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Abstract: The use of CFRP for the strengthening of structures has been widely applied in the last
decades. Most studies focused on the external bonding techniques between CFRP and the RC
concrete substrates. However, premature delamination of CFRP from the concrete surface was a
critical failure before reaching the ultimate capacity of fiber, which reduces the efficiency of this
technique. Recently, the externally bonded reinforcement over grooves (EBOGR) and inside groove
(EBRITG) method has been used as an alternative to the conventional method of externally bonded
reinforcement (EB) to delay the delamination and improve the bond strength. This paper examines
the improvement of the proposed hybrid strengthening system combining a layer of CFRP fabric
reinforcement bonded inside a transverse grooves (EBRITG) method followed by the layers of over
the grooves (EBOTGR) method for RC members, utilizing the surface area inside the grooves to
anchor the CFRP against premature delamination and enhance the bonding strength. Seven RC
beams were used in this program and tested in two stages. Five beams with different strengthening
methods including over groove, inside groove, and hybrid system in the first stage and two beams
strengthened using the hybrid system with anchorage of concrete cover for the second stage. The
results indicated excellent enhancement in flexural capacity using hybrid system with anchored
concrete cover by achieving increase of about 57% and 72.5% with 2 and 3 layers respectively,
compared with that of over-grooves reinforcement (EBOGR) method, confirming the excellent
bonding efficiency of the proposed strengthening method.

Keywords: EBOGR; EBRITG; hybrid strengthening system; CFRP; transverse grooves

1. Introduction

The strengthening technique for CFRP composites bonded externally with concrete substrates
has been applied extensively to various reinforced concrete [1-4], steel [5,6] and masonry structures
[7,8]. However, the degradation of strengthening performance due to premature debonding of the
externally bonded FRP from the concrete substrate reduces the efficiency of the use of the FRP
material.

Therefore, postponing or preventing peeling of the CFRP from the concrete substrate can
significantly increase the utilization of the capacity of the fiber. The anchorage systems can efficiently
enhance the capability to transfer the stresses between the CFRP reinforcement and the concrete
substrate [9], and consequently delay or inhibit the premature debonding of CFRP or cover separation
failure.

The anchoring systems for the field of concrete structures have been utilized over the last decade,
including mechanical anchorages [9,10], the gradient anchorage method [11,12], fiber-based
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anchorages [13,14], and the near-surface mounted techniques [15-20]. The NSM technique provides
confinement for CFRP reinforcements and subsequently improves the bonding properties to
eliminate the premature delamination between the CFRP reinforcement and the concrete. However,
in some cases, the limitation of the concrete cover due to the presence of shear reinforcement, which
is common in practical cases, will limit the cross-section of the FRP that can be applied in the NSM
grooves, in addition to the challenge of prestressing the FRP reinforcement inside the grooves that
often requires special tools. Recently, the externally bonded reinforcement on grooves (EBROG)
method was developed to improve the FRP-concrete strengthening systems and applied as an
alternative to the conventional externally bonded reinforcement (EBR) method can postpone the early
debonding failure by transferring the interfacial bond stresses to deeper layers of the concrete
substrate [21-24]. Extensive studies investigated the performance of the EBROG method through
different applications on strengthening of beams for shear [25,26], and flexure [27], reinforced
concrete columns subjected to uniaxial or eccentric load in compression [28-30], beam-to-column
joints [31], bond behavior of the FRP-to-concrete using CFRP sheet [32,33] or precured FRP strips
[34,35], assessment of durability of the EBROG method [36], and strengthening of heat-damaged
concrete [37]. Empirical and analytical models have been developed to estimate the bonding
properties between CFRP and concrete surfaces using the EBROG method [38—40]. The behavior of
the retrofitted slabs using EBROG method with prestressed CFRP has been investigated [41,42]. The
bond-slip model has been studied for longitudinal grooves using EBROG method [43]. Furthermore,
new method of bonding reinforcement inside longitudinal grooves has been successfully applied,
and significant improvement has been achieved [44,45]

