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Abstract

Externally bonded reinforcement (EBR) using fiber reinforced polymer (FRP) is one of the
most widely used techniques for strengthening reinforced concrete (RC) structures. How-
ever, early debonding of the concrete surface layer in the EBR method limits its structural
performance. Recently, the externally bonded reinforcement on grooves (EBROG) method
has emerged as a promising alternative. This study experimentally investigates the bond
behavior between CFRP plates and concrete strengthened using the EBROG method. A
total of 78 specimens were fabricated and evaluated using single-lap shear tests. The investi-
gated parameters include groove dimensions, number of grooves, and concrete compressive
strength. A digital image correlation (DIC) system was used to measure displacement.
Unlike the EBR method, no debonding of the concrete surface layer occurred in the EBROG
specimens, and the bond strength improved by 49.56-154.48% without additional surface
treatment. Increased groove dimensions and a greater number of grooves significantly
enhanced the bond performance. Higher concrete compressive strength and larger groove
dimensions also delayed the onset of debonding. Based on the experimental results, a new
effective strain model was proposed, and flexural capacity predictions using this model
showed higher accuracy than those obtained from existing models.

Keywords: externally bonded reinforcement on grooves; carbon fiber reinforced polymer;
single lap shear test; bond behavior; effective strain

1. Introduction

In the repair and rehabilitation of reinforced concrete (RC) structures, debonding
of fiber reinforced polymer (FRP) is considered one of the primary causes of structural
performance degradation. The performance of the strengthening system depends on a
stable bond between the FRP and the concrete substrate, and any damage to this bond
can significantly reduce the structural capacity [1-5]. Accordingly, many researchers have
conducted various studies to investigate the bond behavior between FRP and concrete [6-9].
Previous studies have identified the critical stress and effective strain at which debonding
of FRP occurs in strengthened RC members, some of which have been incorporated into
current design codes for FRP-strengthened RC structures [10-13].
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Most previous studies on FRP-strengthened RC members have focused on externally
bonded reinforcement (EBR) or near surface mounted (NSM) methods. The EBR method
enhances structural performance by bonding FRP to the tension face of RC members using
epoxy resin. Surface preparation prior to bonding is known to be a critical step for ensuring
the effectiveness of the EBR method [14-16]. Due to its ease of construction and rapid
installation, the EBR method has been widely used worldwide, and its effectiveness has
been demonstrated not only for flexural members but also for members subjected to shear
and compressive forces [17-22]. However, premature debonding at the interface in the
EBR method is a key factor limiting structural performance before FRP reaches its ultimate
tensile strength [23,24]. As a result, design codes typically consider the failure mode of
FRP-strengthened RC members as brittle failure due to debonding, with ultimate capacity
defined by the effective strain at debonding initiation rather than the tensile capacity
of FRP [25-27]. To overcome the limitations of the EBR method, the NSM method was
introduced, in which grooves are cut into the concrete cover and reinforcement is embedded.
The NSM method provides a larger bond area relative to the amount of reinforcement, thus
delaying debonding more effectively than the EBR method. Notably, some studies have
reported failure modes caused by rupture of the FRP, indicating that the NSM method
could serve as an effective alternative to the EBR method [28-31]. However, the groove
dimensions required for applying the NSM method are constrained by the concrete cover
thickness and potential interference with reinforcing bars, which limits the amount of FRP
reinforcement that can be applied.

To address these constraints, Mostofinejad and Mahmoudabadi [32] proposed the
externally bonded reinforcement on grooves (EBROG) method. This method involves
cutting grooves on the concrete surface, filling them with epoxy, and then bonding FRP over
the grooves. Their study demonstrated that the EBROG method could distribute interfacial
stress deeper into the concrete, delay FRP debonding, and increase bond strength by up to
80%. The superior strengthening performance of the EBROG method has led to extensive
subsequent research [33-39]. Sabzi et al. [40] investigated the effect of the EBROG method
on flexural performance and failure mechanisms. They reported that EBROG-strengthening
increased ultimate load capacity compared to EBR and improved the tensile capacity
of CFRP sheets by approximately 6%. Mostofinejad and Kashani [41] experimentally
evaluated the shear performance of EBROG-strengthened members and found that EBROG
improved ultimate load capacity by up to 15% compared to EBR. They also observed that the
failure mode of some EBROG-strengthened specimens shifted from shear to flexural failure.

Studies on RC members strengthened using the EBROG method have demonstrated
not only superior performance compared to the EBR method, but also underscored the
importance of understanding the bond characteristics between FRP and concrete. Accord-
ingly, several experimental studies have investigated the effects of various parameters on
the bond behavior of EBROG systems. Hosseini and Mostofinejad [42] employed particle
image velocimetry (PIV) to investigate the bond behavior of CFRP-to-concrete interfaces
in the EBROG method and found that groove width had an effect on interfacial failure.
Moghaddas and Mostofinejad [43] investigated the effects of concrete compressive strength,
CFRP sheet width, and groove width on the bond strength of CFRP-to-concrete joints
strengthened using the EBROG method. They reported that as the concrete compressive
strength increased, the bond strength improvement of EBROG specimens compared to
EBR specimens decreased, while increases in CFRP sheet stiffness and groove width led to
greater improvements in bond strength. However, most EBROG studies have used CFRP
sheets with thicknesses ranging from 0.11 mm to 0.17 mm [44]. Compared with CFRP sheets
or cloth, CFRP plates possess higher axial stiffness, greater thickness, and lower deformabil-
ity, which may lead to different load-transfer characteristics at the CFRP-concrete interface.
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While flexible CFRP sheets can more easily conform to local deformation of the concrete
surface, CFRP plates tend to induce higher interfacial shear and peeling stresses near the
loaded end [45,46]. In the EBROG method, the epoxy-filled grooves therefore play a critical
role in providing mechanical anchorage, increasing the effective bonded area, and transfer-
ring interfacial stresses deeper into the concrete substrate. Consequently, the bond-transfer
mechanism of CFRP plates strengthened using the EBROG method may differ from that of
CFRP sheets, requiring separate experimental and analytical investigation.

Therefore, the primary objective of this study is to evaluate the bond performance
of CFRP plates applied using the EBROG method and, based on the findings, propose
an effective strain model suitable for application in RC members. To achieve this, an
experimental investigation was conducted considering key parameters such as concrete
compressive strength, number of grooves, and groove dimensions. Furthermore, based on
the test results, an effective strain model for CFRP plates bonded using the EBROG method
was proposed, and the accuracy of the proposed model was evaluated through comparison
with experimental data from RC members strengthened by the EBROG method.

