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The bond behavior of precured FRP strips and steel plates to concrete substrate was investigated in this
research in terms of the load capacity, slip and strain distribution and debonding mechanism.
Experimental single lap shear tests were performed and an experimental-analytical model was proposed
to determine the bond strength of the FRP-bonded joints. Two strengthening methods, including exter-
nally bonded reinforcement (EBR) and externally bonded reinforcement on groove (EBROG), were com-
pared. A two-dimensional digital image correlation (2D-DIC) system was utilized to measure the full-field
deformations.
Compared to the 90 mm effective bond length for the EBR method, the effective bond lengths for the

EBROG method were equal to 145 and 160 mm for 5 � 5 and 5 � 10 mm groove cross sections, with
92% and 112% higher loads, respectively. In addition, the results showed that the EBROG method
improved the bond resistance of steel-to-concrete joints, but it was not as efficient as it was for the
FRP-to-concrete bonded joints. Furthermore, the crack propagation underneath the strip was assessed
for the first time for the EBROG method, by using a side-view measurement.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction proposed to predict bond behavior [1,11–13]. Efforts have been
FRP composites have been accepted extensively for retrofitting
and strengthening civil structures, i.e., buildings and bridges.
Proper bond behavior between FRP and concrete is important for
the strengthening efficiency. Usually, premature debonding hap-
pens before full capacity of the materials is achieved. Therefore,
the bond behavior of FRP composites to concrete substrate has
been studied over the past decades [1–5]. Experimental, analytical,
and numerical research works were performed to evaluate the
effect of different parameters [6–10]. Design equations were also
made to postpone debonding, which achieves higher bond resis-
tance. Among those efforts, the EBROG method was introduced
as a substitute for the EBR method at Isfahan University of Tech-
nology (IUT) [14]. Flexural strengthening of concrete beams with
FRP composites using the EBROG method demonstrated a high
increase in the beam load capacity and postponed the debonding
[14,15]. A comparison of the EBROG method with the conventional
EBR technique in the axial/flexural retrofitting of columns, in the
shear/flexural strengthening of reinforced concrete beams, and in
the repair of beam-column joints was investigated through
previous research works [16–21]. The bond behavior of FRP
sheets-to-concrete was examined by Mostofinejad et al. [22–26].
The influences of the groove characteristics, bond length, concrete
properties, loading rate, and mixed-mode I/II loading were
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surveyed [22–25]. Significant improvement in the bond behavior
was well approved when the EBROG method was used, which
resulted in a tremendous increase in the bond resistance, post-
ponement of the debonding of FRP sheets from concrete substrate
or, in some cases, FRP tensile rupture instead of debonding; and
higher slip and strain values that could be developed in the FRP.

Previously, theEBROGmethodwaswell investigated for thebond
behavior of FRP sheets (carbon or glass fibers) [22,24,25,27,28]. The
effect of the EBROG method on the bond behavior of precured FRP
strips, which have a much higher load capacity compared to that
of the FRP sheetswas studied in this researchwork. For this purpose,
an experimental and analytical program was directed. Single lap
shear tests on FRP strips-to-concrete bonded jointswere performed.
Unidirectional precured carbon FRP strips of 1.4 mm thicknesswere
used to strengthen concrete blocks. According to the experimental
results and by considering the failuremodes, a model was proposed
to predict the bond strength of FRP-to-concrete. To examine the effi-
ciency of the EBROG method on higher bond capacities, the steel
plate-to-concrete bond behavior was also assessed. Lap shear tests
on steel-to-concretebonded joints had similar configurations to that
of FRP-strengthened joints but were strengthened with 5 mm-thick
steel plates.

It is worth mentioning that current paper is an extended ver-
sion of the authors’ paper that was presented at the CICE2018 con-
ference [29]. The lap shear experiments on FRP-to-concrete bonded
joints were presented in a paper by authors [30]. Additional
results, with respect to that paper, are discussed in the current
paper to approach a thorough understanding of the EBROGmethod
and proposing an experimental-analytical model to evaluate the
bond strength of FRP strips-to-concrete. In addition to FRP-to-
concrete bonded joints, steel-to-concrete joints are also presented
in current paper. An innovative side-view measurement is pre-
sented as well.
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Fig. 1. Results of steel coupon tests.
2. Experimental program

2.1. Material properties

Single lap shear tests were performed to investigate the bond
behavior of strips to concrete. Concrete blocks with
150 � 150 � 350 mm dimensions were casted, all with a same con-
crete batch, and strengthened with precured carbon FRP strips and
steel plates. Compressive strength of concrete blocks, which were
determined by three standard 100 � 200 mm cylinders, were
38.20 MPa with a standard deviation of 1.04 at the lap shear testing
time.

