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RC members externally strengthened with FRP composites by grooving

methods including EBROG and EBRIG: A state-of-the-art review

Abstract

In recent decades, the externally bonded reinforcement (EBR) method has been recognized as
a desirable and established choice to strengthen reinforced concrete (RC) structures with
fiber-reinforced polymer (FRP) composites. The major weakness of this method is the
premature debonding of FRP composites from concrete substrates. The grooving method
(GM) has been introduced to prevent or postpone premature debonding. This study aims to
review the previous studies on strengthening structural members by the grooving method.
More specifically, it sought to examine the studies addressing the behaviors of strengthened
beams, slabs, columns, and beam-column joints with FRP composites by grooving methods.
The effects of groove dimensions as well as the properties of concrete and FRP materials on
the performance of the grooving method were evaluated. The enhancements of flexural,
shear, compressive, and seismic behaviors of strengthened RC members by grooving method
were assessed and their efficiency was compared with the EBR method. The results showed
the considerable efficiency of the grooving method in enhancing the performance of all
structural concrete members by postponing or preventing premature debonding. Additionally,
this method could considerably decrease the amount of consumed material.

Keywords: Fiber-reinforced polymer (FRP) composites, Externally strengthening, RC
beams, RC columns, RC Beam-column joints, Grooving method, Seismic rehabilitation.

1. Introduction

Structures should be retrofitted and strengthened to provide sufficient safety during their life
due to errors in design and implementation, updating standard codes, change in occupancy,

and natural hazards [1]. The application of fiber-reinforced polymer (FRP) composites for
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strengthening structures has recently become widespread as compared to other conventional
materials. Some of the peculiar features of these composites are lightweight, high tensile
strength to weight ratio, durability, and resistance against corrosion, ease of installation, and
slight modifications in dimensions of retrofitted members [ 1-4].

FRP composites are used to strengthen concrete elements in two main methods, namely,
externally bonded reinforcement (EBR) and near-surface mounted (NSM) (traces a and b in
Fig. 1) [1,5]. The EBR method is a conventional strengthening method. Premature debonding
is the main challenging problem of this method since it can prevent achieving the full tensile
capacity of FRP composites, which can waste expensive FRP materials [1,6-11]. Debonding
occurs when the force induced in the FRP composite violates the FRP-to-concrete bond
capacity. Accordingly, the debonding of FRP composite from concrete surfaces has a close
relationship with a bond capacity [10-15]. Bond capacity was estimated as a function of
various factors including the stiffness and tensile strength of adhesive material [ 14,16-18], the
uniaxial stiffness and tensile strength of FRP composite [14,16-20], FRP width to member
width ratio [11,16,21], the compressive and tensile strength of concrete [14,16,22-27], FRP
materials [19.28], bond length [ 14,19,29], and dominant loading modes [30-31]. Attaining the
full capacity of FRP composite in external reinforcement of concrete structures requires an
appropriate surface preparation for eliminating or postponing premature FRP composite
debonding [32-43]. To solve this problem, Mostofinejad and Mahmoudabadi suggested a
novel method called the grooving method (GM) [44], in which interfacial stress was
transferred into firmer layers of beams by creating grooves on the tensile face of the beams.
Two installation techniques were adopted in the grooving method (traces ¢ and d in Fig. 1).
Externally bonded reinforcement on groove (EBROG) and externally bonded reinforcement

in groove (EBRIG) are important techniques to perform the grooving method [44-45].
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A large number of studies have been conducted to evaluate the distinguishing capability of
FRP-to-concrete bond by grooving method [37,46-66]. In this paper, all previous studies
using the grooving method to retrofit structural members were evaluated. A total of 445 tests
were performed by these studies, out of which 141 tests were for flexural strengthening of
beams and slabs [44-45,67-80], 86 tests for shear strengthening of beams [81-88], 182 tests
for strengthening columns [89-105], and 36 tests for strengthening beam-column joints [ 106-
112]. Therefore, this paper considers the flexural strengthening of beams and slabs by
EBROG and EBRIG methods, shear strengthening of beams via the EBROG and EBRIG
methods, and the strengthened columns by EBROG, EBRIG, and combination of the methods
(EBRIOG), respectively. Finally, the seismic rehabilitation of beam-column joints is
discussed by using the EBROG method.