2. Experimental Program
2.1. Specifications of the Specimens

In this study, 150 x 150 x 400 mm (width x height x length) concrete prisms were
fabricated to evaluate the bond behavior between CFRP and concrete. A total of 39 concrete
prisms were prepared. After 28 days of curing, surface treatments were applied to one side
of each prism according to the EBR and EBROG methods. The bond behavior was assessed
through single-lap shear tests on the concrete prisms. For repeated testing, the opposite
side of each prism was used, ensuring consistent testing conditions under identical concrete
properties. To minimize any potential influence of the first test on the repeated test, the
opposite face of each concrete prism was reused only after confirming that cracking or
delamination had not propagated to the subsequent test surface. Single-lap shear loading
primarily induces localized damage around the bonded interface, and no through-thickness
cracks affecting the opposite face were observed in the prisms reused in this study. Figure 1
shows the dimensions and loading arrangement of the specimens used for the single-lap
shear tests. The width, bonded length, and thickness of the CFRP plate bonded to the
concrete prism were 100 mm, 250 mm, and 1.4 mm, respectively.

The initial 100 mm section of the CFRP plate was left unbonded in accordance with the
single-lap shear test configuration reported by Mazzotti et al. [47]. This unbonded length
was provided to ensure sufficient gripping and stable load introduction into the CFRP plate
before the tensile force was transferred to the bonded CFRP-concrete interface. In addition,
the unbonded region can reduce local stress concentration near the loaded end and prevent
premature failure at the CFRP—concrete interface. The bonded length of the CFRP was set
to 250 mm, which is 30 mm longer than the maximum effective bond length of 220 mm
suggested in previous studies on the EBROG method [48].

2.2. Material Properties

Table 1 presents the concrete mix designs used in this study. The maximum coarse
aggregate size was 25 mm, and the target compressive strengths were 25, 35, and 45 MPa.
For each mix condition, three cylindrical specimens with dimensions of 100 x 200 mm were
cast during the concrete placement. These cylinders were cured and demolded under the
same conditions as the test specimens. On the day of the single-lap shear test, compressive
strength tests were conducted in accordance with ASTM C39/C39M-17 [49].
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Figure 1. Dimensions and loading arrangement of the specimen. (a) Specimen dimensions; (b) load-
ing arrangement.

Table 1. Concrete mix design.

Design Strength ~ Slump Air Content W/B S/a C FA CA Admixture
(MPa) (mm) (%) (%) (%) (kg/m3)  (kg/m®)  (kg/m3) (kg/m3)
25 180 1.2 60.0 47.4 221 800.0 924.3 1.5
35 175 2.0 48.0 45.0 287 743.3 942.7 1.9
45 100 2.0 38.0 471 361 844.0 984.2 6.0

Note: W/B = water-to-binder ratio; S/a = sand-to-aggregate ratio; C = cement; FA = fine aggregate; CA = coarse aggregate.

Table 2 summarizes the material properties of the CFRP plate and epoxy resin used
in this study. To investigate the bond behavior of CFRP-to-concrete strengthened with
the EBROG method, CFRP plates with a thickness of 1.4 mm and width of 100 mm were
used. According to the supplier, the tensile strength, elastic modulus, and elongation of the
CFRP plate are 3510 MPa, 176 GPa, and 1.99%, respectively. Two-part epoxy resin was used
to bond the CFRP plate to the concrete. The mechanical properties of the epoxy resin, as
provided by the manufacturer’s catalog, are summarized in Table 2, with an elastic modulus,
tensile strength, and compressive strength of 4.65 GPa, 38.5 MPa, and 113 MPa, respectively.

Table 2. Material properties of CFRP plate and epoxy resin.

Elastic Tensile Compressive Floneation
Material Modulus Strength Strength (Og/ )
(GPa) (MPa) (MPa) °
CFRP plate 176 3510 - 1.99
Epoxy resin 4.65 38.5 113 -

2.3. Testing Layout and Strengthening Procedure

The specifications of the CFRP-to-concrete used to evaluate the bond behavior of
specimens strengthened with the EBR and EBROG methods are summarized in Table 3.
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Table 3. Specification of specimens and test results.
Increase
. fc bg hg Pu Pu,uvg. CV : Failure
Specimen (MPa) " (mm)  (mm)  &N)  (KN) SD ) ™ (IZ/’(‘;)’“’g' Mode
E-25-1 22.35 - - - 21.41 24.00 2.59 10.79 DC
E-25-2 24.76 - - - 26.59 DC
E-35-1 32.37 - - - 29.54 29.83 0.29 0.96 DC
E-35-2 35.82 - - 30.11 DC
E-45-1 43.21 - - 37.52 36.08 1.45 4.01 DC
E-45-2 44.37 - - - 34.63 DC
G-25-1-5-5 -1 26.67 1 5 5 45.05 44.80 0.25 0.56 86.67 OGD
G-25-1-5-5 -2 24.34 1 5 5 4455 OGD
G-25-1-5-10 -1 22.35 1 5 10 49.69 50.15 0.46 0.92 108.96 OGD
G-25-1-5-10-2 23.21 1 5 10 50.61 OGD
G-25-1-10-5 -1 26.67 1 10 5 53.52 54.06 0.54 1.00 125.25 OGD
G-25-1-10-5-2 24.34 1 10 5 54.60 OGD
G-25-1-10-10-1 22.35 1 10 10 53.04 54.66 1.62 2.95 127.73 OGD
G-25-1-10-10-2 23.21 1 10 10 56.27 OGD
G-35-1-5-5 -1 32.37 1 5 5 49.56 48.03 1.53 3.19 61.04 IGD
G-35-1-5-5 -2 34.71 1 5 5 46.50 IGD
G-35-1-5-10 -1 33.32 1 5 10 52.31 53.46 1.15 2.14 79.23 OGD
G-35-1-5-10-2 34.71 1 5 10 54.60 OGD
G-35-1-10-5 -1 32.37 1 10 5 56.29 57.25 0.96 1.67 91.94 IGD
G-35-1-10-5-2 37.35 1 10 5 58.20 IGD
G-35-1-10-10-1 33.32 1 10 10 60.10 58.86 1.24 2.11 97.35 OGD
G-35-1-10-10-2 37.35 1 10 10 57.62 OGD
G-45-1-5-5 -1 42.1 1 5 5 53.11 53.96 0.84 1.57 49.56 IGD
G-45-1-5-5 -2 45.64 1 5 5 54.80 IGD
G-45-1-5-10 -1 421 1 5 10 58.78 58.85 0.06 0.11 63.12 IGD
G-45-1-5-10-2 45.64 1 5 10 58.91 IGD
G-45-1-10-5-1 43.21 1 10 5 57.00 58.35 1.35 2.31 61.75 OGD
G-45-1-10-5 -2 46.85 1 10 5 59.70 OGD
G-45-1-10-10-1 43.21 1 10 10 59.43 60.99 1.56 2.56 69.04 OGD
G-45-1-10-10-2 46.85 1 10 10 62.55 IGD
G-25-2-5-5-1 26.67 2 5 5 55.57 54.54 1.04 1.90 127.23 IGD
G-25-2-5-5-2 25.99 2 5 5 53.50 IGD
G-25-2-5-10-1 22.35 2 5 10 52.87 54.79 1.92 3.50 128.29 F/A
G-25-2-5-10-2 25.99 2 5 10 56.71 F/A
G-25-2-10-5-1 26.67 2 10 5 54.52 54.78 0.25 0.47 128.23 F/A
G-25-2-10-5-2 24.73 2 10 5 55.03 F/A
G-25-2-10-10-1 22.35 2 10 10 52.68 55.04 2.36 4.29 129.33 F/A
G-25-2-10-10-2 24.73 2 10 10 57.40 F/A
G-35-2-5-5-1 32.37 2 5 5 61.82 58.60 3.23 5.50 96.46 IGD
G-35-2-5-5-2 34.66 2 5 5 55.37 IGD
G-35-2-5-10-1 32.37 2 5 10 58.60 57.74 0.86 1.49 93.60 OGD
G-35-2-5-10-2 34.66 2 5 10 56.88 OGD
G-35-2-10-5-1 36.34 2 10 5 56.53 56.37 0.16 0.28 89.00 IGD
G-35-2-10-5-2 36.10 2 10 5 56.21 IGD
G-35-2-10-10-1 36.34 2 10 10 60.10 59.00 1.11 1.87 97.80 F/A
G-35-2-10-10-2 36.10 2 10 10 57.89 F/A
G-45-2-5-5-1 42.1 2 5 5 57.47 59.39 1.92 3.23 64.63 OGD
G-45-2-5-5-2 46.82 2 5 5 61.31 OGD
G-45-2-5-10-1 43.21 2 5 10 59.66 60.79 1.13 1.86 68.51 F/A
G-45-2-5-10-2 46.82 2 5 10 61.92 F/A
G-45-2-10-5-1 43.21 2 10 5 58.84 59.43 0.59 0.99 64.74 F/A
G-45-2-10-5-2 45.96 2 10 5 60.02 F/A
G-45-2-10-10-1 42.1 2 10 10 61.50 61.83 0.32 0.53 71.37 F/A
G-45-2-10-10-2 45.96 2 10 10 62.15 F/A
G-25-3-5-5-1 26.67 3 5 5 58.06 55.53 2.54 457 131.35 F/A
G-25-3-5-5-2 25.47 3 5 5 52.99 F/A
G-25-3-5-10-1 26.67 3 5 10 58.57 58.60 0.02 0.04 144.15 F/A
G-25-3-5-10-2 25.47 3 5 10 58.62 F/A
G-25-3-10-5-1 22.35 3 10 5 58.20 58.27 0.06 0.11 142.77 F/A
G-25-3-10-5-2 23.49 3 10 5 58.33 F/A
G-25-3-10-10-1 22.35 3 10 10 64.50 61.08 3.43 5.61 154.48 F/A
G-25-3-10-10-2 23.49 3 10 10 57.65 F/A
G-35-3-5-5-1 32.37 3 5 5 58.06 59.57 1.51 2.53 99.73 F/A
G-35-3-5-5-2 34.13 3 5 5 61.08 F/A
G-35-3-5-10-1 32.37 3 5 10 60.49 60.84 0.34 0.57 103.97 F/A
G-35-3-5-10-2 34.13 3 5 10 61.18 F/A
G-35-3-10-5-1 36.34 3 10 5 58.03 60.71 2.68 441 103.54 F/A
G-35-3-10-5-2 37.88 3 10 5 63.38 F/A
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Table 3. Cont.

