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Abstract: Preventing rebar corrosion in reinforced concrete (RC) structures has been actively re-
searched worldwide. One of the most powerful solutions is the use of fiber-reinforced polymer
(FRP) rebars. However, there are limitations in the mechanical design and construction of FRP rebars
because their tensile characteristics are extremely different from those of conventional rebars and
they have a different modulus of elasticity. FRP rebars are relatively cost-efficient when fabricated
with glass fibers, but they are still costly compared to conventional rebars. Therefore, hybrid rebars
fabricated by covering conventional rebars with glass FRP (GFRP) materials were developed in this
study. GFRP hybrid rebars have increased durability in marine environments while maintaining the
same mechanical properties as conventional rebars. As the difference in rebar diameter of the bonded
area decreased, the tensile strength of the concrete increased. As a result, pull-out failure or tensile
failure caused by the yielding of the rebars occurred in small-diameter rebars. The experimental
results showed that the maximum load for the D13 deformed steel bar was 52.2 kN at a bond length
of 50 mm and 76.1 kN at 100 mm, while for the D19 deformed steel bar, it was 65.3 kN at 50 mm and
103.7 kN at 100 mm. The bond properties of hybrid GFRB rebars were found to be lower than those of
deformed steel bars. These properties were improved greatly by increasing the thickness of the GFRP
materials on the surface of the deformed steel bars, highlighting a path toward high-performance,

corrosion-resistant concrete.

Keywords: reinforced concrete; corrosion resistance; glass-fiber-reinforced polymer; hybrid GFRP
rebar; concrete polymer bonding

1. Introduction

Reinforced concrete (RC) has long been recognized as a construction material with
excellent constructability, economic efficiency, fire resistance, and durability, but it naturally
ages over time [1,2]. In addition, the performance and usability of the material slowly
deteriorate due to changes in the surrounding environment [1-4].

The service life of RC is generally determined by the degradation of the mechanical
function due to concrete damage and the corrosion of rebars [5,6]. While RC is particularly
well suited for marine and harbor structures, the rebar in RC structures can be corroded due
to the infiltration of the chlorides contained in seawater. Therefore, instead of conventional
rebars, epoxy-coated steel bars have been used in RC structures exposed to such corrosive
environments [7]. In addition, technologies to prevent the corrosion of rebars using fiber-
reinforced polymer (FRP) composites have been developed and applied. Epoxy-coated
steel bars allow easy structural design and construction because their mechanical behavior
is the same as that of conventional rebar, but they are also susceptible to corrosion in bent
sections of the bars [8,9]. The corrosion that occurs in these vulnerable sections reduces
the durability and mechanical functions of RC structures [10]. FRP rebars, on the other
hand, have excellent durability because they are free from corrosion [11,12]. However,

Appl. Sci. 2024, 14, 4576. https:/ /doi.org/10.3390/app14114576

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14114576
https://doi.org/10.3390/app14114576
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1692-0878
https://orcid.org/0000-0003-4193-2085
https://orcid.org/0000-0002-9135-9152
https://doi.org/10.3390/app14114576
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14114576?type=check_update&version=2

Appl. Sci. 2024, 14, 4576

20f11

there are limitations in the mechanical design and construction of FRP rebars because their
tensile characteristics and elastic modulus are very different from those of conventional
rebars. FRP rebars are relatively economical when fabricated with glass fibers, but they
are still expensive compared to conventional rebars [13,14]. The bond characteristic of
GFRP bars in concrete is the most critical parameter for using the material in corrosion-free
concrete structures. Unlike steel reinforcement, GFRP materials have anisotropic, non-
homogeneous, and linear elastic properties, resulting in different force transfer mechanisms
between reinforcement and concrete [15].

In this study, hybrid rebars fabricated by covering conventional rebar with FRP ma-
terials are considered. FRP rebar can have increased durability under chloride-induced
corrosion conditions, such as marine exposure, while maintaining the same mechanical
properties as conventional rebars. Due to concerns about the degradation of the bond-
ing properties with concrete materials, as in the case of epoxy-coated steel rebars, an
experimental study on the bond properties of glass FRP (GFRP) hybrid rebars is reported.