2. Flexural strengthening of beams and slabs

The high tensile strength of FRP composites and low tensile strength of concrete are
responsible for the flexural strengthening of RC beams, which is considered as one of the
main applications of FRP composites [1,6-8,113-116]. Flexural strengthening is performed
by adhering FRP composites on the tensile face of beams [100-121]. 16 studies were
conducted to evaluate the flexural strengthening of beams and slabs using grooving methods
[44-45.67-80]. In these studies, 81 and 6 beams were strengthened by the EBROG and
EBRIG methods, respectively. As reference, 30 beams were strengthened by the EBR
technique, while 15 beams were not strengthened. All of the beams were tested through a
four-point bending apparatus (Fig. 2). Table A.1 presents the properties and results related to
the tests for all beams and slabs [44-45,67-80].

2.1. Review of previous studies

Mostofinejad and Mahmoudabadi [44] proposed a novel method called as “grooving method

(GM)” to postpone the premature debonding of FRP sheets off the concrete substrate. The



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

results demonstrated that grooves with a 3 mm breadth and 2 mm depth in transversal,
diagonal, and longitudinal arrangements could increase the load capacity by 9.0, 15.0, and
27.0% in comparison to the beams strengthened through the EBR method (Table A.1).
Additionally, the grooves with a 3 mm breadth and 10 mm depth changed the failure mode
from debonding FRP composites to rupture and increased the load capacity by about 82.0%
[44]. In another study, Mostofinejad and Shameli [45] evaluated the performance of the
EBROG method in beams with one, two, and three layers of FRP composite (0.12 mm
thickness). In these cases, the bending capacity of the EBROG beams increased 107.0, 146.0,
and 94.0% compared to the EBR beams, respectively, by considering the same layers of FRP
composite (Table A.1). Mostofinejad and Shameli [67] used EBROG and EBRIG methods to
strengthen concrete beams. The bending capacity of EBRIG beams was more than the
EBROG beams. The highest increases in ratios of the bending capacity of the EBRIG and
EBROG methods were 145.2 and 182.1%, respectively, as compared with the EBR method.
Furthermore, Mostofinejad and Hajrasouliha [68] estimated that the bending capacity of the
beams increased by increasing the breadth of grooves in all levels of concrete compressive
strength and at each constant depth of grooves (7.5, 10.0, and 12.5 mm). The total area under
the load displacement curve shows the amount of energy absorbed by the beams. The
absorbed energy of the EBROG beams was higher than the EBR beams. The highest growth
in absorbed energy was for 30 MPa specimens while the lowest was for 75 MPa
specimens. Mostofinejad et al. [69] strengthened some beams by EBRIG and EBROG
methods. The bending capacity of the beams strengthened by two layers of CFRP and by the
EBROG and EBRIG method was 25.1% more than the two-layer EBR beams. These values
were 18.9 and 24.0% for the beams with three layers of CFRP, respectively.

Mostofinejad and Moghaddas [70] conducted four-point bending tests to evaluate the

failure modes in strengthened RC beams. The EBROG method had a considerably better
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performance in comparison to the EBR method for the beams designed to reach FRP rupture
failures. Mostofinejad and Khozaei [71] evaluated the effect of the various patterns of the
longitudinal grooves (full grooving, end grooving, and intermittent grooving) on the
strengthening system. The end grooving pattern caused the highest growth in the bending
capacity, and the lowest increase in the bending capacity was attributed to the intermittent
grooving pattern. The bending capacity of the EBROG beam with the end grooving pattern
and three layers of CFRP experienced a 24.4 and 117.8% increase compared to the EBR
beam and unstrengthened beam [71].

Jiang et al. [52] introduced a new method called epoxy interlocking based on grooving
methods to improve the bond performance. In this method, when the transverse grooves are
created and filled with epoxy, the dowel force of the epoxy grooves will be added to the
resistance force components and enhance the bond performance and anchorage behavior. The
results displayed that the specimens with grooves filled with epoxy have an 88.8% higher
capacity than the specimens with wax-filled grooves. The results may demonstrate the epoxy
interlocking effect clearly. Given the analytical results, increasing groove depth augmented
the contribution of the concrete surfaces engaged in resistance of filled grooves, and
accordingly, the load-slip behavior was improved.