Unidirectional carbon FRP (CFRP) strips, called Sika CarboDur
S514, were utilized to strengthen specimens number 1–6. Accord-
ing to the manufacturer’s data sheet, precured CFRP strips had a
thickness of 1.4 mm, width of 50 mm, elastic modulus of 165
GPa, ultimate tensile strength of 2800 MPa, and ultimate tensile
strain of 1.7%. CFRP strips were bonded to the concrete substrate
over a bond length of 240 mm by means of a two-part epoxy adhe-
sive named Sikadur 31. The adhesive had a modulus of elasticity
that was equal to 4.3 GPa, with a tensile strength of 15–20 MPa,
according to the manufacturer’s data sheet. It is worth mentioning
that the bonded length started 55 mm away from the concrete
edge to prevent stress concentration at the loaded end.
Table 1
Steel coupon tensile tests.

Sample Yield strength (MPa) Ultimate tensile strength

1 459 553
2 456 550
3 458 552
To briefly study the effect of the EBROG method when steel
plates were used for strengthening, four steel-to-concrete bonded
joints were tested. In contrast to the FRP materials properties,
the steel plates mechanical properties had to be determined by
performing coupon tests; since no data sheet presenting the steel
properties were available by the producer company. The steel
mechanical properties, which are reported in Table 1, were deter-
mined by the tensile test on three standard samples with 5 mm
thickness and 12.5 mm width, according to ASTM E8 [31] (Fig. 1).
Steel plates with a thickness of 5 mm, elastic modulus of 204
GPa, yield tensile strength of 458 MPa, and ultimate tensile
strength of 552 MPa were utilized in specimens number 7–11.

2.2. Specimen preparation

The two methods, EBR and EBROG, were used to strengthen the
concrete blocks for lap shear tests. In EBR, the surface preparation
was performed as follows: removing a thin weak layer of concrete
surface by a grinding machine and cleaning the dust from the sur-
face by means of compressed air. Grinding the surface was exe-
cuted to remove a thin layer of concrete with a thickness of
approximately 1–2 mm in a way that the weak surface layer of
concrete was removed and the aggregates were exposed. The strip
was then bonded to the substrate by using an epoxy adhesive
(Fig. 2). In EBROG, no surface preparation was performed. Instead,
two longitudinal grooves with the defined (target) dimension in
the cross section and with 20 mm free distance perpendicular to
the groove direction were cut in the concrete substrate. The
selected dimensions of the groove cross section that were studied
in current research was 5 � 5, 5 � 10 or 10 � 10 mm, and can be
found for each specimen in Table 2. Cleaning the substrate with
compressed air, totally filling the grooves with epoxy adhesive,
and, finally, adhering the strip over the grooves were the steps
for preparing the EBROG joint (Fig. 2). After seven days of curing,
the specimens were tested in the testing machine.

2.3. Testing method

Single lap shear tests were conducted using a 300 kN hydraulic
jack at the Isfahan University of Technology (IUT). The tensile load
wasappliedononeendof the strip indisplacement-controlledmode
with a rate of 2 mm/min (according to ASTM D3039 [32]). The strip
(MPa) Elongation (%) Modulus of elasticity (GPa)

28 201
27 210
28 200



(a) EBR method (b) EBROG method

Fig. 2. Strengthening methods; (a) EBR method; (b) EBROG method.

Table 2
Test layout and experimental results.

Specimen
No.