Increase
. fc bg hg Pu Pu,uvg. CV : Failure
Specimen (MPa) " (mm)  (mm)  &N)  (KN) SD ) ™ (IZ/’(‘;)’“’g' Mode
G-35-3-10-10-1 36.34 3 10 10 63.20 64.56 1.36 2.11 116.46 F/A
G-35-3-10-10-2 37.88 3 10 10 65.92 F/A
G-45-3-5-5-1 43.21 3 5 5 60.06 61.71 1.65 2.67 71.05 F/A
G-45-3-5-5-2 44.76 3 5 5 63.35 F/A
G-45-3-5-10-1 43.21 3 5 10 60.50 63.86 3.36 5.26 77.02 F/A
G-45-3-5-10-2 44.76 3 5 10 67.22 F/A
G-45-3-10-5-1 42.10 3 10 5 64.43 63.45 0.99 1.55 75.87 F/A
G-45-3-10-5-2 46.35 3 10 5 62.46 F/A
G-45-3-10-10-1 42.10 3 10 10 69.71 69.01 0.70 1.02 91.27 F/A
G-45-3-10-10-2 46.35 3 10 10 68.30 F/A

Note: f’ . = concrete compressive strength; n, = number of grooves; bg = width of groove; iy = depth of groove;
P, =bond strength; P, 4. = average bond strength of identical specimens; DC = debonding concrete; OGD = out-
of-groove debonding; IGD = in-groove debonding; F/A = debonding at the CFRP-adhesive interface.

In this study, a total of 39 concrete prisms were prepared, and two opposite faces of
each prism were used as bonded test faces, resulting in 78 single-lap shear tests. In this
experimental program, the concrete compressive strength, number of grooves, and groove
dimensions were selected as parameters. Specimens were fabricated for each combina-
tion of variables to analyze the influence of each parameter on bond performance. The
groove depth was set to 10 mm, considering the concrete cover thickness and construc-
tion limitations arising from the high viscosity of the epoxy resin. Previous studies have
shown that a groove depth of 10 mm is effective in enhancing bond performance while
maintaining structural efficiency [32,43]. To prevent excessive stress concentration around
the grooves during the single-lap shear tests, the maximum groove width was limited to
10 mm [46]. Accordingly, four groove combinations were considered: 5 x 5,5 x 10, 10 x 5,
and 10 x 10 mm (width x depth). To increase bond capacity across the width of the CFRP
plate and compensate for the limited groove width, up to three grooves were introduced.

In Table 3, specimen names beginning with “E” denote the EBR method, while “G”
indicates the EBROG method. The subsequent numbers indicate the design compressive
strength of the concrete, number of grooves, groove width, and groove depth, respectively.
The final numbers, “1” and “2,” denote the first and second tests conducted for each
specimen configuration, respectively. For example, “G-25-1-5-10-1" refers to the first
specimen strengthened using the EBROG method, with a concrete compressive strength of
25 MPa, one groove, and groove dimensions of 5 mm width and 10 mm depth. Figure 2
presents representative strengthening details for specimens using both the EBR and EBROG
methods. When multiple grooves were applied to a single specimen, the grooves were
uniformly distributed within the 100 mm width of the CFRP plate. The clear spacing
between adjacent grooves and between the outer grooves and the CFRP plate edges was
calculated as (bf — ngbg) / (ng + 1), where by is the CFRP plate width, ng is the number of
grooves, and by is the groove width. For example, for one 5 mm wide groove, the spacing
on each side was 47.5 mm. For two 10 mm wide grooves, three equal spacings of 26.7 mm
were provided, whereas for three 10 mm wide grooves, four equal spacings of 17.5 mm
were used, as shown in Figure 2.

The strengthening procedures for the EBR and EBROG methods were as follows.
CERP plates were cut to a length of 550 mm for use in both methods. In the EBR method, a
grinding machine was used to remove the weak surface layer of the concrete. The loose
particles were cleared using an air jet. An epoxy resin layer approximately 2 mm thick was
applied to the bonding surface, after which the CFRP plate was attached. In contrast, the
EBROG method did not require any initial surface preparation. Grooves in the EBROG
specimens were formed using a machine equipped with a 1.5 mm thick circular blade.
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To ensure a uniform groove depth across the entire bonding area, the groove length was
cut approximately 20 mm longer than the planned bonding length. Afterward, the loose
particles were removed using an air jet, as in the EBR method. Epoxy resin was applied to
both the concrete surface and the inside of the grooves, and the CFRP plate was bonded to

the surface over the grooves.