Nader Tehrani et al. [72] evaluated the strengthening of beams by prestressed CFRP up to
0, 20, and 30% of their ultimate strain using the EBROG method. The number and width of
flexural cracks cracks diminished by increasing prestressed levels. The results showed that
the cracking, yielding, and maximum load of the EBROG beam with a 20% level of
prestressing strain increased by 126.7, 48.0, and 62.5% compared to the unstrengthened
beams. These values were 6.7, 4.9, and 18.0% compared to the EBR beam, and the maximum

strain of CFRP increased by 35.6%.
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Azizi and Talaeitaba [ 73] investigated the EBROG method's capability in punching shear
strengthening of flat slabs through a numerical study. The results of 15 numerical specimens
emphasized the great efficiency of this method in increasing punching shear capacity. The
EBROG specimens experienced 15.0% to 23.0% enhancement in the created strain of the
FRP sheet compared to the EBR specimens.

Mashrei et al. [74]| evaluated the groove shape and orientation on flexural beam
strengthening of RC beams via the EBROG and EBRIG methods. The cross-section of
grooves was selected semicircle, triangular and rectangular. The remarkable results can be
expressed as follows: the rectangular cross-section showed a higher performance level than
the other cross-section shapes in the EBRIG method. As a case, the load-carrying capacity of
the EBRIG beams with semicircle, triangular and rectangular groove cross-section was 74.0,
58.0, and 95.0% higher than the load-carrying capacity of the non-strengthened beam,
respectively.

Shen et al. [75,122-123] strengthened RC box beams with initial flexural cracks using
BFRP strips. A beam (beam BO0) remained non-strengthened, and the other beams were
strengthened by CFRP strips for shear-strengthening and by the BFRP strips for flexural
strengthening. The ends of BFRP strips in the first beam (beam B1), the second beam (beam
B2), and the third beam (beam B3) were anchored using U-strips, grooving method, and steel
plates as end anchorages, respectively. The results demonstrated that beam B1 underwent
BFRP and CFRP strips debonding at its end regions. However, beam B2 and beam B3
experienced debonding BFRP strips on the pure flexure zone. Comparing the load capacity of
beam B1, beam B2, and beam B3 with beam BO illustrated 27.2%, 39.3%, and 42.2%
enhancement, respectively. Additionally, beam B2 and beam B3 had a better performance to

limit cracks than beam B1. At the ultimate loads, the average depth, distance, and width of
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cracks of beam B2 were 2.8, 10.3, and 6.2% less than beam B1. These values were 6.9, 16.2,
and 9.3% for beam B3.

Sabzi et al. [76] evaluated the effect of concrete compressive strength and longitudinal
reinforcement arrangement on the flexural strengthening of the beams via the EBROG and
EBR techniques. On average, the EBROG beams attained a 5.0% increase in the load
capacity relative to the EBR beams for normal concrete strength. This value for the beams
with high concrete strength was 14.0%.

Al-Rousand and Al-Tahat [60] assessed the FRP-to-concrete bond behavior of heat-
damaged concrete. To conduct these tests, they placed the concrete specimens in 250-750 °C
for 120 minutes and then strengthened them via the EBROG method. The results illustrated
that the transverse grooves have more robust behavior than the longitudinal grooves. For
instance, the bond capacity for the EBROG and EBRIG specimens with 115 mm wide FRP
sheet and longitudinal grooves under 750 centigrade temperature was 4.1 kN and 5.1 kN,
respectively. These values increased to 9.5 kN for the EBROG specimens with transverse
grooves.

Torabian et al. [77] assessed flexural strengthening of RC slabs by FRP composites
through the EBROG method. The load capacity of the reference specimen was 117.4 kN, and
the EBR method could elevate loading capacity by 11.0%. The EBROG technique could
increase loading capacity by 38.0% on average, as compared to the reference slab. Further,
the strain debonding of the EBROG slabs was 75.0% higher than the EBR slabs. Torabian et
al. [78] investigated shear and flexural strengthening of RC slabs with FRP composites and
post-installed shear bolts. The load capacity of the non-strengthened slab was 156.3 kN. The
combination of post-installed shear bolts and flexural strengthening using the EBROG
method led to an increase in loading capacity by 57.0% via preventing premature punching

shear failure.
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Moshiri et al. [79] investigated the flexural strengthening of beams with the prestressed
CFRP up to 26% of their nominal ultimate strength (2800 MPa) using the EBROG method.
The results indicated that the bending capacity of prestressed EBROG beams increased by
266.0, 78.0, and 33.0% compared to the unstrengthened beam, EBR beam, and EBROG
beam, respectively.