Specimen label Strengthening
method

Strengthening
strip

Groove
width,
bg (mm)

Groove
depth,
hg (mm)

Front/
Side-view
measurement

Bond
strength,
Pu (kN)

Pu/Pu,Avg_EBR Failure mode,
debonding in:

1 EBR-1 EBR CFRP strip – – Front 25.29 – Concrete
2 EBR-2 EBR CFRP strip – – Front 23.70 – Concrete
3 EBROG-5 � 5-1 EBROG CFRP strip 5 5 Front 47.14 1.92 Adhesive
4 EBROG-5 � 5-2 EBROG CFRP strip 5 5 Front 32.41* – Adhesive
5 EBROG-5 � 10-1 EBROG CFRP strip 5 10 Front 52.66 2.15 Adhesive
6 EBROG-5 � 10-2 EBROG CFRP strip 5 10 Front 51.40 2.10 Adhesive
7 EBR-steel-1 EBR Steel plate – – Front 70.14 – Concrete
8 EBR-steel-2 EBR Steel plate – – Front 68.97 – Concrete
9 EBROG-10 � 10-steel-1 EBROG Steel plate 10 10 Front 84.73 1.22 Steel-adhesive interface
10 EBROG-10 � 10-steel-2 EBROG Steel plate 10 10 Front 90.72 1.30 Deep concrete
11 EBROG-10 � 10-steel-3 EBROG Steel plate 10 10 Side 74.89 1.08 Adhesive

Notes: Pu,Avg_EBR = The average of the results of two similar EBR joints.
*Premature failure due to sliding of the strip in the clamps during the test.
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end was tightly fixed in clamps and held by a 350 kN hydraulic jack
during the test. The pulling forcewasmeasured by a 300 kN load cell
and was recorded by a digital data logger. The test instrumentation
and coordinate axis system are shown in Fig. 3.

A two-dimensional digital image correlation (2D-DIC) system
was utilized to measure the full-field deformations in the specimen
surface. Deformations were measured by tracking the displace-
ments on a textured-surface through successive images. To do so,
the specimen surface was painted white, and a colorful pattern
with red, blue and green spots was produced on the surface. Digital
images were captured by using a Nikon D5200 digital camera with
36 megapixel resolution and a Nikkor (18–135 mm) lens. The spec-
imen surface was illuminated by two white light projectors to min-
imize the light noise. Images were taken manually without a
distinct time interval. The stages at which each image was taken
can be distinguished from the visible points on load-slip diagrams
(Fig. 5); each point refers to a stage. The measurement field was
150 � 350 mm in size, in which subsets of 250 � 250 pixels
Fig. 3. Test instr
(approximately 17 � 17 mm) with 16 pixel spacing were generated
[33]. Deformations were calculated by using the particle image
velocimetry (PIV) method with GeoPIV8 software [16,30,34].

2.4. Test layout

Details about the specimens are presented in Table 2. The spec-
imens’ labels start with the name of the strengthening method, i.e.,
the EBR or EBROG method. For the EBROG joints, the groove
dimensions are stated afterwards. In the specimens strengthened
with a steel plate, the name of ‘‘steel” was then added to the labels.
Finally, number 1 or 2 was added to show the repetition of identi-
cal tests. (It is worth mentioning that the FRP-to-concrete joints
labels were similar to those of the other authors’ paper [30], for
the sake of conformity and easiness.) Specimens number 1–6 were
retrofitted with FRP strips via the EBR or EBROG method. Speci-
mens number 7–11 were strengthened with steel plates through
the EBR or EBROG method. In tests number 1–10, the whole front
umentation.



Fig. 4. Test setup for side-view measurement (the photo was taken after failure for
better perception of the setup).

0

10

20

30

40

50

60

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fo
rc

e (
kN

)

Slip at loaded end (mm)

EBR-1

EBR-2

EBROG-5×5-1

EBROG-5×10-1

EBROG-5×10-2
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view of the specimen was captured, and deformations were mea-
sured with DIC.

2.5. Side-view measurement

Assessing the deformations and crack propagation underneath
the EBROG bonded joint was conducted for the first time in current
research. In other words, the deformations, strains and crack prop-
agation were evaluated deep inside the concrete, beneath the strip.
In specimen number 11, side-view measurements with 2D-DIC
were performed with an innovative technique to monitor the field.

