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1. INTRODUCTION

Deterioration of reinforced concrete (RC) structures due to corrosion of steel reinforcement is a major concern. The
use of de-icing materials and the dominance of aggressive environment are the origin of the corrosion problem. This
fact provides an indication of the big financial burden associated with the replacement of the deteriorated structures
with the new materials, which has been estimated to be twice the original construction cost (Boyle and Karbhari,
1994). Therefore, finding new materials such as fiber-reinforced-polymer (FRP) that can fulfill the above
requirements is a must. Moreover, the advances in the FRP technology have spurred interest in introducing new
fibers, such as basalt, in addition to the commonly used glass, carbon, and aramid. The recent basalt FRP (BFRP)
has the potential to offer an efficient and cost-effective solutions when implemented in concrete structure.

Furthermore, the available design codes and guides such as ACI 440.1R (2015), CSA S6 (2014) and CSA S806
(2012) allow the use of glass, carbon, and aramid FRP bars as primary reinforcement. However, they are not
providing recommendations for the use of BFRP bars since fundamental studies and relevant applications are still
limited. Therefore, investigations are needed to characterize and understand the behavior of BFRP bars in concrete
members.

This study aims at determining the bond-dependent coefficient (ky) and investigating the flexural performance of
concrete beams reinforced with ribbed basalt FRP (BFRP) bars. To compare the behaviour against the commonly
used GFRP reinforcing bars, the investigation was extended to include two beams reinforced with sand-coated
GFRP bars. A steel-reinforced concrete beam was also included as reference.
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2. EXPERIMENTAL PROGRAM
2.1 Material Properties

Reinforcing Bars: Basalt and glass FRP bars of size #5 (16 mm) were used in this study. The BFRP and GFRP bars
were fabricated using pultrusion in a vinylesters resin with fiber contents of 80% and 82%, respectively. The BFRP
bars have a ribbed surface, while the GFRP bars have a sand-coated surface. The tensile properties of the FRP bars
were determined by testing five representative specimens of each type according to ASTM D7025 (2011).
Moreover, 10M deformed steel bars were used for the reference beam. Table 1 summarizes the mechanical
properties of the reinforcing bars. Figure 1 shows the surface configuration of the BFRP, GFRP and steel bars.

Table 1: Tensile properties and surface configurations of the reinforcing bars

RFT Type/Size dy (mm) As (mm?) E: (GPa) fru (MPa) &y (%) Surface configuration
BFRP/No. 5 16.0 199 64.8 1724 2.67 Ribbed
GFRP/No. 5 16.0 199 62.6 1286 2.05 Sand-coated

Steel/10M 11.3 100 200.0 f," = 450 g5"=02 Deformed

" {, and g, are the yield strength and strain of the steel bars, respectively.

Figure 1: Reinforcing bars

Concrete: The concrete beams were constructed using ready-mixed concrete of normal-weight with a target 28-days
compressive strength of 40 MPa. The maximum size of the coarse aggregates was 20 mm. The concrete compressive
strength of each batch was determined by testing three 150x300 mm cylinders while the tensile strength was
determined from split-cylinder testing. Table 2 provides the concrete compressive and tensile strengths.

2.2 Test Specimens

A total of five RC beams were constructed and tested up to failure. The tested beams measured 3100 mm long, 200
mm wide, and 300 mm deep, as shown in Figure 2. The beams had a 200 mm overhang length beyond the supports
on each side as anchorage length to avoid bond failure. The beam specimens were provided with 10M stirrups each
100 mm in the shear spans to avoid shear failure. Each specimen was reinforced longitudinally with 2 10M steel
bars as top reinforcement and different reinforcement ratios and types at the bottom. The clear concrete cover was
38 mm CSA S806 (2012). Table 2 presents the reinforcement details of each beam. Figure 2 also shows the typical
reinforcement details of the beam specimens, while Figure 3 shows the fabrication of the tested specimens.