Mohammadi and Mostofinejad [62] categorized grooves in the EBROG method to achieve
an optimum design and introduced various layouts regarding groove dimension, space, and
direction. The results demonstrated that the groove direction has no substantial effect on the
bond capacity. The maximum difference was for the 10x10 mm class with a 30 mm distance
(10x10@30 mm) for longitudinal and transverse grooves. In this class, the bond capacity of
the specimen with transverse grooves has increased by 28.7% compared to the bond capacity
of the similar category with longitudinal grooves [62]. The 5x5@]15 mm class was introduced
as the most optimum class. The bond capacity of the EBROG of the 5x5@15 mm class has
increased by 141.1% and 114.1% for the specimens with longitudinal and transverse grooves
compared to the EBR specimens, respectively. The fracture energy of such bonds was
measured 5.2 and 4.9 times more than the EBR, respectively [62].

Some researchers evaluated the effect of FRP material types on the EBROG bond
behavior [63-65]. Regarding the tests conducted on CFRP-to-concrete and GFRP-to-concrete
bonds via the EBROG method, the failure modes of all specimens were sheet debonding in a
shallow depth of concrete substrate. Generally, the CFRP-to-concrete bond capacity was
measured higher than the GFRP-to-concrete bond capacity. In both bond types, CFRP, and
GFRP, the ultimate slip decreased with increasing FRP sheet stiffness, while GFRP
specimens experienced a higher ultimate slip compared to CFRP specimens. Some practical
models were proposed in these studies to estimate the bond capacity and effective bond

length with good accuracy for both types of CFRP and GFRP composites.
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Abed et al. [80] evaluated the flexural behavior of the beams strengthened with FRP strips
through the EBROG technique. To implement the EBROG strengthening system, they
exploited transverse and longitudinal grooves and also their combination. It was observed
that the failure mode shifted from FRP debonding to FRP rupture. The ultimate beam
deformation also diminished substantially. The load-carrying capacity of the strengthened
beams with no grooves, three longitudinal grooves, and eight transverse grooves increased by
48.2, 49.7, and 65.4% compared to a non-strengthened beam. This growth value was 76.7%
for a combination of three longitudinal grooves and eight transverse grooves.

2.2. Failure modes

Table A.1 presents the failure modes of all the test specimens. However, in Mostofinejad and
Hajrasouliha's investigations [68], the failure mode was not reported independently. In the
mentioned study, 116 specimens were strengthened, among these, 38 specimens experienced
FRP rupture, 69 specimens underwent the mixed mode of rupture-debonding of FRP sheets,
and 9 specimens went through debonding. From the 6 EBRIG beams, Mostofinejad and
Shameli [45] reported the FRP rupture failure mode for one beam and concrete cover
separation for the two other beams. However, Mostofinejad et al. [69] observed FRP rupture
for one EBRIG beam and FRP debonding accompanied with complete concrete cover
separation for the two others. Also, according to Table A.1, in all the non-strengthened and
EBR beams tests, flexural failure and FRP debonding were reported, respectively. Regarding
Table A.1, to scrutinize the failure modes of the EBROG beams, Fig. 3 was presented. Fig. 3a
reveals each study's occurrence percentage of FRP debonding (FD), FRP rupture (FR), mixed
rupture-debonding of FRP, concrete cover separation (CCS), mixed rupture-debonding of
FRP (FR-FD), mixed concrete cover separation-debonding of FRP (CCS-FD), flexural failure
(FF), and punching failure of slab (PU) modes. For instance, in Mostofinejad et al.'s [45]

tests, 100.0% of the specimens experienced rupture-debonding failure mode. Furthermore,
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Mostofinejad and Khozaei [70]| observed FRP rupture and concrete cover separation in
33.3%, and 66.7% of their specimens, respectively. Abed et al. [80] recorded this percentage
as 12.5% for FRP debonding, 12.5% for FRP rupture, and 75% for the concrete cover
separation in their tests. However, the total occurrence percentage of each failure mode may
be discussed regarding all the available tests and their failure modes as a collection (Fig. 3b).
The failure modes of 33.3, 31.2, and 20.8% of the EBROG beam specimens were FRP
debonding, concrete cover separation, and FRP rupture. A combined mode of FRP rupture
and FRP debonding occurred for 6.4% of the beams. Only 5.1% of the beams experienced
concrete cover separation-FRP debonding mode at failure.