In specimen number 11, the steel plate was bonded at the lon-
gitudinal edge of the concrete block so that the surrounding con-
crete existed on one border of the steel plate (in specimens 1–10,
both sides of the strip outside its borders were confined with sur-
rounding concrete). The specimen configuration and test setup for
this side-view measurement are represented in Fig. 4. Due to the
testing machine setup, it was not possible to position the specimen
in a way that the side view of the specimen, i.e., beneath the strip,
could be monitored with a digital camera. Therefore, an innovative
technique was utilized to observe the side view of the specimen. A
mirror positioned 45 degrees with respect to the specimen’s front-
view was installed close to the concrete block. When looking at the
front-view of the specimen, the side-view was also visible in the
mirror, thus, the images taken from the front-view of the specimen
could also capture the side-view. With this innovative technique,
measuring both the side and front views was feasible by using only
one camera. Although this technique is not a full 3D DIC system
and needs improvement to minimize the errors and modify the
measurements, it could be referred to as a semi-3D DIC system.
Therefore, only qualitatively (and not quantitatively) crack pattern
developments are presented for this measurement in this paper.
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Fig. 6. Slip distribution at the initiation of debonding for FRP-to-concrete joints.
3. Experimental results

3.1. FRP-to-concrete bonded joints

3.1.1. Bond strength
It can be observed in Table 2 that the bond strengths of the EBR

joints were 25.29 and 23.70 for the two repetitions. The EBROG
joints, however, achieved much higher bond resistance. Specimens
‘‘EBROG-5 � 5-1,” ‘‘EBROG-5 � 10-1,” and ‘‘EBROG-5 � 10-2” expe-
rienced 47.14, 52.66, and 51.40 kN bond capacity, which indicated
factors of 1.92, 2.15 and 2.10 compared to that of EBR joints,
respectively. Therefore, a two-fold increase in the bond strength
was concluded when the EBROG method was used. Moreover, big-
ger groove dimensions resulted in higher bond resistance. Trans-
ferring the interfacial shear stresses deep into the concrete
substrate, which is confined by the surrounding concrete, con-
tributed to an increased bond strength in the EBROG method. It
is worth mentioning that specimen ‘‘EBROG-5 � 5-2,” showed pre-
mature failure during the test due to the sliding of the strip in the
end clamps and, therefore, was removed from the results section.

3.1.2. Load-slip behavior
The strip longitudinal displacement relative to the concrete

substrate is called slip. Subtracting the average value of the con-
crete deformation from the strip deformation in its central section
results in slip. The load-slip behavior of tested specimens is plotted
in Fig. 5. It can be observed that the EBR joints had a typical bilinear
behavior that turned into a horizontal branch at the stage of initi-
ation of the debonding. In contrast, EBROG joints demonstrated an
ascending behavior with a variable decreasing slope.

At much higher slip values, the load-slip behavior of the EBROG
joints turned horizontal. The corresponding point was selected as
the stage of initiation of debonding beyond which no considerable
increase in the load was experienced. After the point of ‘‘initiation
of debonding,” the CFRP strip is completely separated over a part of
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the bond length, and the shear stress is zero; therefore, the mea-
sured slip in this area is no longer of interest. The slip distribution
along the bond length at the initiation of debonding was plotted for
the specimens that are shown in Fig. 6. FRP-strengthened speci-
mens using the EBR method experienced slip of 0.10 and
0.12 mm at the loaded end. On the other hand, using the EBROG
method led to higher slips of 0.38, 0.4 and 0.36 mm for specimens
‘‘EBROG-5 � 5-1,” ‘‘EBROG-5 � 10-1” and ‘‘EBROG-5 � 10-2,”
respectively; however, the load was much higher. In addition, the
average effective bond lengths were 90, 145 and 160 mm for EBR
specimen, EBROG specimen with 5 � 5 grooves and EBROG joint
with 5 � 10 mm grooves, respectively. The EBROG method trans-
ferred the load over a longer bond length, which was slightly
higher for deeper grooves.
(a) EBR-1