CFRP plate

W

CFRP plate

W

Groove /AJ
(5x10) | 2Xx47.5
150 150
Concrete Concrete
prisms prisms
150 150
(a) (b)
w Adhesive CERP piate
AX10)| 734267 _A0x10)| / 75
150 150
Concrete Concrete
prisms prisms
150 150
(0) (d)

Figure 2. Cross-section of the specimens (unit: mm). (a) E-25; (b) G-25-1-5-10; (c) G-25-2-10-10;
(d) G-25-3-10-10.

2.4. Test Setup and Instrumentation

The single-lap shear tests were conducted using a universal testing machine (UTM)
with a 300 kN capacity, and the load was applied to the specimens under displacement
control at a rate of 0.2 mm/min. Each specimen was securely fixed using a concrete frame
with internal dimensions of 150 x 150 x 400 mm. Figure 3 presents the experimental setup
for the single-lap shear test conducted in this study. Each specimen was firmly fixed using
a concrete frame with internal dimensions of 150 x 150 x 400 mm, as shown in Figure 3a.

To measure the deformation of the bonded region of the CFRP, a digital image cor-
relation (DIC) system was employed. DIC is a non-contact, image-based measurement
technique capable of precisely capturing minute displacements on the specimen surface.
During the test, the displacement field across the entire surface was calculated using Mer-
cury RT software (Version 3.2.1.0), the DIC system’s processing tool. Simultaneously, the
load measured by the load cell was recorded along with the image data from the DIC
system. To measure the deformation of the CFRP plate using DIC, a high-contrast random
speckle pattern was uniformly applied to the specimen surface, as shown in Figure 3b.
Displacement was extracted based on the differences between consecutive image frames,
with the frame rate set at 1 frame per second (FPS = 1). To enhance measurement reliability,
camera calibration and lighting conditions were adjusted in advance. The virtual patch
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spacing was set to 20 pixels, and the patch size to 40 pixels. The total measurement area was
150 x 350 mm. The specimen bonded with the CFRP plate was installed in the UTM for the
single-lap shear test, as shown in Figure 3c. Figure 3d shows the overall test configuration
with the DIC system positioned to capture the bonded region. The load measured by the
load cell and the DIC-based displacement data were recorded simultaneously on the same
time axis.

DIC
system

N o g

| a—

(0 (d)
Figure 3. Test setup and instrumentation for single-lap shear test. (a) Steel gripping fixture; (b) specimen
installed in the fixture; (c) specimens installed in the UTM; (d) test setup with the DIC system.

3. Experimental Results and Discussion
3.1. Failure Modes

Figure 4 presents typical failure modes observed in the single-lap shear tests of spec-
imens strengthened using the EBROG method. The failure modes for all specimens are
summarized in Table 3. Four distinct failure modes were identified through the experi-
ments. The first mode is debonding in concrete (DC), characterized by the detachment
of a thin layer of concrete along with the adhesive. The second is out-of-groove debond-
ing (OGD), where there is part of the concrete substrate outside the longitudinal groove
debonding together with the CFRP plate. The third is in-groove debonding (IGD), where
the concrete within the groove detaches with the CFRP plate. The last is debonding at the
CFRP-adhesive interface (F/A), which occurs at the interface between the epoxy and the
CFRP plate.
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Figure 4. Failure modes of the specimens. (a) E-25-2; (b) G-25-1-10-5-2; (c) G-35-1-5-10-2; (d) G-45-1-5-
5-2; (e) G-25-2-5-5-1; (f) G-35-2-5-5-2; (g) G-35-3-10-10-2; (h) G-45-3-5-10-2.

As shown in Figure 4a, the EBR specimens exhibited the DC failure mode, where there
is a thin layer of concrete debonding together with the CFRP plate. This type of failure at
the bond interface is attributed to the relatively low strength of the concrete compared to
the epoxy and CFRP plate in the EBR-strengthened specimens. In contrast, the EBROG
specimens, as shown in Figure 4b-h, did not exhibit concrete layer debonding across the
entire bonded surface of the CFRP plate due to the improved concrete interface. Figure 4b,c
show the failure modes of specimens with a single groove, exhibiting OGD, where there
is first a thin concrete layer outside the groove debonding, followed by rupture along the
groove. This failure is associated with the lack of surface treatment outside the groove.
OGD was primarily observed in specimens with lower concrete strength, indicating that
the bond enhancement provided by the groove was insufficient to compensate for weak
bonding in the untreated regions.

As shown in Figure 4d—f, IGD was mainly observed in specimens with higher concrete
compressive strength, fewer than two grooves, and a groove depth of 5 mm. This suggests
that with increased concrete compressive strength and groove dimensions, the shear stress
between the CFRP plate and concrete was effectively transferred into the concrete matrix,
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resulting in improved bond performance. Meanwhile, the F/A failure mode was predom-
inantly observed in EBROG specimens with three grooves and a concrete compressive
strength of 45 MPa. This is consistent with the findings of Moshiri et al. [48], indicating that
the bond between all components was effectively maintained due to the enhanced bonding
provided by the EBROG method.

3.2. Bond Strength

All experimental results for the specimens strengthened using the EBR and EBROG
methods are summarized in Table 3. The bond strength obtained from the single-lap shear
tests is denoted as P, and the average bond strength P 504 measured from two EBROG
specimens under the same test conditions was compared with that of the EBR speci-
mens. The bond strengths of the EBR-strengthened specimens were 24.0 MPa, 29.83 MPa,
and 36.08 MPa for concrete compressive strengths of 25 MPa, 35 MPa, and 45 MPa, re-
spectively. The EBROG specimens exhibited an increase in bond strength ranging from
49.56% to 154.48% compared to the EBR specimens. It is noteworthy that the improved
bond strength was achieved simply by introducing longitudinal grooves, without the need
for additional surface treatment as required in the EBR method. To quantitatively evaluate
the repeatability of the single-lap shear test results and the possible variability associated
with the repeated use of opposite faces of the concrete prisms, the standard deviation (SD)
and coefficient of variation (CV) of the specimens were calculated and reported in Table 3.
For the EBROG specimens, the CV values ranged from 0.04% to 5.61%, with an average
value of approximately 2.15%. Most EBROG duplicate groups showed CV values lower
than 5%, indicating relatively low variability in the repeated tests.