2. Experimental Materials and Methods
2.1. Materials Used
2.1.1. GFRP Hybrid Rebars

GFRP hybrid rebars were fabricated using the pultrusion method, a method generally
used for automatic mass production, as shown in Figure 1. The basic structure of a GFRP
hybrid rebar is shown in Figure 2. A deformed steel bar is located in the center, and the
outer surface is covered with GFRP material through braiding. This new type of rebar can
significantly improve the modulus of elasticity for tensile and shear stresses compared to
previous FRP rebars [1,2,9]. In addition, the external GFRP reinforcement can prevent the
corrosion of the rebar in the center [1,2,9].

Figure 1. Fabrication of a GFRP hybrid rebar prototype using the pultrusion method.

Fiber rib

Deformed steel
bar

[Core section]

GFRP

Figure 2. Structure of a GFRP hybrid rebar [9].

GFRP materials use E-glass fiber (SE1200-2200TEX; Owens Corning, Toledo, OH,
USA), vinyl ester (VE), and unsaturated polyester (PE) as resins. VE and unsaturated PE
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are known to be effective porosity-forming resins. Table 1 shows the properties of the

materials used.

Table 1. Material properties.

Material Tensile Strength (MPa) Elastic Modulus (GPa)
Deformed steel rebar 400 200
E-glass fiber 2410 79
Vinyl ester resin 9 3.7
Unsaturated polyester resin 62 3.1
GFRP rebar 1307.6 61.3

2.1.2. Materials Used and Mix Proportions

Ordinary type 1 Portland cement (OPC) was used in this study. The physical and
chemical properties of the OPC used are shown in Tables 2 and 3 [16]. The physical
properties of the coarse and fine aggregates used are shown in Table 4 [17] and Table 5 [18].

The maximum dimension of coarse aggregate was 25 mm.

Table 2. Physical properties of OPC [16].

Specific Fineness e o Setting Time (min.) Compressive Strength (MPa)
. 2 Stability (%)
Gravity (cm*/g) Initial Set Final Set 3 Days 7 Days 28 Days
3.15 3400 0.1 230 410 23 31 40
Table 3. Chemical compositions of OPC [17].
SiO, Fe, O3 CaO MgO SO; Al,Os3 Ig-loss
21.95 2.81 60.12 3.32 2.11 6.59 2.58

Table 4. Physical properties of fine aggregate [17].

Specific Gravity Water Absorption (%)

Fineness Modulus

2.52 1.45

2.62

Table 5. Physical properties of coarse aggregate [18].

Dmax (mm) Specific Gravity Water Azl;s)orphon Fineness Modulus
25 2.76 0.45 6.72

To analyze the bond properties of GFRP hybrid rebars, concrete that exhibited 27 MPa
at 28 days of age was used in this study. Table 6 shows the mix proportions.

Table 6. Mix proportions.

Mass per Unit Volume (kg/m?3)

Dmax WIC S/a (%)
(mm) w C FA. C.A.
25 0.42 465 171 406 817 942

2.2. Experimental Variables

Seven different rebar structures, including three conventional, one epoxy-coated steel,
and three GFRP hybrid rebars, were tested to investigate the bond properties of GFRP
hybrid rebars. Analysis of bond performance properties was performed using 50- and
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100-mm bond lengths. For the GFRP hybrid rebar, two conventional rebars with diameters
of 10 mm and 13 mm were used, and the final diameter of the 10 mm GFRP hybrid
was 16 mm. For the 13 mm diameter, the final diameters were 15 mm and 16 mm. The
experimental variables for analyzing the bond properties of the GFRP hybrid rebars are
shown in Table 7.

Table 7. Experimental variables for the bond properties of FRP hybrid rebars.