2.3. Load-displacement diagrams

Fig. 4 shows the comparison of the load-displacement diagrams of seven different beams
under four-point bending tests. The maximum loads of control beams [45,68] were 6.8 and
12.6 kN, respectively, and the mid-span displacements were 0.40 and 0.65 mm. In addition,
the ultimate load and deflection of EBR beams on average reached 15.0 kN and 2.50 mm,
respectively. EBROG beams [45,68] had a stiffness similar to the EBR ones until the
cracking load. The first crack occurred at about 0.65 mm deflection. The maximum ultimate
load and corresponding displacement of the EBROG beam compared to the EBR one were
35.0 kN (133.3% higher load) and 7.00 mm (180.0% higher displacement), respectively (Fig.
4).

The EBRIG beam [45] had the same behavior, and the load remarkably increased due to
high stiffness. The apparent difference of this beam with other beams was its higher stiffness.
Thus, it experienced only 0.40 mm mid-span displacement at 16.0 kN cracking load. The
EBRIG beam [68] exhibited an ultimate load of 41.0 kN at a mid-span displacement of 8.00
mm. The load-displacement diagrams show that the area under the diagram of the EBRIG

beam is larger than the EBROG beams. Hence, The EBRIG technique has a higher capacity
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to absorb energy in comparison to the EBROG technique. However, compared to the EBR
method, the EBROG technique has a considerably higher performance to absorb energy (Fig.
4).

2.4. Parameters affecting the performance of the grooving method

As shown in Table A.l, the properties and characteristics of the tests vary in an extensive
range. Therefore, the tests are categorized so that the variation of the intended parameters
could be evaluated while the other parameters are almost constant.

2.4.1. FRP composite stiffness (Egty) and comparison of the EBROG and EBRIG techniques

Fig. 5 demonstrates the difference between the EBROG and EBRIG performance as well as

the effect of stiffness of the FRP composites. In this figure, the horizontal axis denotes the

FRP composite stiffness ratio, ]ff:ﬂ , where Egt; =0.12x230000=27600 N/mm. Fig. 5a shows that
fif

there is approximately a linear relationship between the FRP composite stiffness and
increasing the load capacity of the strengthened beams. However, the slope of the increasing

trend reduces by the growth of stiffness of the FRP composites. The EBRIG beams that were

strengthened using FRP composite with ]ff:i =1.0 and 3.0 could achieve the load capacity of
fif

53.8% at least and 672.0% at most more than the corresponding un-strengthened beams,

respectively. These values are 54.3 and 502.0%, respectively, for the EBROG beams. Fig. 5a

E
ftf* =1.0 have the same load
Egte

shows that the beams strengthened using FRP composites with

capacity for both the EBROG and EBRIG methods. The load capacity of the EBRIG beams

increases compared to the EBROG beams when EEf:f* =2.0 and 3.0. For example, the load
fif

capacity of the EBRIG beams enhances by 28.0% more than the EBROG beams (compared

to un-strengthened beams) when EEfttﬂ of the FRP composites is 3 (Fig. 5a).
i

As shown in Fig. 5b, the load capacity of the EBROG and EBRIG beams increases
compared to the EBR beams when FRP composite stiffness increases up to a specific value.

12
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The trend becomes reversed after this specific stiffness. This behavior can be attributed to the

prevalence of FRP debonding mode at high stiffness. According to Fig. 5b, this specific

stiffness value is in the range of ]ff:i =2.0 to 2.5. Additionally, the EBRIG beams exhibit a
fif

higher load capacity than the EBROG beams. For instance, increments in the load capacity of

the EBRIG beams compared to EBR beams for ;ft’; =1.0, Eftf* =2.0, and EEfti =3.0 are 117.3,

ftf Egte fte

181.8, and 131.2%, respectively. These values for the EBROG beams are 117, 145, and 81%,
respectively. Fig. 5¢ confirms that utilizing grooving methods can remarkably expand the
area under load-displacement curves in comparison to the EBR method in a linear
relationship although the slope of this linear relationship diminishes by increasing the

stiffness of FRP composites. For instance, the absorbed energy (the area under the load-

s =1.0, Pl =20 and =£.=3.0 increased by

Egty Eqte Egty

displacement curves) of the EBRIG beams for

0.0, 151.2, and 171.2% compared with those of the EBR beams. Such values for the EBROG
beams exhibited 6.2, 112.0, and 143.4% growth, respectively.
2.4.2. Concrete compressive strength