Figure 5 summarizes the effects of the key parameters using the average bond strength
increase ratios of the EBROG specimens relative to the EBR controls, including the influ-
ences of concrete compressive strength, groove dimensions, and the number of grooves.
Figure 5a shows the effect of concrete compressive strength on the EBROG-to-EBR bond
strength ratio. When the concrete compressive strength was 25 MPa, the bond strength
of the EBROG specimens increased by 127.87% relative to the EBR specimens. When ex-
pressed as an improvement ratio relative to the EBR controls, this ratio decreased to 94.18%
and 68.99% at 35 MPa and 45 MPa, respectively, because the bond strength of the EBR speci-
mens also increased with concrete compressive strength. In contrast, for EBROG specimens
with the same groove configuration, the bond strength increased by 5.94% as the concrete
strength increased from 25 MPa to 35 MPa, and by 5.40% as it increased from 35 MPa to
45 MPa, indicating a slight upward trend. These results suggest that the EBROG method
provides a relatively greater improvement over the EBR method in lower-strength concrete,
whereas increasing concrete compressive strength contributes to a gradual increase in the
absolute bond strength of EBROG specimens.

Figure 5b presents the bond strength improvement ratio as a function of groove
dimensions. When the groove size was 5 X 5 mm, the bond strength of the EBROG
specimen increased by 87.52% compared with the EBR specimen. For specimens with
groove dimensions of 5 X 10 mm and 10 x 5 mm, the bond strength improvement ratios
relative to the EBR specimen were 96.32% and 98.12%, respectively. This trend is consistent
with that reported by Moghaddas and Mostofinejad [43], indicating that even when the
groove cross-sectional area is the same, increasing the groove width can further enhance
bond performance. The specimen with a 10 x 10 mm groove exhibited the highest bond
strength improvement ratio of 106.1%, representing the best performance among all groove
configurations considered in this study. This is attributed to the simultaneous increase in
groove width and depth, which enlarges the epoxy-filled volume and the bonded area,
and promotes deeper load transfer into the concrete substrate, thereby improving the
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interfacial shear resistance. It should be noted that the comparison between the EBR
and EBROG specimens does not represent the isolated effect of groove geometry alone. The
EBR specimens were bonded after surface grinding, whereas the EBROG specimens were
prepared by groove cutting and cleaning without additional grinding of the out-of-groove
surface. Therefore, the measured bond-strength improvement reflects the combined effects
of groove-induced mechanical anchorage, increased bonded area, newly exposed concrete

surfaces inside the grooves, epoxy-filled groove confinement, and the actual EBROG surface
condition adopted in this study.
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Figure 5. Average increase rate in bond strength of EBROG specimens compared to EBR for variables.
(a) Concrete compressive strengths; (b) groove dimensions; (¢) number of grooves.
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Figure 5c shows the effect of the number of grooves on the bond strength improvement
ratio of the EBROG specimens relative to the EBR control specimens. With a single groove,
the average bond strength of the EBROG specimens increased by 85.14% compared with
the EBR specimens. As the number of grooves increased to two and three, the improvement
ratio increased stepwise to 96.60% and 109.31%, respectively. This indicates that increasing
the groove number not only enlarges the effective bonded area but also promotes a more
distributed interfacial shear stress transfer and mobilizes greater participation of the con-
crete substrate, thereby enhancing overall bond performance. Among the key parameters
considered in this study, the influence of groove number on bond enhancement was the
second most pronounced, following the effect of concrete compressive strength. These
results suggest that groove number is a critical design parameter for improving the bond
performance of the EBROG method, and that adjusting the number of grooves can be an
efficient means of achieving greater bond enhancement, particularly when the CFRP plate
width is fixed.

3.3. Load-Slip Behavior

Figure 6 presents the load-slip curves of the specimens measured through the single-
lap shear tests. In this case, slip was calculated as the difference between the average
displacement values of the concrete surfaces on either side at the mid-point of the loaded
end of the CFRP plate. Figure 6a shows the load-slip behavior of the EBR specimen,
which exhibited two distinct phases, an elastic phase and a softening phase. In the initial
elastic phase, the load and slip increased linearly, continuing up to approximately 75% of
the ultimate load. Subsequently, the curve entered the softening phase, where the slope
gradually decreased due to the reduction in bond strength between the CFRP plate and the
concrete. Ultimately, failure occurred due to debonding at the interface between the CFRP
plate and the concrete, accompanied by the propagation of microcracks in the concrete
surface layer.

Figure 6b—d show the load-slip curves of the EBROG specimens. Unlike the EBR
specimens, the EBROG specimens exhibited an additional hardening phase following the
elastic and softening phases. The hardening phase observed in the EBROG specimens can
be attributed to the progressive activation of the epoxy-filled grooves after local slip or
partial debonding occurs near the loaded end. In the EBR specimens, once debonding
initiates at the CFRP-concrete interface, the load-transfer capacity rapidly decreases be-
cause the interfacial resistance is mainly provided by the shallow concrete surface layer. In
contrast, in the EBROG specimens, the grooves provide additional mechanical interlocking
and anchorage between the CFRP plate, epoxy resin, and concrete substrate. Therefore,
even after the initial reduction in interfacial stiffness, the load can be redistributed from
the damaged surface interface to the groove regions and deeper concrete substrate. This
progressive engagement of the grooves increases the resistance against further slip and al-
lows the specimen to sustain additional load before final failure. This behavior aligns with
the findings of Codina et al. [50], and confirms that the grooves introduced by the EBROG
method not only delay debonding but also enhance load-carrying capacity. Furthermore,
as shown in Figure 6b,d, both bond strength and slip increased with increasing concrete
compressive strength and an increased number of grooves in the EBROG specimens. This
can be attributed to the improved resistance of the concrete substrate with higher concrete
compressive strength and the enhanced interfacial shear resistance due to the increased
bonding area from a higher number of grooves. Additionally, Figure 6¢ presents that both
bond strength and slip tended to increase with increasing groove dimensions. However,
the difference in bond performance between the specimens with 5 x 10 mm and 10 x 5 mm
grooves was negligible. This suggests that even when the aspect ratio between width
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and depth varies, grooves with the same cross-sectional area contribute similarly to the
bond performance at the CFRP-to-concrete interface.
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Figure 6. Load-slip curves. (a) EBR; (b) Concrete compressive strength; (c) groove dimension;
(d) number of grooves.

3.4. Slip Behavior Along CFRP Plate

Figure 7 presents the slip distribution measured along the CFRP plate under various
parameters. Figure 7a shows the slip—x-coordinate distribution at different load levels
for specimen G-35-1-5-10-2, where each curve represents 2% load increments. As the
load increased, the slip along the x-coordinate also increased, with a rapid increase in
slip observed near the loaded end after approximately 0.12 mm. This indicates the initi-
ation of debonding between the CFRP plate and the concrete. Figure 7b—d compare the
slip—x-coordinate curves at the onset of debonding for concrete compressive strengths
of 25 MPa, 35 MPa, and 45 MPa, respectively, based on the debonding initiation region
shown in Figure 7a. In specimens strengthened using the EBROG method, the slip tended
to decrease toward the anchored end due to the high bond strength between the CFRP
plate and concrete. Additionally, as the concrete compressive strength increased, the slip at
which debonding occurred tended to decrease. This suggests that higher-strength concrete
provides greater interfacial resistance with the CFRP plate but induces more brittle behavior
due to reduced deformability. In contrast, an increase in groove dimensions delayed the
onset of slip. This is because larger grooves increased the bonding area between the CFRP
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plate and concrete and more effectively distributed interfacial shear stresses deeper into the
substrate, resulting in a stronger bond. In particular, deep and wide grooves were shown
to effectively delay the initial occurrence of debonding in the CFRP plate.
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Figure 7. Slip distributions along x-coordinate. (a) G-35-1-5-10-2; (b) 25 MPa; (c) 35 MPa; (d) 45 MPa.