Prototype Prototype Name Bond Lenth (mm)  Quantity (ea)
50 3
Deformed steel bar, D13 100 3
. 50 3
Conventional rebars Deformed steel bar, D16 100 3
50 3
Deformed steel bar, D19 100 3
Epoxy-coated steel rebar Epoxy-coated steel bar, D13 15 (?0 g
Deformed 50 3
D10/GFRP/D16/Braid 100 3
. Deformed 50 3
GFRP hybrid rebar D13/GFRP/D15/Braid 100 3
Deformed 50 3
D13/GFRP/D16/Braid 100 3

'S
N

Total

2.3. Experimental Methods and Contents

Using the seven rebar structures, forms of size 150 x 150 x 150 (mm?3) were fabricated
in accordance with KS F 2441 [19] to compare and analyze the bond properties of the speci-
mens of each variable, as shown in Figure 3. Lengths of 50 and 100 mm were considered as
the bond lengths of the rebars. As for the unbonded sections excluding the 50- and 100-mm
bond lengths, rubber hoses were inserted into the rebars, as shown in Figure 4. Loading
was performed at a rate of 23 kN/min as suggested by KS F 2441 [19], and 3 linear variable
differential transformers were installed to measure the displacement (slip) and strain by
load step. The GFRP hybrid rebar specimens are shown in Figure 5.

Figure 3. Fabrication of GFRP hybrid rebar specimens for assessing bond properties. (a) Form
fabrication; (b) Fabrication of specimens for assessing bond properties; (c) Concrete pouring.

In the case of the KS F 2441 experimental method [19], the load line must be accurately
aligned with the rebar during experimental preparation for the pull-out of the rebar. The
surface that is in contact with concrete must also be accurately placed perpendicular to
the load line in the device to fix the concrete structure so that the applied pull-out force
can induce uniform stress on the contact surface. Owing to errors in specimen fabrication
and experimental setup, however, it is highly likely that eccentricity will be applied to the
pull-out force acting on the concrete. In this case, errors that interfere with the experimental
purpose of investigating bond properties may occur.
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(@)

Figure 4. Fabrication of specimens for unbonded sections [2]. (a) Hose insertion for an unbonded

section; (b) Specimen fabrication.

. _1

—

(b)
Figure 5. GFRP hybrid rebar specimens and experiment setup [2]. (a) GFRP hybrid rebar specimens;

(b) Experiment setup.

The preparation of the experimental setup and the fabrication of specimens were
performed through careful planning to verify the bond properties of the GFRP hybrid
rebars by minimizing these errors. During the preparation of each specimen, a camping
material (rubber plate) was used between the experimental setup and the specimen to
transfer uniform load and remove eccentricity. The specimens for bond properties and the
jig used are depicted in Figure 5.

3. Results and Discussion
3.1. Experimental Results of Deformed Steel Bars

The experimental results of the D13 deformed steel bar test showed that the maximum
load was 52.2 kN when the bond length was 50 mm and 76.1 kN when it was 100 mm. In
addition, the average bond strength was found to be approximately 25.4 MPa when the
bond length was 50 mm. When the 50 mm bond length was tested, all three specimens
exhibited pull-out failure due to cracking in the rebar and bonded surface. In contrast, the
two specimens with a bond length of 100 mm exhibited tensile failure, in which the rebar
yielded first, instead of pull-out failure. The experimental results of the D13 deformed steel
bar are shown in Table 8.