Table 2: Test matrix, reinforcement details and mechanical properties of the tested beams

. , 0 plpb
Code fc (MPa) fi (MPa) Bot. RFT p (%) ACI 440-06 CSA S806-12 ExA (kN)
B-2#16 2#16mm 0.79 4.577 3.545 26068
B-3#16 3#16mm 1.19 6.865 5.238 39102
G-2#16 50.8+1.7 4.2403 2#16mm 0.79 2.685 2112 24915
G-3#16 3#16mm 1.19 4.028 3.168 37372
S-2#10M 44.7+2.0 4.3+0.3 2#10M 0.39 0.103 0.096 40000

* Reinforcement type (B: BFRP; G: GFRP; S: Steel) followed by the number of bars and bar size.
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Figure 2: Schematic drawing for concrete dimensions, reinforcement details, typical location of instrumentation and
test setup: (a) Elevation; (b) Cross- sections

2.3 Instrumentation and Test Setup

Electrical-resistance strain gauges were used to measure the tensile strains in the bottom reinforcing bars and the
compressive strains in the concrete beams at the desired locations. Four electrical strain gauges (6 mm) were glued
on the longitudinal reinforcing bars in the middle of the beam and under the loading points [S1 to S4]. In addition,
two electrical strain gauges (60 mm) were glued on the top surface of the concrete beams at mid-span to measure the
concrete compressive strains [C1 and C2]. The deflection along the beam’s span was monitored using four LVDTs,
labeled D1 to D4. Crack propagation was also monitored during testing until failure, and the crack widths of the first
three flexural cracks were monitored with three horizontal LVDTs [D5 to D7]. To facilitate crack monitoring, the
beams were painted white prior to testing. In addition, an automatic data-acquisition system connected to a computer
was used to monitor loading, deflections, and strains in the concrete and reinforcement. Figure 3 shows typical
location of instrumentations.

The specimens were tested in four-point bending over a simply-supported clear span of 2700 mm. The load was
applied using a 500 kN closed-loop MTS actuator with a stroke-controlled rate of 1.2 mm/min. The loading was
stopped when the first three flexural cracks appeared and the initial crack widths were measured manually using a
handheld 50X microscope. Thereafter, the LVDTs were installed to continuously monitor the crack widths with the
load increase. Figure 4 shows an overview of the test setup during a beam test.
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Figure 4: Overview of the test setup

3. TEST RESULTS AND DISCUSSION
3.1 Cracking Moment and Pattern

The crack propagation in the tested beams is shown in Figure 5. The first cracks always appeared in the constant-
moment region of the beams, starting from the beam bottom surface and extending vertically toward the
compression zone. As the load increased, the cracks extended further away from the constant-moment region
towards the supports. Cracks outside the constant-moment region were affected by a combination of flexural and
shear stresses, so the cracks tended to gain a horizontal component. As expected, increasing the reinforcement ratio,
while keeping the mechanical properties unchanged, helped enhance the cracking performance.

All beams behaved similarly until first cracking. Their cracking loads and pre-cracked stiffness were essentially the
same regardless of reinforcement ratio. Table 3 provides the cracking moments (M) of all tested beams. The
reported cracking moment, excluding the self-weight of the beams, ranged from 7.62 to 9.06 kN.m with an average
of 8.07 kN.m. The cracking moments were predicted using Eq. (1).

[1] Mer=(frxlg)ly:  ,where f; is the modulus of rupture of concrete

Table 3 compares the experimental and predicted values of the cracking moments, M. The cracking moment was
generally 38% and 36% lower than those predicted with ACI 440.1R (2015) and CSA S806 (2012), respectively.
CSA S806 (2012) yielded slightly better predictions of cracking moments than ACI 440.1R (2015) because of the
former’s smaller modulus of rupture. Similar observations were reported for the cracking moments of GFRP-RC
beams (EI-Nemr et al. 2013) where the predicted cracking moments were higher than the measured cracking
moments for normal- and high-strength concrete. It is worth mentioning that FRP-RC members may crack over time
as additional stresses developed from shrinkage, temperature effect (Bischoff 2001) and the freezing and melting of
water inside the concrete, causing hair cracks and therefore reducing the cracking load. The cracks resulting from
shrinkage, however, did not significantly affect crack-width prediction (Bischoff 2001).

Table 3: Cracking and ultimate moments and mode of failure

Beam Experimental (KN.m) ACI (2015) CSA (2012)
lildrl.'i’ Exm. ‘Mi’! Exp. lildrl.'i’ Exm. ‘Mi’! Exp. kb AVer.
Mer Mn M.O.F" — — — — kp
‘Mrl.'i’ Fre. ‘Mri’! Fre. ‘Mrl.'i’ Fre. ‘Mri’! Fre.
B-2#16 7.62 69.83 CcC 0.57 0.97 0.59 0.86 0.73 0.85
B-3#16 7.67 89.77 CcC 0.58 1.06 0.60 0.95 0.96 '
G-2#16 7.59 82.23 CcC 0.57 1.16 0.59 1.03 N/A
G-3#16 9.06 87.04 CcC 0.68 1.04 0.71 0.93
S-2#10M 8.40 2357 SY+CC 0.68 - 0.70 - -
Average 8.07 0.62 1.06 0.64 0.94 0.85
+S.D. +0.65 B B +0.06 +0.08 +0.06 +0.07  +0.24