4. Analytical Model for Predicting Flexural Capacity
4.1. Proposed Effective Strain Model for EBROG Method

In this study, an empirical model was proposed to predict the effective strain of CFRP
plate—concrete joints bonded using the EBROG method based on the results of single-lap
shear tests. The proposed model for predicting the effective strain of CFRP plates incor-
porates all major parameters considered in this study, including concrete compressive
strength, number of grooves, groove width, and groove depth. Ghaleh and Mostofine-
jad [46] adopted a general power function form to numerically represent the influence
of each parameter. In this study, the power function expressed in Equation (1) was used
to reflect the effect of each parameter on the effective strain. A power-law formulation
was adopted because the governing parameters in the EBROG system, including concrete
compressive strength, number of grooves, groove width, and groove depth, simultane-
ously influence the effective bonded area, mechanical anchorage, interfacial shear stress
transfer, and stress redistribution into the concrete substrate. Therefore, the power-law
form is suitable for representing the scaling effects of these material and geometric pa-
rameters. In addition, by applying a logarithmic transformation, the nonlinear power-law
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relationship can be converted into a linear multivariable regression model, allowing the
coefficients to be determined using ordinary least-squares regression in a transparent
and reproducible manner.

24
Gy = Ky f’ <bf> g M
f=28) ¢ ng g

Here, Ky is a correction factor based on the experimental results, b f is the width of the
FRP, and &1, ap, a3 and a4 represent the coefficients corresponding to each parameter.

Equation (2) is a fracture mechanics-based bond strength model used to calculate the
fracture energy at the CFRP plate-to-concrete interface in specimens strengthened using the
EBROG method. By dividing this equation by the cross-sectional area and elastic modulus
of the CFRP plate, it can be transformed into Equation (3), which provides a form suitable
for estimating the effective strain [51].

P = bf1 /ZGfEftf 2)

2G f
Estf
Here, t f and E  represent the thickness and elastic modulus of the FRP, respectively,

Eoff = 3)

while G denotes the fracture energy per unit width.

Applying a logarithmic transformation to the variables, Equation (1) can be rewritten
as a linear multivariable model, as shown in Equation (4). The coefficients ag, aj, ap, a3,
and ay were determined using ordinary least-squares regression. After logarithmic trans-
formation, the nonlinear power-law relationship was converted into a linear multivariable
regression model. The regression coefficients were obtained by minimizing the sum of
squared residuals between the experimental and predicted log (Gy) values. In matrix form,
the coefficient vector a was calculated as Equation (5). The values obtained through this
process were —0.376, 0.353, —0.216, 0.125, and 0.136, respectively.

Yy =ag+aix; +axxy + azxz + asgxy 4)
-1
a= (XTX) XTy )

Here, y, ag, x1, X2, x3 and x4 represent log(Gf>, log(Ky), log(f'.), log(%), log (by)
and log (hg) respectively. X is the matrix composed of the logarithmically transformed
independent variables, and y is the vector of experimental log(G¢) values. To improve the
statistical transparency of the proposed empirical model, additional regression statistics
were calculated. The R?, p-values, and 95% confidence interval(CI)s of the regression
coefficients were added to Table 4. The regression model showed an R? value of 0.84,
indicating reasonable agreement between the experimental and predicted values within the
calibration dataset. In addition, the p-values and 95% CIs provide quantitative information
on the statistical significance and uncertainty of each regression parameter.

Table 4. Regression analysis results of the proposed model.

Parameter Coefficient p-Value 95% CI
ag —0.376 <0.001 [—0.569, —0.183]
a 0.353 <0.001 [0.255, 0.451]
a» —0.216 <0.001 [—0.268, —0.164]
as 0.125 <0.001 [0.056, 0.193]
ay 0.136 <0.001 [0.068, 0.204]
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By substituting these coefficients into Equation (1), the relationship for the effective
strain of CFRP plates strengthened with the EBROG method is derived as Equation (6).
Furthermore, incorporating this into Equation (3) results in the proposed effective strain
model in the form of Equation (7).

b —0.216
Gy = 0.42. fc0‘353~ < ?f ) _b80.125.hg0.136 ©6)
8
—05 by —0.108
> £0.176 0.0622 7, 0.0681
€t prop. = 0917-(Esty)  fe (,%) b kg (7)

Figure 8 presents the predicted effective strain of CFRP plates strengthened using the
EBROG method, based on the proposed model. The closer the predicted values are to the
bisector of the coordinate axes, the smaller the deviation from the actual values, indicating
higher prediction accuracy. The proposed model achieved a mean prediction ratio of
0.98 and a coefficient of variation (CV) of 4.22%, demonstrating high accuracy and low
variability. These results indicate that the empirical model developed in this study can
predict the effective strain of CFRP plates strengthened using the EBROG method with high
precision. It should also be noted that the calibration database is limited to the experimental
variables considered in this study. The calibration database was based on one CFRP plate
type, one adhesive system, one bonded length, one CFRP plate width, concrete compressive
strengths ranging from 22.35 to 46.85 MPa, groove widths and depths of 5 and 10 mm,
and one-to-three grooves. Therefore, the proposed equation should be regarded as a
preliminary empirical model applicable within the tested parameter range, rather than
as a generalized design expression. Further validation using independent experimental
datasets with different CFRP plate types, adhesive systems, bonded lengths, plate widths,
groove configurations, concrete strengths, and member-scale test results is required before
the model can be generalized for design applications. The bonded length was fixed at
250 mm in all single-lap shear specimens; therefore, the sensitivity of the proposed model
to bonded length could not be independently evaluated. The adopted bonded length was
selected to be longer than the effective bond length reported in previous EBROG bond
studies; thus, the specimens were expected to develop sufficient bond resistance within
the present test configuration. However, because bonded length was not varied in the
calibration database, the proposed model does not explicitly account for length-dependent
debonding behavior. Accordingly, the bond-length effect remains unverified and should be
investigated in future studies using specimens with independently varied bonded lengths.
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Figure 8. Comparison of predicted and experimental effective strains.
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To examine whether the prediction accuracy of the proposed model depends on the
failure mechanism, the prediction errors were grouped according to the observed failure
modes, as shown in Figure 9. The mean prediction errors for the OGD, IGD, and F/A
specimens were 1.65%, 1.92%, and 1.16%, respectively. The error ranges were —8.03%
to 7.97%, —8.81% to 8.40%, and —7.77% to 8.04% for OGD, IGD, and F/A, respectively.
These results indicate that no clear failure-mode-dependent bias was observed within
the calibration dataset. Nevertheless, different failure modes may involve different local
debonding mechanisms; therefore, additional experimental data are required to verify
whether the proposed model maintains comparable prediction accuracy for each failure
mechanism under broader material and geometric conditions.
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Figure 9. Prediction error of the proposed effective strain model according to failure modes.