(c) EBRO

(d) EBROG-5×10-1
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Fig. 7. Slip distribution of FRP-to-concrete bonded
3.1.3. Slip evolution
The slip distribution along the bond length during the test is

exhibited in Fig. 7. Successive images were taken from the speci-
men manually without a distinct load/time increment between
them. Slip propagation was demonstrated very well in the slip dis-
tribution diagrams, which indicated that longer bond length expe-
rienced slip as the test continued. In the EBR specimens, the stage
of initiation of debonding can be easily distinguishable in Fig. 7.
Significant increase in the slip and a large gap between the consec-
utive slip diagrams correspond to the initiation of debonding in the
EBR specimens. However, the EBROG joints demonstrated sequen-
tial uninterrupted diagrams fromwhich the initiation of debonding
could not be easily observed. Therefore, the load-slip diagrams
were considered to determine this stage.
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3.1.4. Strain distribution and failure mode
By exploiting the DIC system, the strain field could be deter-

mined in the whole field. In Fig. 8, the strain distribution is demon-
strated at the stage of initiation of debonding and in the final stage.
It was observed that at the stage of initiation of debonding, the
strain developed from the starting point of the bond, up to a certain
length, which is the effective bond length for each specimen. For
example, in specimens ‘‘EBR-1” and ‘‘EBR-2,” the effective bond
length that experienced strain at the initiation of debonding was
approximately 90 mm. It is also observed in Fig. 8 that the effective
bond length of EBROG specimens was higher compared to that of
the EBR specimen. Approximately 145 and 190 mm bond length
can be concluded in that figure for EBROG specimens with 5 � 5
and 5 � 10 mm grooves.
Strain distribution at initiation of 
debonding

Strain distr

(a) 

Strain distribution at initiation of 
debonding

Strain distr

(

Strain distribution at initiation of 
debonding

Strain distr

(c) "E

Fig. 8. Strain distribution and failure mod
By comparing Strain distribution at initiation of debonding and at
final stage in Fig. 8, it can be seen that the field on FRP which was
experiencing the highest strain (red color in the color bar is related
to thehighest strain in thesefigures),wasmoved fromtopof the strip
to its middle. It means that the highest strain took place in another
position further from the loaded end. In other words, as the debond-
ing propagated, the strain field developed along the strip length, and
the point corresponding to the maximum strain went further.
Meanwhile, the loaded end was debonded from the concrete and
debonding propagated along the strip. This observation agrees well
with thepropagationof interfacial shear stress along the strip length.

It is noteworthy that the bottom left value on the blue monitor
in these graphs demonstrates the force in the kg.f unit and should
be converted to the kN unit.
ibution at final stage Failure mode

"EBR-1"

ibution at final stage Failure mode

b) "EBR-2"

ibution at final stage Failure mode
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es of FRP-to-concrete bonded joints.
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Fig. 8 (continued)
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The failure mode of FRP-strengthened blocks is also shown in
Fig. 8. The failure mode of EBR specimens was debonding in the
concrete, as expected. In contrast, the EBROG joints experienced
debonding in the adhesive layer, which is called cohesive failure.
Concrete substrate was, therefore, not the weakest constituent in
the FRP/epoxy/concrete system. The EBROG method helped the
joint to postpone the debonding by stiffening the concrete sub-
strate. Although partly interface failure inside the strip was
observed at the end of the bond zone, this phenomenon is consid-
ered to be the secondary effect of debonding at the final stage.

3.2. Steel-to-concrete bonded joints

The maximum load carrying capacity of EBR joints strengthened
with steel plates were 70.14 and 68.97 kN for the two repetitions
(Table 2). Steel-strengthened EBROG joints demonstrated a signif-
icant increase in the load capacity. Specimens ‘‘EBROG-10 � 10-
steel-1” and ‘‘EBROG-10 � 10-steel-2,” reached maximum loads
of 84.73 and 90.72 kN, respectively, which indicated 1.22 and
1.30 factors compared to that of EBR joints. Although the EBROG
method improved the bond resistance of steel-to-concrete joints,
it was not as efficient as that of FRP-to-concrete joints. This may
be attributed to an inadequate bond length of the tested joints.
The slip distribution and the load-slip behavior of steel-
to-concrete bonded joints are plotted in Fig. 9 and Fig. 10, respec-
tively. It can be observed that the load-slip behavior did not
experience a horizontal branch, which sparked the assumption
that the full capacity was not reached. This can be attributed to
that that the used bond length may be less than the effective bond
length. The slip distribution that is shown in Fig. 9 demonstrates
that the whole bond length experienced slips from the first stages.
Since the slip is not zero along the complete bond length, it means
that the effective bond length is longer than the used bond length.
If the bond length was long enough, the maximum load capacity
could go higher, and the effect of the EBROG method could be bet-
ter perceived. However, more tests and investigations are needed
to confirm this hypothesis.