* CC: Crushing of concrete; SY+CC: Steel yielding followed by concrete crushing.
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Figure 5: Crack pat{ern at failure of tested beams
3.2 Flexural Capacity and Mode of Failure

Table 3 presents the flexural capacity (M,) and mode of failure of the tested beams. The tested FRP-RC beams failed
by concrete crushing, as designed for over-reinforced section. While the steel-RC beam was failed due to steel
yielded followed by concrete crushing as designed for under-reinforced section. Moreover, Table 3 shows that the
increasing the reinforcement ratio (p) or axial flexure stiffness (ExA) by 50% led to an increase in the ultimate
capacity by 28.6% and 5.9% for the BFRP- and GFRP-RC beams, respectively.

On the other hand, B-2#10M failed at 23.57 kN.m, which is lower than the capacities of B-3#16mm and G-2#16mm
with similar axial stiffness. The average flexural capacity of the FRP-RC beams was 3.75 times greater than that of
the steel-RC beam with similar axial stiffness. This was attributed to the higher tensile strength and strain capacity
of the BFRP bars compared to the yield stress and strain of the steel bars.

The ultimate capacity of the test specimens was predicted using the strain compatibility approach in ACI 440.1R
(2015) and CSA S806 (2012) and compared to the measured values. Table 3 shows the experimental-to-predicted
ultimate capacity of the tested beams. Generally, both the ACI 440.1R (2015) and CSA S806 (2012) prediction
equations under- and over-estimated the flexure capacity of BFRP-RC beams. The average experimental-to-
predicted ultimate capacities were 1.06+0.08 and 0.94+0.07 for ACI 440.1R (2015) and CSA S806 (2012),
respectively. Moreover, the difference between ACI 440.1R (2015) and CSA S806 (2012) was related to the S
factor and the assumed strain at ultimate which is 0.003 for ACI 440.1R (2015) and 0.0035 for CSA S806 (2012).

3.3 Reinforcement and Concrete Strains

Figure 6 shows the measured mid-span tensile strains in the reinforcing bars as well as the mid-span concrete strains
versus the applied moment for the tested beams. The figure shows similar pre-cracking responses of BFRP-, GFRP-
and steel-RC beams, as well as significant post-cracking increases in the tensile and compression strains until
failure, as a result of reduced post-cracking stiffness of all beams. Moreover, the plotted data shows that before and
after cracking, beams reinforced with BFRP and GFRP bars exhibited tensile and compression strains vary linearly
with load up to failure while beam reinforced with steel bars exhibited bi-linear response with a yield plateau in the
final phase of loading after strain of 2500 ps. Figure 6 also shows that, at the same load level, beams with similar
axial stiffness (B-2#16 and G-2#16) (B-3#16, G-3#16 and S-2#10M) have approximately similar tensile and
compression strains regardless the reinforcement type or surface configuration. Increasing the reinforcement ratio
led to decreasing the strains in the reinforcing bars and in concrete and decreasing the sharp changes of tensile
strains at first crack. This is due to sudden reduction of inertia after cracking which is affected by the reinforcement
ratio. Steel-RC beams, however, did not experience this jump due to energy absorption of steel bars. In addition, the
measured strains in the FRP reinforcing bars are used to evaluate the bond-dependent coefficient (ky). Table 3 shows
the tensile and compressive strains of the reinforcing bars and concrete at service load (30% of the nominal capacity,
0.3M,, as reported by Mota et al. 2006, Bischoff et al. 2009, and EI-Nemr et al. 2013). ISIS (2007) recommended a
value of 2000 pe as a limit for the strain in FRP bars under service load. As shown in Table 3, the strains in the

STR-823-5



BFRP and GFRP bars at 0.30M, were high and ranged from 3907 to 5083 pe. EI-Nemr et al. (2013) reported high
stain values up to 5349 pe and Kassem et al. (2011) also reported strain values as high as 4119 pe in GFRP bars at
0.3M.
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Figure 6: Moment-strain relationships for concrete and reinforcement