All the previous studies have been conducted for longitudinal groove layout. The efficacy of the
externally bonding over transverse groove (EBROTG) method to enhance the bonding strength has
only been evaluated by Al-Abdwais and Al-Tamimi using a pull-out test [46]. However, this
technique has been applied to small-scale prisms and has not been evaluated in literature using full
scale beam. In addition, the EBRITG, EBROG and the hybrid strengthening techniques have only
been applied to longitudinal groove layout, and an assessment using transverse groove layout has
not been reported in the literature. In this research, an evaluation of a hybrid strengthening
techniques, combining of CFRP reinforcement layers externally bonded inside grooves and over-
transverse grooves (EBRITG), EBROTG)) methods, has been conducted to determine the
improvement in bonding strength in comparison with the application of EBRITG and EBROTG
methods individually.

2. Experimental Program
2.1. Specimens Details

The experimental work was conducted by fabricating of seven RC beams with different
strengthening techniques tested in two stages, five beams in the first stage and two beams in the
second stage. The dimensions of the beams were 180 mm height x120 mm wide x1600 mm length as
shown in Figure 1. The first stage included five beams: the first beam was the reference; the second
beam strengthened with external bonding over the transverse grooves (EBROTG) method, the third
and fourth specimens strengthened with EBRITG method; and the fifth beam had hybrid technique
including one layer of inside grooves and the other layer over grooves. The dimensions of the grooves
were 8 mm wide and 15 mm deep. In the second stage, to avoid the separation of the concrete covers,
the bottom concrete cover of the two beams B6 and B7 were anchored using a steel bars penetrated
inside holes of 100 mm depth and 10 mm in diameter spaced each 300 mm. The holes were filled with
epoxy, and the bars were inserted inside the holes. After this process, the beams were strengthened
with the hybrid system, one layer inside grooves for both beams and then the over-grooves layers,
one for B6 and two for B7. The dimensions of the CFRP fabric used for the strengthening were 0.219
mm in thickness and 60 mm in width. The specimen details are illustrated in Table 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Geometrical and reinforcement details of the specimens.
Table 1. Specimen details.
. . Groove depth Groove width Distance between
Beam No. Designation
(mm) (mm) grooves (mm)
Bl RB - - -

B2 OG-D10-iL - - 100
B3 1G-D10-1L 10 8 100
B4 1G-D15-1L 10 8 100
B5 HS-D15-2L 15 8 100
B6 HS-D15-2L(Anchor) 15 8 100
B7 HS-D15-3L(Anchor) 15 8 100

R: Reference, OG: Over groove, IG: Inside Groove, D: Groove depth, L: layers, HS: Hybrid system

2.2. Materials Properties

In order to achieve the targeted compressive strength of 40 Mpa for concrete specimens, the
curing was implemented for 28 days. The compressive strength was determined using a cylindrical
tests of dimensions 200 x 100 mm according to ASTM C39/39M-18 [47]. The CFRP composite was
supplied by the Mapei chemical production company [48]. The product name is (MapeWrap C UNI-
AX 400). The tensile strength of the CFRP was measured according to ASTM: D3039 [49] and
confirmed with the mechanical properties provided by the manufacturer data sheet. The mechanical
characteristics of the CFRP, concrete, and adhesive are illustrated in Tables 2—4 respectively.

Table 2. Specifications of CFRP fabric [45].

Material Thickness Tensile Strength  Modulus of Elasticity = Elongation at break
(mm) (MPa) (GPa) (%)
CERP fabric 0.219 4900 252 2
Table 3. Concrete properties.
Material Dimensions Compressive Strength Tensile Strength Modulus of Elasticity
(mm) (MPa) (MPa) (MPa)
Concrete 200 heights > 100 4 3.64 25,900
diameter
Table 4. Adhesive properties as per manufacturer data sheet [45].
Adhesive Compressive Strength (MPa) Tensile Strength (MPa) Modulus of Elasticity (MPa)
MapeWrap-31 70 40 >3001
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2.3. Specimen Fabrication and Strengthening

The concrete specimens were fabricated in a precast concrete factory to ensure accuracy and
quality control for the casting and curing process (Figure 2). The reinforcing preparations of
specimens with CFRP started after 28 days of curing to ensure achieving full concrete properties. The
location of the grooves was marked on the soffit of the beam in each 100 mm space, and the grooves
were cut using an electric grinder and extended 10 mm in each side out of the required strengthening
width (60 mm) to ensure obtaining the same groove depth within this width (Figure 3).