The experimental results of the D16 deformed steel bar tests show that the maximum
load was 64.5 kN when the bond length was 50 mm and 95.0 kN when it was 100 mm. The
average bond strengths were approximately 23.7 and 18.4 MPa when the bond lengths
were 50 and 100 mm, respectively. Two specimens with a 50 mm bond length exhibited
splitting failure of concrete, and one specimen showed pull-out failure. All three specimens
with a 100 mm bond length exhibited concrete splitting failure, not pull-out failure. The
experimental results of the D16 deformed steel bar test are shown in Table 9.
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Table 8. Experimental results of the D13 deformed steel bar.
Specimen 1 Specimen 2 Specimen 3
Bond Bond Bond Bond
Length Max. on Failure Max. on Failure Max. on Failure
(mm) Load Strength Mode Load Strength Mode Load Strength Mode
(kN) (MPa) (kN) (MPa) (kN) (MPa)
Pull-out Pull-out Pull-out
50 52.2 255 failure 51.7 253 failure 51.6 253 failure
100 - - - 69.5 17.0 Yielding 69.3 17.0 Yielding
Table 9. Experimental results of the D16 deformed steel bar.
Specimen 1 Specimen 2 Specimen 3
Bond Bond Bond Bond
Length Max. on Failure Max. on Failure Max. on Failure
(mm) Load Strength Mode Load Strength Mode Load Strength Mode
(kN) (MPa) (kN) (MPa) (kN) (MPa)
50 645 5.6 Splitting 53.5 213 Pull-out 60.5 241 Splitting
’ ’ failure ’ ’ failure ’ ' failure
100 87.9 17.5 Splitting 97.4 18.8 Splitting 95.0 18.9 Splitting
’ ’ failure ’ ’ failure ' ' failure
The experimental results of the D19 deformed steel bar tests showed that the maximum
load was 65.3 kN when the bond length was 50 mm and 103.7 kN when it was 100 mm.
In addition, the average bond strengths were approximately 25.0 and 15.8 MPa when the
bond lengths were 50 and 100 mm, respectively. In the case of a 50 mm bond length, two
specimens exhibited concrete splitting failure, while one specimen showed rebar pull-out
failure and splitting failure simultaneously. Similarly, for the 100 mm bond length steel
bars, two specimens exhibited splitting failure and one specimen showed both pull-out
and splitting failure. The experimental results of the D19 deformed steel bar are shown in
Table 10.
Table 10. Experimental results of the D19 deformed steel bar.
Specimen 1 Specimen 2 Specimen 3
Bond
Max. Bond Max. Bond . Max. Bond
Length . Failure .
(mm) Load Strength  Failure Mode Load Strength Mode Load Strength  Failure Mode
(kN) (MPa) (kN) (MPa) (kN) (MPa)
Splitting and s -
50 743 249 pull-out 84.1 282 Splitting 5 3 219 Splitting
. failure failure
failure
- . Splitting and
100 86.0 144 Splitting 94.1 15.8 Splitting 13 7 17.4 pull-out
failure failure failure

3.2. Experimental Results of the D13 Epoxy-Coated Steel Bar

The experimental results of the D13 epoxy-coated steel bar showed that the maximum
load ranged from 51.4 to 53.1 kN when the bond length was 50 mm and from 72.3 to 67.9 kN
when it was 100 mm. The average bond strengths were approximately 25.8 and 17.0 MPa
when the bond lengths were 50 and 100 mm, respectively. All three specimens with a
50 mm bond length exhibited rebar pull-out failure. Two 100 mm bond length specimens
showed pull-out failure, while one specimen exhibited splitting failure. The experimental
results of the epoxy-coated steel bar are shown in Table 11.
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Table 11. Experimental results of the epoxy-coated steel bar.
Specimen 1 Specimen 2 Specimen 3
Bond M Bond M Bond M Bond
L th ax. on . ax. on . ax. on .
((::Ign) Load Strength I;Am(l)gie Load Strength I;VIM(I)I:;: Load Strength F;/[l(l)sr:
(kN) (MPa) (kN) (MPa) (kN) (MPa)
50 - - - 53.1 26.0 Pullout 5 4 257 Pullout
failure failure
100 68.4 167  OPlming g 16.6 Pullout 723 177 Pullout
failure failure failure
3.3. Experimental Results of the GFRP Hybrid Rebars
The experimental results of the deformed D10/GFRP/D16/Braid rebar showed that
the maximum load ranged from 33.9 to 44.5 kN when the bond length was 50 mm and
from 70.0 to 63.2 kN when it was 100 mm. In addition, the average bond strengths were
approximately 16.1 and 13.2 MPa when the bond lengths were 50 and 100 mm, respectively.
All three 50 mm bond length specimens exhibited pull-out failure. Two 100 mm bond
length specimens showed splitting failure, and one specimen exhibited pull-out failure. The
experimental results of the deformed D10/GFRP/D16/Braid rebar are shown in Table 12.
Table 12. Experimental results of the deformed D10/GFRP/D16/Braid rebar.
Specimen 1 Specimen 2 Specimen 3
Bond M Bond M Bond M Bond
Length e on Failure x on Failure ax on Failure
(mm) Load Strength Mode Load Strength Mode Load Strength Mode
(kN) (MPa) (kN) (MPa) (kN) (MPa)
50 33.9 135 Pull-out 445 17.7 Pull-out 432 17.2 Pull-out
failure failure failure
100 66.5 132 Pullout 5 5 126 Pull-out 70.0 139 ~Splitting
failure failure failure
The experimental results of the deformed D13 /GFRP/D16/Braid rebar showed that
the maximum load ranged from 42.7 to 25.1 kN when the bond length was 50 mm and
from 69.5 to 50.8 kN when it was 100 mm. In addition, the average bond strengths were
approximately 14.4 and 11.4 MPa when the bond lengths were 50 and 100 mm, respectively.
In the case of a 50 mm bond length, two specimens exhibited splitting failure and one
specimen showed pull-out failure. In the case of a 100 mm bond length, two specimens
showed pull-out failure and one specimen exhibited splitting failure. The experimental
results of the deformed D13/GFRP/D16/Braid rebar are shown in Table 13.
Table 13. Experimental results of the deformed D13/GFRP/D16/Braid rebar.
Specimen 1 Specimen 2 Specimen 3
Bond M Bond M Bond M Bond
L th ax. on . ax. on . ax. on .
g:lgn) Load Strength l;wm(l)gr: Load Strength l;/[m(l:;r: Load Strength l;/[al(l:;r:
(kN) (MPa) (kN) (MPa) (kN) (MPa)
50 25.1 100  Pullout 4 170 ~ SPHHing 165 ~Oplitting
failure failure failure
100 51.5 103 Pullout g 5 135 Opliting o 5n4 101 Pullout
failure failure failure