Figs. 6-7 show that increasing the concrete compressive strength reduces the load capacity of
the EBROG beams compared to the non-strengthened beams and EBR beams. This trend can
be also observed for the area under load-displacement diagrams. Among the beams with 28
MPa concrete compressive strength, the load capacity of the EBROG beams increases by at
least 53.3% and at most 71.3% compared to the load capacity of the non-strengthened beams.
However, the EBROG beams with 75 MPa concrete compressive strength experienced
growth by only 6.0% minimum and 10.2% maximum (Fig. 6a). The increase in the load
capacity of the EBROG beams concerning the EBR beams with 28 MPa concrete
compressive strength is in the range between 18.7% to 34.1%, and the value decreases to less

than 5.0% by increasing the concrete compressive strength of the beams to 75 MPa (Fig. 6b).
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To explain this behavior, one may refer to the high cracking load in the beams with
compressive strength 75 MPa causing serious damage and seriously weak bonding between
FRP strip and substrate concrete during cracking, which ultimately leads to premature
debonding at the cracking zone.

The ultimate mid-span displacement of the EBROG beams increases as compared to the
EBR beams. However, there is no specific trend related to the increase in concrete
compressive strength from 28 to 75 MPa. For example, the increase in ultimate mid-span
displacement compared to the EBR beams for 28 and 75 MPa concrete compressive strength
is in the ranges of 33-50% and 33-44%, respectively (Fig. 7a). In Fig. 7b, the vertical axis is
defined as the relative difference between the absorbed energy (the area under the load-
displacement curve) of the EBROG specimen to the corresponding value in the EBR
specimen. The horizontal axis represents concrete compressive strength. According to Fig.
7b, for the beams with 28 MPa compressive strength of concrete, the relative difference
between the area under the load-displacement curve increases 93.4% minimum and 318.0%
maximum. For the 45 MPa beams, this ratio ranges between 61.9% and 114.2%. For the
beams with 62 MPa, this range is 49.4% to 81.1%. When the concrete compressive strength
reaches 75 MPa, the ratio is restricted to 40.7% and 76.8%. Therefore, it may be explicitly
observed that this relative difference has a descending trend with increasing concrete
compressive strength.

2.4.3. Groove breadth to FRP composite width ratio by/ by

The properties of the tested beams demonstrate that there are different FRP composite widths
and groove numbers. Therefore, considering only the groove breadth might not illustrate its
effect on the behavior of the beams. Thus, the ratio of groove breadth to FRP composite

width (by/by) is defined based on the sum of the breadth of grooves to the FRP composite

width, which covers these grooves.
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Increasing the b, /by ratio increases the load capacity of the strengthened beams compared
to non-strengthened beams (Fig. 8a). This increase has a slight slope for low b, /by ratio, and
growing b, /by ratio heightens the slope. For instance, for the beams strengthened by the
grooving methods and a 30 MPa concrete compressive, the load capacity enhances 55.7, 57.7,
and 63.3% on average for the b, /by ratios of 0.20, 0.30, and 0.40, respectively. These values
for the beams with 45 MPa concrete compressive strength are 26.2, 32.1, and 42.3%,
respectively. Additionally, when the compressive strength reaches 75 MPa, the
aforementioned values reduce and reach 7.3, 8.4, and 9.3% (Fig. 8a).

Fig. 8b illustrates a similar trend when the beams strengthened by grooving methods are
compared to the EBR beams. For example, for the beams strengthened by grooving methods
and a 30 MPa concrete compressive strength, the load capacity increases by 21.7, 23.4, and
27.8% (on average) for the b, /by ratios of 0.20, 0.30, and 0.40, respectively. These values for
45 MPa concrete compressive are 8.0, 12.8, and 18.7%, respectively.