The failure mode of steel-strengthened specimens is demon-
strated in Fig. 11. The EBR method resulted in debonding in the
concrete substrate. The EBROG joints’ failure mode was different
for the two repetitions. Specimen ‘‘EBROG-10 � 10-steel-1” exhib-
ited debonding, partially in the adhesive layer and partially in the
interface between the steel and the adhesive. On the other hand,
specimen ‘‘EBROG-10 � 10-steel-2” experienced debonding in a
deep layer of concrete substrate beneath the grooves. While deep
grooves of 10 mm depth were cut in this specimen, debonding
occurred completely under the grooves, and the upper surface of
the concrete block totally cracked through an explosive failure.

3.3. Discussion on the side-view measurement in steel-to-concrete
joint

To assess the stress/strain distribution underneath the bond in
the EBROG method, the side-view measurement was performed
in specimen number 11. Major strains in several load stages are
exhibited in Fig. 12. These graphs present the crack propagation
that occurs during loading. It was observed that a crack parallel
to the load direction developed near the strip at the loaded end
in the EBROG method. Several additional inclined cracks were pro-
duced underneath the strip in the concrete depth and grew inside
the substrate. These cracks in the EBROG method were deeper
than, or equal to the groove depth. Several deep inclined cracks
developed as the loading continued, which finally merged at the
ultimate stage when the failure happened.
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Fig. 9. Slip distribution of steel-to-concrete bonded joints.
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Fig. 10. Load-slip behavior of steel-to-concrete bonded joints.
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4. Experimental-analytical model for the EBROG method in the
case of cohesive failure

A semi-experimental-analytical model is proposed to determine
the bond strength of the FRP-to-concrete EBROG joint if cohesive
failure happens. In this model, the maximum bond capacity of pre-
cured CFRP strips-to-concrete that is attached by using the EBROG
method is evaluated. To better assess the proposed model,
experiments that were presented in a paper by authors were also
used. All the specimens and their characteristics are shown in
Table 3 [29,30].

As discussed before, the failure mode of the EBROG joints were
debonding of the FRP strips through the adhesive layer. As the fail-
ure plane was inside the adhesive layer, the mechanical properties
of the adhesive play an important role in the bond capacity. The
maximum interfacial shear stress that could be developed in the
adhesive is determined as follows [35,36]:

smax ¼ 0:9 f u;adhesive ð1Þ
where f u;adhesive is the tensile strength of the epoxy adhesive. Consid-
ering the adhesive tensile strength equal to f u;adhesive = 15 MPa for
the adhesive used in this research, the maximum interfacial shear
stress is determined as smax ¼ 13.5 MPa. The fracture energy (Gf)
of the bond can be determined through the following equation:

Gf ¼ 1
2
smax � smax only if cohesive failuremodehappens:ð Þ ð2Þ

where smax is the maximum slip at the loaded end at the stage of ini-
tiation of debonding. This value was measured in each test and was
used to calculate the fracture energy. The fracture energy is the area
under the interfacial shear stress-slip (i.e., the bond-slip) relation.
Different bond-slip relationships that have equal fracture energy
result in identical bond strength. Fracture energy depends on the
groove dimensions, concrete compressive strength, etc. and has to
be determined in lap-shear tests. Incorporating the fracture energy
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Fig. 11. Failure mode of steel-to-concrete bonded joints.
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Fig. 12. Crack propagation in the side-view measurement on the steel-to-concrete EBROG joint.
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in the following well-known equation [37,38] can predict the bond
strength of EBROG joints:

Pu;Theo: ¼ bf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Gf Ef tf

q
ð3Þ
where bf , tf and Ef , are the strip width, thickness, and elastic modu-
lus. It is worthmentioning that the above equation demonstrates the
maximum force for the bond lengths equal to or longer than the
effective bond length. The bond strengths were determined by the



Table 3
Test specimens used for the experimental-analytical model (partly presented here and in [30]).