Results of the deformed D13/GFRP/D15/Braid rebar experiments show that the
maximum load ranged from 33.4 to 18.7 kN when the bond length was 50 mm and from
57.4 to 39.9 kN when it was 100 mm. The average bond strengths were approximately
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11.1 and 10.3 MPa when the bond lengths were 50 and 100 mm, respectively. All three
50 mm bond length specimens experienced pull-out failure. Two 100 mm bond length
specimens showed pull-out failure and one specimen exhibited splitting failure. Table 14
shows the experimental results of the deformed D13/GFRP/D15/Braid rebar. Typical
modes of failure are shown in Figure 6.

Table 14. Experimental results of the deformed D13/GFRP/D15/Braid rebar.

Specimen 1 Specimen 2 Specimen 3
Bond
Length Max. Bond Failure Max. Bond Failure Max. Bond Failure
(mm) Load Strength Mode Load Strength Mode Load Strength Mode
(kN) (MPa) (kN) (MPa) (kN) (MPa)
50 262 111 Pull-out 187 7.9 Pull-out 33.4 14.2 Pull-out
failure failure failure
100 57.4 122 Splitting 482 10.3 Pull-out 39.9 8.5 Pull-out
failure failure failure

N

(a) Bar pull out (b) Concrete block-split

Figure 6. Typical modes of failures observed experimentally.

3.4. Analysis of the Bond Properties of Each Variable

When the bond length was 50 mm, the effect of the epoxy coating on bond strength
was not significant for a rebar diameter of D13. In addition, the bond strength decreased
slightly as the diameter increased. When the bond length was 100 mm, however, splitting
failure occurred in every specimen with a deformed steel bar. In contrast, the epoxy-coated
steel bar exhibited a bond strength of approximately 17.15 MPa through pull-out failure
at D13. This indicates that the epoxy-coated steel bar has lower bond performance with
concrete than with conventional deformed steel bars, which failed due to the rupture of the
rebar, even though the bond length increased with the epoxy coating. In the case of D13, the
epoxy coating interfered with the adhesion between the concrete and rebar at the bonding
interface. Moreover, most of the bond strength was generated by the deformed pattern; the
reduction in bond strength due to epoxy was not significant because the magnitude of the
load that was actually applied was similar (70 kIN).

In addition, the maximum load showed a tendency to increase with the diameter of
the rebar. When the bond length was increased from 50 to 100 mm, the load of the D13
deformed steel bar increased by approximately 40%, but that of the D19 deformed steel bar
increased by only approximately 25%. The epoxy-coated steel bar also exhibited a similar
tendency. For a rebar diameter of D13, when the bond length was 50 mm, the deformed
steel bar and the epoxy-coated steel bar exhibited pull-out failure. The deformed steel
rebar ruptured when the bond length was increased to 100 mm, suggesting that there was
sufficient bonding force on the concrete, while the epoxy-coated steel bar specimen showed
splitting failure. This indicates that the deformed steel bar will secure sufficient bond
strength as the bond length increases, but the epoxy-coated steel bar bonds insufficiently to
the concrete.