As illustrated in Figs. 9a and b, the ultimate mid-span displacement and area under load-
displacement curves increase with an increment in the b, /by ratio in comparison to the EBR
beams. As a case, when concrete compressive strength is 30 MPa, an increment in the b, /b
ratio from 0.20 to 0.40 creates a 51.5% increase in mid-span displacement and a 241.9%
increase in the area under load-displacement curves.

2.4.4. Groove depth to FRP composite width ratio (d,/by)

The groove depth to FRP composite width (dy/by) ratio is defined based on the sum of the
depth of all grooves to the FRP composite width, which covers these grooves. As shown in
Fig. 10, the increase in the load capacity of the strengthened beams by grooving methods
compared to the non-strengthened and EBR beams has a linear relationship with increasing
the d,/by ratio. However, the load capacity drops when the d,/bs ratio exceeds a specific

value (about 1.00). As a case, the load capacities of the beams strengthened by grooving
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methods compared to the non-strengthened beams and 30 MPa concrete compressive strength
increased by 55.5, 66.6, and 59.4% for the dg/bf ratios of 0.75, 1.00, and 1.25, respectively
(Fig. 10a). When these beams are compared to the EBR beams, the values changed to 21.7,
30.4, and 24.7%, respectively (Fig. 10b). Hence, their optimum value for the d,/bs ratio
could be about 1.00.
2.4.5. The area ratio of internal reinforcement to external reinforcement (A;/Ay)
According to Fig. 11, increasing the area ratio of internal to external reinforcement (Ag/Ay)
causes the load capacity of the strengthened beams by grooving methods, in comparison to
non-strengthened beams, to have a descending trend. The increases in the load capacity of the
strengthened beams by grooving methods compared to the non-strengthened beams at the
A,/ Ag ratios of 8.37, 12.56, and 18.84 are 56.0, 46.2, and 31.8%, and 1.0, 5.1, and 7.1%,
respectively, compared to the EBR beams. Further, the areas under load-displacement curves
corresponding to the A,/Ag ratios of 8.37, 12.56, and 18.84 increase by 3.0, 24.8, and 17.7%,
respectively. These values for the ultimate mid-span displacement are 1.1, 18.0, and 10.0%
(Fig. 11).
3. Shear strengthening of concrete beams
External shear reinforcement of RC beams was accomplished in three procedures. In the first
procedure, FRP composites were installed on two sides of the beams. This method is called
the two-side method. The second method was conducted by installing FRP composites on
two side faces and bottom face (U-shape). In the third method, all sides of the beams were
covered by FRP composites. This technique is called the full-warp method (Fig. 12) [124-
131].

The primary challenge in shear strengthening of RC beams is related to the debonding of
FRP composites from the concrete substrate [124-131]. The high ability of the EBROG and

EBRIG methods in postponing and eliminating the debonding phenomenon motivated
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researchers to consider these methods for external shear reinforcement of RC beams. Overall,
eight different studies evaluated the shear strengthening of RC beams by FRP composites
through EBROG and EBRIG methods [81-88]. Table A.2 presents the characteristics and
results of the aforementioned tests [81-88].

3.1. Review of the literature

Mostofinejad and Tabatabayi Kashani [81] performed the first study in external shear
reinforcement of RC beams with FRP composites by EBROG method. The use of the
EBROG method changed the failure mode from shear to flexural mode. However, the EBR
specimen failed due to debonding of FRP sheets. The EBR and EBROG beams had 51.0 and
67.0% growth in the load capacity on average, respectively, compared to the non-
strengthened beams. In addition, the EBROG beams had an 11.0% increase in load capacity
in comparison to the EBR beams. In the final steps of loading, the load-displacement curves
of EBROG beams had a horizontal part. Accordingly, the ultimate displacement of the
EBROG beams was 20.0% more than the EBR beams on average [81].