3.4 Deflection Behaviour

Figure 7 shows the applied moment versus the average mid-span deflection for the tested beams. The figure
provides typical bi-linear moment-deflection relationships for the tested FRP-RC beams and tri-linear with a
yielding plateau for the tested steel-RC beams. The beams’ responses are nearly similar pre-cracking stiffness and
cracking loads, due to the negligible effect of the reinforcement ratio and modulus on the gross moment of inertia of
the beams. Unlike the pre-cracking stage, all tested beams exhibited lower post-cracking stiffness until failure. It is
clear that the reinforcement ratio shows significant influence on the beams’ post-cracking responses until the failure.
As expected, larger deformations were noted for lower reinforcement ratios and axial stiffness. In addition,
providing approximately the same axial stiffness (ExA) for beam B-3#16, G-3#16 and S-2#10M; resulted in similar
moment-deflection relationships up to yielding of steel bars. The moment-deflection relationships were not affected
by the type or surface configuration of the reinforced bars when the same axial stiffness was provided and no
slippage was occurred.

Moment (KN.m)

0 10 20 30 40 50 60 70 80
Deflection (mm)

Figure 7: Moment-average mid-span deflection relationships

3.5 Crack Width and Bond-Dependent Coefficient (kn) Prediction

The test results were used to assess the bond-dependent coefficient values (k) of ribbed BFRP bars. The k, was
calculated from Eq. (2) (CSA S806 2012). The calculations were based on the first three cracks in each beam. The ky
was calculated from each beam at 0.3M, (assumed service load) of the tested specimens and is presented in Table 3.
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The average kp value was 0.85 for ribbed BFRP bars which is lower than the recommended value of 1.0 provided by
CSA S6 (2014), which means the BFRP bars exhibited better bond and lower crack widths than the expected.

2 _ ff h 2
[2] wcr_zE—fEZkadcu(s/z)

where we is the maximum crack width (mm), E: is the modulus of elasticity of FRP bar (MPa), f;is the stress in
FRP reinforcement in tension (MPa), ky is the bond dependent coefficient, § is the ratio of distance from neutral axis
to extreme tension fiber to distance from neutral axis to center of tensile reinforcement, dcis the thickness of
concrete cover measured from extreme tension fiber to center of bar (mm), and s is the longitudinal FRP bar spacing
(mm).

It is worth mentioning that ACI 440.1R (2006) was using Eq. (1) for determining the crack width at service load.
The ACI 440.1R (2015) replaced this equation with an indirect measure to control the crack width through the
maximum spacing between the reinforcing bars (smax) as shown in Eq. (2). The rationale of this indirect approach is
described by Ospina and Bakis (2007). This approach, however, still includes the kb value. Both ACI 440.1R (2006)
and (2015) state that for the case where kb is not known from experimental data, a conservative value of 1.4 should
be used (excluding smooth bars and grids). In addition, ACI 440.1R (2015) cites the CSA S806 (2012) test method
as appropriate measure to determine the kb values experimentally using Eq. (1) as conducted herein.

E.w E.w
[3] s, =115 25C <092 =

f b f™b

Figure 8 introduces a comparison with the predicted crack widths for the BFRP bars using the available equations of
ACI 440 (2006) and CSA S6 (2014). Since ACI 440.1R (2006) and (2015) guides in absence of experimental data
proposes a conservative value of ky = 1.4 and CSA S6 (2014) proposes k, = 0.8 for sand-coated FRP bars, ky values
of 1.4, and 0.8 were used for ACI 440.1R (2006) and CSA S6 (2014), respectively. The comparisons in Figure 8
indicate that ACI 440 (2006) overestimates the crack widths for beams reinforced with BFRP bars. While CSA S6
(2014) yielded reasonable yet conservative crack width predictions.
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Figure 8: Measured and predicted crack widths for beams B-2#16 and B-3#16

4. CONCLUSIONS

Based on the test results and the discussions presented herein, the following conclusions were drawn:
Both the ACI 440.1R (2015) and CSA S806 (2012) provide reasonable predictions for the flexural capacity of FRP-

RC beams (BFRP and GFRP). The average experimental-to-predicted ultimate capacities were 1.06+0.08 and
0.94+0.07 for ACI 440.1R (2015) and CSA S806 (2012), respectively.
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Beams with similar axial stiffness, (B-2#16 and G-2#16) (B-3#16, G-3#16 and S-2#10M), have approximately
similar reinforcement strains and deflection responses, regardless the reinforcement type or surface configuration.

The average k, was 0.85 for ribbed BFRP bars which is lower than the current recommendations for deformed FRP
bars by the Canadian Highway Bridge Design Code, CHBDC CSA S6 (2014).
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