Considering the same rebar outer diameter, D16, the bond strength of the GFRP hybrid
rebar decreased to a level causing great concern. The bond strength slightly decreased
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as the bond length increased, but remained very low compared to the deformed steel
bar. When the diameter of the internal rebar decreased, e.g., in the case of the deformed
D10/GFRP/D16/Braid rebar, the bond strength was slightly higher than the D13 internal
rebar. This indicates that bond properties improve with increased GFRP thickness, which
corresponds to the outer surface. This was also confirmed by comparing specimens with
different GFRP thicknesses on the same D13 internal rebar.

GFRP hybrid rebar bond testing results reveal that the shortcomings of the existing
FRP rebars, such as degradation in modulus of elasticity, shear vulnerability, and brittle
fracture, can be complemented because the main tension elements are rebars. In addition,
the tensile performance can be improved by glass fibers on the surface. These current design
standards can be easily applied. Due to the somewhat lower bond strength compared to
conventional rebars, however, the mechanical properties, anchorage length, and connection
characteristics required by the design standards require further study. The maximum loads
of each variable based on bond length are shown in Figures 7 and 8.

Bond Length 50mm
100
80 |
Z 60 |
=3
T
S
=
59.5 BE) 1
o) s3]
C) 2 > - &
g o wa wa o
N & ,@\ '@\ ,t,\
& AN ° ®
& & 3 <
<<° &S c: >
50 £ Q Q Q
o & &&b é&b 6‘&
o° &9 3
Q )

Figure 7. Maximum load of each variable for a 50 mm bond length.

Bond Length 100mm

100

Load (kN)

3
B 3
A

2]
” ]

Figure 8. Maximum load of each variable for a 100 mm bond length.
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The epoxy-coated steel bar exhibited bond strengths similar to deformed steel bars
with the same diameter. However, this result was obtained using a rebar diameter of D13,
which is too small to be used in the field as flexural reinforcement. Therefore, it is necessary
to compare and analyze cases with relatively larger rebar diameters.

In the case of the GFRP hybrid rebar with deformed steel bars inside, the bond
properties were lower compared to deformed steel bars. The bond properties improved as
the GFRP thickness on the outer surface of the rebar increased.

4. Conclusions

Pull-out experiments were performed to compare and analyze the bond properties of
conventional deformed steel bars, epoxy-coated steel bars, and GFRP hybrid rebars in an
effort to design RC structures capable of withstanding highly corrosive environments. The
following conclusions were drawn:

(1) Bond failure modes are generally determined by the radial stress distribution of the
rebar. When the tensile strength of the matrix is smaller than the generated stress,
splitting failure occurs. When it is larger, splitting failure or tensile failure caused by
yielding of the rebar occurs.

(2) The experiment on the bond performance of deformed steel bars revealed that there
was no significant difference in bond strength based on the diameter of the deformed
steel bar. Pull-out failure and tensile failure occurred in rebars with small diameters.
In contrast, as the rebar diameter increased, the specimens exhibited splitting failure
due to reduced structural tensile strength.

(8) The bond properties of GFRP hybrid rebars with concrete were analyzed through ex-
periments. The epoxy-coated steel bar exhibited bond strengths similar to a deformed
steel bar with the same diameter. As this result was obtained using a rebar diameter
of D13, which is too small to be used in the field as flexural reinforcement, future work
is necessary to identify more accurate bond properties with concrete by comparing
and analyzing cases with relatively larger rebar diameters.

(4) The bond properties of GFRP hybrid rebars were lower compared to those of the
deformed steel bars. However, the bond properties improved with increased GFRP
thickness on the outer surface of the rebar.

(5) Therefore, an external geometry that exhibits improved bond properties must be
developed to apply these GFRP hybrid rebars to RC structures for high durability.
Relative bond strength properties must also be further interrogated by calculating
bond strengths based on the precise analysis of failure modes. These will be topics for
further study by our group.
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