4.2. Accuracy of Flexural Capacity Using the Proposed Model

In this study, the applicability of the proposed effective strain model was evaluated
for predicting the flexural capacity of RC members strengthened with CFRP plates using
the EBROG method. Generally, the flexural capacity of RC members strengthened with the
EBROG method is governed by the effective strain at the onset of CFRP plate debonding,
indicating that debonding is the dominant failure mechanism affecting structural perfor-
mance. However, effective strain models based on single-lap shear tests do not account
for RC member deformation, internal reinforcement behavior in concrete, or the effects of
multiple flexural cracks induced by flexural loading. Consequently, discrepancies arise
when predicting the effective strain of FRP in RC members [52]. In this study, following
Teng et al. [52], a correction factor n was introduced to account for the difference in debond-
ing conditions between single-lap shear tests and intermediate crack (IC) debonding in
actual RC members. Specifically, n was derived from the coefficient « = 0.544 reported
for IC debonding beams as 1 = 1/«. Accordingly, the effective strain used in the section
analysis of the strengthened RC members was defined as ne.¢. Therefore, in this study,
the proposed effective strain model was modified using the correction factor to predict
the flexural capacity of RC members strengthened by the EBROG method. It should be
noted that the correction factor o proposed by Teng et al. [52] was originally derived for
EBR-strengthened RC members, not for EBROG-strengthened specimens. Therefore, this
factor should not be interpreted as an EBROG-specific calibration parameter or as a direct
representation of the mechanical interlocking effect provided by the grooves. In the present
study, « was used as an empirical conversion factor to account for the difference between
the effective strain obtained from single-lap shear bond tests and that developed in RC
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flexural members. The proposed effective-strain model was developed based on bond test
results, whereas RC beams exhibit more complex member-level behavior, including flexural
cracking, strain localization, interaction between internal steel reinforcement and externally
bonded CFRP plates, curvature-dependent deformation, and member-level stress redistri-
bution. Because an EBROG-specific correction factor based on a sufficiently large number
of beam tests is not currently available, the factor proposed by Teng et al. [52] was adopted
as a preliminary approximation to convert bond-level effective strain into member-level
flexural response. The flexural capacity was calculated using the equivalent rectangular
stress block concept presented in ACI 440.2R-17 [25], as shown in Equations (8) and (9).

c ¢ ¢
= atea (1 5F) e (B ) e agte(ar-B)

s

Py

©)

Here, As and Asc represent the cross-sectional areas of the tensile and compres-
sive reinforcement, respectively, and Es; and Es; are the elastic moduli of the tensile and
compressive reinforcement, respectively. e, €5c and € f denote the strains of the tensile
reinforcement, compressive reinforcement, and FRP plate, respectively, used in flexural
strength calculations. d, d. and d ¥ refer to the effective depths of the tensile reinforcement,
compressive reinforcement, and FRP, respectively. Additionally, ¢ indicates the neutral
axis depth, and B is the factor for the equivalent rectangular stress block defined in ACI
318-19 [53].

To date, as far as the authors are aware, no effective strain model has been proposed for
predicting the flexural capacity of RC members strengthened with CFRP plates using the
EBROG method. Therefore, this study compares the performance of the proposed EBROG-
based effective strain model and existing models developed for the EBR method. The
effective strain models for RC members strengthened using the EBR method, as reported in
design codes and the previous literature, are summarized in Table 5. Among the existing
design codes, ACI 440.2R-17 [25] and CNR-DT 200/R1 [54] provide effective strain models
for predicting the flexural capacity of RC members strengthened with the EBR method,
and the corresponding equations are listed in Table 5. Here, f,; and f;1, represent the mean
compressive and mean tensile strengths of concrete, respectively. In addition, effective
strain models proposed through experimental and numerical studies by Chen and Teng [55]
and Lu et al. [56] were used. The model by Chen and Teng [55] is one of the most widely
recognized models for estimating the effective strain of CFRP plate-to-concrete interfaces.
In this model, B, and B; are coefficients related to the bonded width and bonded length of
the FRP plate, b is the width of the RC member, and L and L, refer to the bonded length and
effective bonded length, respectively. Lu et al. [56] proposed a model capable of predicting
the effective strain of the FRP plate in regions locally affected by flexural cracks. Here, 15 is
the number of FRP layers, and L; and L., represent the bonded length and the distance
from the loaded section to the end of the cracked region, respectively. Ty x is the maximum
shear stress, By is the width ratio coefficient of the FRP to the concrete, and f; denotes the
tensile strength of the concrete.

To validate the applicability of the proposed model, experimental results from previous
studies by Codina et al. [50] and Hong et al. [57] on RC members strengthened with CFRP
plates using the EBROG method were collected. These studies evaluated the flexural
behavior of CFRP-strengthened RC members employing the EBROG technique, and the
experimental variables and material properties are summarized in Table 6.
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Table 5. Summary of effective strain model in EBR method.
Reference Model Description
ACT 440.2R-17 [25] eoff,act = 041 /né;tf <09,
CNR-DT 200/R1 [54] _ 2ky0.32+/ fem fetm _ J1.00 for concentrated loads
€eff,CNR = kg Effs kg =14125 for distributed loads
B, = 2—(bs/b) ﬁf{ 1,L L>Le
Chen and Teng [55] . _ _ 0.427B,B1+/F' Le p 1+(bs/b)” l smgLe L <L
eff, C&T = Efts L Efi;
CV VI
L€€ —_
( ) o =3.417%, Lee = 0228, /nEyty,
Lu et al. [56] EoffLy = 0.114(4.41 &) Tnax Tmax = 1.5Bwft,
" VrnEsly 225 (b /b)

Puw = 125+ (b;/b)’ fi=063/F

To assess the appropriateness of the proposed model, a comparative analysis was
conducted against several existing models, and the flexural capacity prediction results
are presented in Table 6. The predictive performance of each model was evaluated using
numerical indicators such as the mean, CV, and mean absolute error (MAE). The mean
indicates the extent of underestimation or overestimation by each model, while the CV,
defined as the ratio of the standard deviation to the mean, represents the degree of variation
between the experimental and predicted results. MAE expresses the prediction error
relative to the actual results as a percentage and serves as a key metric for assessing model
accuracy. Each of these numerical indicators was calculated using Equations (10)-(12).

1 n F .
Mean = — I_fmd"l (10)
.= Fexp.i
cV = 1 li predl . Fpredmean ? (11)
Mean 71 exp i Fexp‘mean
MAE — Z predlé - expz (12)
— exp.i

Here, n denotes the number of data points, while Fy,;; and F,y); represent the pre-
dicted and experimental results, respectively. Fyeg.mean and Fexp.mean denote the means of
the predicted and experimental results, respectively.