Figure 2. Specimen fabrication.

Figure 3. Cutting grooves.

After cleaning the surface from dust using air pressure, the adhesive was applied to the concrete
surface, and the CFRP was impregnated using a roller according to manufacturer recommendations.
In the first stage, five beams were strengthened by different methods: over grooves, inside grooves,
and hybrid system. The CFRP was laid over the surface after filling the grooves with epoxy (EBROG)
reinforcement and laid inside the grooves for (EBRIG) method. In the hybrid strengthening method,
the first layer of the CFRP fabric was inserted inside the grooves, and then the second layer was
externally laid over the first layer inside the grooves as presented in Figure 4.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Strengthening of specimens.

In the second stage, the two beams were strengthened with the hybrid system after anchoring
the concrete cover at the beam soffit to enhance the strength against the separation of the concrete
cover. The anchors were implemented by drilling three holes with a diameter of 10 mm and a depth
100 mm (one at midspan and two at the ends) (Figure 5). The holes were filled with epoxy and the
steel bars with an 8 mm diameter were inserted in the holes. All specimens were cured for two weeks
before conducting the test.
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‘4.“_‘ b s
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Figure 5. Holes for anchoring of concrete cover.

The strain values were recorded in the CFRP using four strain gauges installed along one half of
the beams. The type of strain gauges used in the test was TML provided by Japan. The gauge factor
was (2.11 (+/-1%) of the recorded strain values using a strain acquisition system (1/2 bridge) calibrated
to synchronise the strain with load values. Figure 6 shows the strain gauges instrumented on the
specimens.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Cured specimens with strain gauges.

2.4. Test Configuration and Set-Up

The flexural testing method was implemented for all specimens using a 4 point load setup. The
load was applied at two points on top of the beams with sa hear span of 550 mm. The test was
conducted in the structural laboratory of the American University of Sharjah using a 1200 kN Instron
universal testing machine. The loading increment on the beams was implemented using the
displacement control method. The strain gauges were connected to the data logger, and two LVDTs
were fixed to measure the displacement at the end and mid-span of the beams. The testing setup on
the testing machine is shown in Figure 7.

Figure 7. Test setup of the specimens.

3. Experimental Results and Discussion
3.1. Load Capacity and Failure Modes

The ultimate load capacity and mode of failure of the beams can reflect the efficiency of bonding
between the CFRP and the concrete surface according to the strengthening method. The conventional
failure in the externally bonding over-groove (EBROG) method for beam B2 was the delamination of
the CFRP at the end of the fibre propagating to the midspan as shown in Figure 8. The specimen
achieved an ultimate load capacity of 73.76 kN, indicating a 22% increase compared to that of 60.4
kN recorded by the reference beam (B1), as illustrated in the load versus displacement curve in Figure
9.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Mode of failure of B2.
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Figure 9. Load displacement curves of B2 and RB.

The specimen B3 with the CFRP bonded inside grooves (EBRIG) method exhibited similar
behaviour to the reference specimen. The ultimate capacity of this specimen was 61.35 kN. This result
can be attributed to the discontinuity of the fiber reinforcement at the groove zone that inhibits
resisting the tension forces at the beam soffit, causing propagation of cracks at the grooves. Increasing
the groove depth to 15 mm in B4 showed insignificant improvement in the load capacity with 65.35
kN as presented in the load displacement curves in Figure 10. The mode of failure was similar to that
of B3 as presented in Figure 11.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Load-displacement plot of specimens B3, B4, and RB.

Figure 11. Failure mode of B3.

Therefore, utilizing a hybrid system by adding externally bonded CFRP over the groove layer
laid over the inside groove layer enables transferring the tension stresses at the beam soffit. The inside
groove layer will provide anchorage for CFRP against delamination, and the top over groove layer
will provide continuity to transfer tension forces along the beam soffit. However, although inhibiting
the delamination of fiber at the ends, the test results of specimen B5 with the hybrid strengthening
technique showed premature failure due to separation of the concrete cover. This type of failure
occurs due to increasing the stuffiness at the bonding zone causing horizontal propagation of flexural
cracks at the ends of the beam, which is similarly observed in the NSM strengthening techniques [20].
The recorded ultimate load of the specimen was 72 kN, as shown in Figure 12 in comparison with the
reference beam, and the failure mode with separation of concrete cover is exhibited in Figure 13.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. load-displacement curves of B5 and RB.