Specimen label Number of grooves Groove width, bg (mm) Groove depth, hg (mm) f
0
c (MPa) Ef (MPa) bf (mm) tf (mm) Eadhesive (MPa)

EBROG-5 � 5-1 2 5 5 38.2 165,000 50 1.4 4300
EBROG-5 � 5-2 2 5 5 38.2 165,000 50 1.4 4300
EBROG-10 � 5-1 2 10 5 38.2 165,000 50 1.4 4300
EBROG-10 � 5-2 2 10 5 38.2 165,000 50 1.4 4300
EBROG-5 � 10-1 2 5 10 38.2 165,000 50 1.4 4300
EBROG-5 � 10-2 2 5 10 38.2 165,000 50 1.4 4300
EBROG-10 � 10-1 2 10 10 38.2 165,000 50 1.4 4300
EBROG-10 � 10-2 2 10 10 38.2 165,000 50 1.4 4300

Notes: f
0
c = Cylindrical concrete compressive (MPa).

Table 4
Results of the proposed experimental-analytical model.

Specimen label f u;adhesive (MPa) smax (MPa) smax (mm) Gf Notes: (N/mm) Pu,Theo. (kN) Pu,Exp. (kN) Ratio
Pu,Theo./Pu,Exp.

EBROG-5 � 5-1 15 13.5 0.38 2.6 54.4 47.1 1.16
EBROG-5 � 5-2* 15 13.5 – – – – –
EBROG-10 � 5-1 15 13.5 0.27 1.8 45.9 45.0 1.02
EBROG-10 � 5-2 15 13.5 0.29 2.0 47.5 44.6 1.07
EBROG-5 � 10-1 15 13.5 0.4 2.7 55.8 52.7 1.06
EBROG-5 � 10-2 15 13.5 0.36 2.4 53.0 51.4 1.03
EBROG-10 � 10-1 15 13.5 0.72 4.9 74.9 66.7 1.12
EBROG-10 � 10-2 15 13.5 0.82 5.5 80.0 77.7 1.03

Notes: *Data were removed due to premature failure in the clamps during the test (full capacity could not be reached).
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Fig. 13. Comparison of the predicted bond resistance with the experiment.
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model, and their comparison to the experimental values are reported
in Table 4. The analytical and experimental bond strengths are
demonstrated in Fig. 13. It can be observed that the model predicted
the bond strengths of FRP strips-to-concrete very well. It is worth
mentioning that to be able to propose a versatile model that consid-
ers the effect of different parameters, further investigation is needed.

5. Conclusion

The bond behavior of precured CFRP strips and steel plates to
concrete was experimentally assessed in this research. Eleven sin-
gle lap shear tests were performed to compare the effects of using
the EBR and EBROG methods on the bond resistance and the slip
and strain distribution. Side-view measurements for the EBROG
method were conducted for the first time to evaluate the strain dis-
tribution beneath the strip. Furthermore, an experimental-
analytical model was proposed to predict the bond strength of
CFRP-to-concrete EBROG joints. The main conclusions can be sum-
marized as follows:
1 The experimental results showed that the EBROG method
tremendously increased the bond strength of FRP to concrete.
Using the EBROG method with two longitudinal grooves
improved the maximum load capacity two-fold to that of the
EBR method. The EBROG method with 5 � 5 mm groove cross
section led to a factor of 1.92 in bond strength over the EBR
method; and the EBROG method with 5 � 10 mm groove cross
section led to factors of 2.15 and 2.10 for two repetitions. The
bond resistance of steel to concrete also increased significantly
by using the EBROG method. However, it was not as efficient as
in the FRP-to-concrete joints.

2 The effective bond length for FRP-strengthened specimens was
significantly increased by using the EBROG method. The groove
dimensions of 5 � 5 mm and 5 � 10 mm resulted in effective
bond lengths equal to 145 and 160 mm, respectively, while it
was 90 mm for the EBR method (however, with a lower load).

3 By inspecting the failure modes, it was concluded that in con-
trast to the EBR joints, CFRP-strengthened EBROG joints experi-
enced debonding in the adhesive layer. The EBROG method
stiffened the concrete substrate and helped to postpone the
debonding.

4 Considering the failure mode of FRP-strengthened EBROG
joints, an experimental-analytical model was proposed to eval-
uate the bond strength of FRP strips attached to concrete by
using the EBROG method, for the first time. Very good agree-
ment between the predicted and experimental bond strengths
was observed.

5 By monitoring the crack propagation beneath the concrete sub-
strate in the EBROG method, it was demonstrated that during
debonding, the cracks were developed beneath the groove in
the steel-to-concrete joint.
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