Figure 10 and Table 6 present a comparison between the flexural capacities predicted
by the proposed model and those predicted by existing models against experimental results.
Among the existing models, the coefficients of variation (CV) for ACI 440.2R-17 [25], CNR-
DT 200/R1 [54], Chen and Teng [55], and Lu et al. [56] were 7.62%, 9.23%, 16.24%, and
7.73%, respectively, indicating relatively large dispersions. Overall, these models tended
to underestimate the flexural capacity of RC members strengthened using the EBROG
method. In particular, the prediction accuracy of the existing models deteriorated as the
width of the CFRP plate or the number of grooves in the EBROG method increased. This is
because these models do not account for the geometric characteristics of the grooves and
the associated enhancement in bond performance.
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Table 6. Parameters and prediction results of collected test specimens.

CNR-DT Chen and

ACI 440.2R-17 Luetal. Proposed
, b h b t b I " [25] NEN 155 [561 Model
Ref. Specimen f f 8 g g
(mm) (mm) (mm) (mm) (mm) (mm) (mm) Penr Pear P,
u
Pacraao/P. exp. /Pexp. /Pexp. /Pexp. P prop./P exp.
EBROG-d8-1g 140 180 50 14 10 13 1 0.88 0.95 0.56 091 0.93
EBROG-d8-2g 140 180 50 14 5 13 2 0.83 0.90 0.53 0.87 0.92
[50] EBROG-d10-1g 140 180 50 14 10 13 1 1.04 1.10 0.69 1.07 1.08
EBROG-d10-2g 140 180 50 14 5 13 2 0.90 0.96 0.60 0.93 0.96
EBROG-d10-3g 140 180 50 1.4 35 13 3 0.93 0.99 0.62 0.96 1.00
GM50-1 500 240 50 1.7 10 12 1 0.97 1.09 0.77 1.02 1.05
GM50-1B 500 240 50 1.7 10 12 1 0.96 1.08 0.76 1.01 1.04
GM50-2 500 240 50 1.7 10 12 2 0.87 0.97 0.69 0.91 0.97
[57] GM50-2B 500 240 50 1.7 10 12 2 0.84 0.94 0.66 0.89 0.94
GM100-3 500 240 100 1.7 10 12 3 0.87 1.00 0.90 0.90 1.00
GM100-3B 500 240 100 1.7 10 12 3 0.83 0.95 0.86 0.86 0.95
GM100-4 500 240 100 1.7 10 12 4 0.82 0.94 0.85 0.85 0.96
GM100-4B 500 240 100 1.7 10 12 4 0.79 0.90 0.82 0.81 0.92
Mean 0.89 0.95 0.72 0.92 0.98
CV (%) 7.62 9.23 16.24 7.73 5.11
MAE (%) 11.74 8.65 28.42 9.29 4.73
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Figure 10. Comparison of predicted by the proposed model and existing design model [25,54-56].

In contrast, the proposed model exhibited excellent accuracy and low variability, with
amean value of 0.98, CV of 5.11%, and MAE of 4.73%. This improvement is attributed to the
inclusion of parameters specific to the EBROG method, such as the number and dimensions
of grooves, which are not considered in existing EBR-based models. The correction factor
used for flexural strength prediction is greater than unity; therefore, its application may
increase the predicted flexural strength. Specifically, 11 increases the bond-level effective
strain obtained from the single-lap shear tests when it is converted into the effective strain
used for member-level flexural strength calculations. This indicates that the use of cor-
rection factor is not inherently conservative and may result in potentially unconservative
predictions if applied to EBROG-strengthened RC members outside the range of the avail-
able member-level data, because the flexural strength may be overestimated. However,
within the limited RC beam database considered in this study, the proposed model showed
a mean prediction ratio of 0.98, suggesting that it did not show a systematic overestimation
of the flexural strength of the collected EBROG-strengthened specimens. Although the
correction factor provides a practical means of relating the effective strain obtained from
single-lap shear tests to the flexural response of RC members, the present approach should
be regarded as a preliminary member-level evaluation rather than a comprehensive EBROG
design model. In particular, member-level behavior can be influenced by multiple flexural
cracks, crack spacing, reinforcement ratio, moment gradient, development length, curva-
ture distribution, and the interaction between internal steel reinforcement and externally
bonded CFRP plates. These parameters may affect CFRP strain localization, interfacial
stress redistribution, and debonding propagation. Crack spacing can influence whether
CFRP strain is distributed over multiple cracks or concentrated near a dominant crack.
Reinforcement ratio and moment gradient can affect curvature distribution and CFRP strain
development along the member, while development length may determine whether the
CFRP plate can fully mobilize its bond capacity before debonding. It should be noted that
the validation of the proposed model was performed using a limited number of RC beam
test results available in the literature. Therefore, the flexural-capacity comparison presented
in this study should be interpreted as a preliminary assessment using available literature
data. Further member-scale experiments and analytical studies are needed to develop
EBROG design formulations that explicitly account for these member-level parameters.
Nevertheless, in the absence of established design guidelines for RC members strengthened
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with CFRP plates using the EBROG method, the proposed model provides a promising
foundation for practical flexural capacity prediction.

5. Conclusions

In this study, the bond behavior between CFRP plates and concrete strengthened
using the EBROG method was investigated through both experimental and analytical
approaches. Single-lap shear tests were performed on specimens strengthened using the
EBR and EBROG methods, and bond behavior was analyzed using a DIC system. Based on
the experimental results, an effective strain model was proposed, and its applicability to
RC members was evaluated. The conclusions drawn from this study are as follows.

1. While the EBR specimens exhibited debonding in concrete failure at the concrete
surface, the EBROG specimens predominantly showed cohesive failure within the
groove region or adhesive interface, rather than debonding in concrete failure. This
indicates that the EBROG method provides a more suitable bonding interface between
the CFRP plate and concrete.

2. Without requiring additional surface treatment, the EBROG method improved the
bond strength by 49.56% to 154.48% compared to the EBR method. The enhance-
ment in bond strength decreased with increasing concrete compressive strength, but
increased with larger groove dimensions and a greater number of grooves.

3. The load-slip curve exhibited two-stage elastic and softening behavior in the EBR
specimens, whereas the EBROG specimens exhibited an additional hardening stage
after the softening phase. This hardening behavior suggests that, despite the reduction
in stiffness toward failure, the confinement provided by the grooves enhanced the
load carrying capacity.

4. The localized slip along the CFRP plate initiated near the loaded end and gradually
decreased toward the free end. As the concrete compressive strength increased, the
slip at the onset of debonding decreased. Moreover, larger groove dimensions delayed
the initiation of debonding.

5. An effective strain model was proposed to estimate the effective strain of CFRP
plates in EBROG-strengthened members. Although the proposed model showed
reasonable agreement with the experimental results, its applicability is limited to the
parameter range considered in this study, including concrete compressive strength,
groove geometry, bonded length, adhesive system, and CFRP plate configuration.
Therefore, the proposed equation should be regarded as a preliminary empirical
model for EBROG-strengthened CFRP plates.

6.  Future studies should further investigate broader groove configurations, different
CFRP plate dimensions and adhesive systems, bond-length effects, fatigue and cyclic
loading behavior, long-term durability, environmental exposure, and member-scale
RC beam or slab tests. These efforts will provide a more comprehensive understanding
of the stress-transfer mechanism and support the development of reliable design
recommendations for CFRP plate reinforcement using the EBROG method.
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