Figure 13. Failure mode of B5.

In the second stage, as the concrete cover was anchored, the test results showed a significant
increase in load capacity. The specimen B6 with two layers exhibited an ultimate load of 94.93 kN
with a 57% increase compared to the reference beam. Adding an additional layer in specimen B7
raised the load capacity to 72.5% by achieving an ultimate load of 104.27 kN. Figure 14 illustrates the
load displacement curves for B6 and B7 in comparison with B2 and RB. The mode of failure was
similar for both specimens B6 and B7, as shown in Figure 15. The occurrence of failure by separation
of the concrete cover indicates the efficiency of the hybrid strengthening technique by inhibiting the
premature delamination of fiber from the concrete surface, and increasing the load capacity can be
significantly achieved by increasing anchorage points for the bottom concrete cover. The test results
of all specimens are illustrated in Table 5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 14. load versus displacement of B2, B6, B7, and RB.

Figure 15. Failure mode of B6.

Table 5. Test results and mode of failure of the specimens.

Groove depth Groove width

Beam No. Designations Ultimate Load kN Failure mode
mm mm
Bl RB - - 60.42 bending
B2 OG-D10-iL 10 8 73.76 Delamination at Fiber
end
B3 1G-D10-1L 10 8 61.35 bending
B4 1G-D15-1L 15 8 65.35 bending
B5 HS-D15-2L 15 8 72.00 Separation of
concrete cover
B6 HS-D15-2L(Anchor) 15 8 94.93 Separation of
concrete cover
B7 HS-D15-3L(Anchor) 15 8 104.27 Separation of

concrete cover

R: Reference, OG: Over groove, 1G: Inside Groove, D: Groove depth, L: layers, HS: Hybrid system,

3.2. Strain Values

The strain variation at mid-span for the beams B2, B4, B5, B6, and B7 is indicated in Figure 16. It
can be observed that the evolution of strain in B4 (EBRIG) is very low, indicating very low
contribution of CFRP in strength due to discontinuity of fiber at the bonding surface. In B2 (EBROG),
a significant contribution of fiber in strength is observed. In B6 and B7, a lower strain value was
recorded at the same load in B7 compared to B6, which indicate higher stiffness due to the
contribution of increasing the number of layers of CFRP to load strength.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 16. Strain variation.

4. Conclusion

Strengthening of concrete beams with different techniques of EBRIG, EBROG, and hybrid
systems was conducted in this research, and the following conclusions are reported:

e  The externally bonding over groove (EBROG) method exhibited the delamination failure of the
CFRP at the end of the fibre and propagated to the mid-span. The specimen achieved an ultimate
load capacity of 73.76 kN, indicating 22% increase compared to 60.4 kN recorded by the reference
beam (RB).

e  The specimen with the CFRP bonded inside grooves (EBRIG) method exhibited an ultimate
capacity of 61.35 kN, indicating no significant increase in strength compared to the reference
specimen. This result can be attributed to the discontinuity of the fiber at the groove zone that
cuts the resistance of the tension forces at the beam soffit causing the propagation of cracks at
the grooves.

e  The hybrid system by adding an externally bonded over- a groove layer of CFRP laid over the
inside groove layer showed a limited increase in the ultimate load of 72 kN due to the premature
failure of separation of the concrete cover.

e In the second stage, anchorage of the concrete cover against separation significantly improved
the load capacity by about 57% using a hybrid system with two layers (one EBRIG and one
EBROG,) reporting ultimate capacity of 94 kN, while the use of three layers (one EBRIG and two
EBROG) provided a 72.5% increase in load capacity by achieving 104.27 kN.

e  The strain evolution indicated the contribution of CFRP reinforcement to different strengthening
methods and the effect of increasing the stiffness at the bonding zone with increasing the number
of CFRP layers.
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