In another study, Mostofinejad and Tabatabaei Kashani [82] tested 32 beams to assess the
shear behavior of strengthened beams using EBROG methods. The EBR beams had a 13.5%
increase in the load capacity on average in comparison to the non-strengthened beams. This
value for the EBROG beams was 26.0%. The decrease of concrete compressive strength from
36.0 to 26.2 MPa led to a reduction in the load capacity from 23.0 to 17.0% for the EBR
beams and from 34.0 to 24.0% for the EBROG beams on average. In the EBR beams,
because of the weak interface between the FRP sheet and concrete, the FRP sheets were
separated from the surface of the concrete beam. The EBROG method changed the failure
mode from shear to flexural mode, which led to substantial stretching of the horizontal

section of load-displacement curves. Consequently, the ultimate mid-span displacement of

17



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

the EBROG beams grew 172.0 and 69.0% compared to the non-strengthened and EBR beams
[82].

Furthermore, Mostofinejad et al. [83] tested four beams with the dimension of 560x70x85
mm (lengthxwidthxheigt) utilizing a four-point bending test apparatus. The non-strengthened
beam suffered a shear failure mode and had a 21.9 kN load capacity. The EBR beam
experienced 14.0% load capacity more than the non-shear-strengthened beam, and the failure
mode was a shear failure with debonding of CFRP strips off the surface of the concrete beam.
Additionally, the EBROG beams had a 22.0% increase in the load capacity on the average
and the failure mode changed from shear to flexural.

Mostofinejad et al. [84] strengthened 14 beams, including two non-shear-strengthened
beams and six shear-strengthened beams by EBR method as well as six shear-strengthened
beams by EBRIG technique (Table A.2). In group A (two-side method), the EBR beams
enjoyed 62.2 and 114.9% in the load capacity for vertical and diagonal patterns compared to
non-shear strengthened beams. The EBRIG beams in group A (in two vertical and diagonal
patterns) had 87.3 and 118.8% growth in the load capacity, respectively, in comparison to the
non-shear-strengthened beams [84]. Altering patterns of the CFRP from 90° to 45° for the
EBR and EBRIG methods resulted in 33.3 and 17.1% increases in load capacity.

Shomali et al. [85] analytically and experimentally evaluated the EBRIG method for shear
strengthening of RC beams. The EBRIG method caused changing failure mode from shear
failure to CFRP rupture. For the EBRIG beams, the load capacity increased about 55.4% on
average compared to the corresponding non-strengthened beam [85]. Shomali et al. [86]
assessed the capability of the EBR and EBRIG methods in shear strengthening of RC beams
with different internal reinforcements. The EBR and EBRIG beams showed 33.2 and 74.0%

increases in the load capacity at most, respectively, relative to the control beam.
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Arabzadeh and Karimizadeh [87] estimated the EBROG and EBR methods efficiency in
strengthening the RC deep beams with openings. The load capacity of the EBROG beams
increased by 12.0% on average and 24.0% at maximum compared to the EBR beams.

Shomali et al. [88] strengthened 5 RC beams using the EBRIG method to improve the
shear capacity. The use of the EBRIG method at 90°(vertical) increased the shear capacity of
RC beams with and without stirrups by 37.0 and 71.1% on average, respectively. These
values reached 60.2 and 95.3% for the EBRIG method at 45° (diagonal).

3.2. Failure Modes

All unstrengthened beams experienced a shear failure mode, among which 85.0% of the EBR
beams suffered shear failure mode accompanied by FRP debonding. The other EBR beams
failed due to shear failure mode with FRP rupture. All the EBROG beams enjoyed flexural
failure mode, which showed that shear strengthening by the EBROG method could remove
shear weaknesses of the beams and shift the shear failure mode to flexural failure mode.
Further, 47.8% of the EBRIG beams experienced a shear failure with FRP rupture, 43.5%
underwent a shear failure with FRP debonding, and 8.7% failed due to flexural failure mode.
Hence, the EBRIG method could improve the failure modes of the beams and alter shear
failure modes to flexural failure modes.

3.3. Comparing the results

The experimental results show that with constant FRP width, reducing the spacing of FRP
sheets can increase the EBROG/EBRIG beam shear capacity compared to the EBR beam due
to postponing the premature debonding. Because of the limited number of studies, the
optimal value for FRP materials was not recorded. Fig. 13 demonstrates the comprehensive
results of the load capacity of the shear strengthened beams by grooving methods. The
highest increase in the load capacity in comparison to the corresponding non-strengthened

beam is 155.0%. This increase is associated with an EBRIG beam strengthened by using
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single grooves (5%5 mm) which are covered by FRP composites with a 30 mm width, a
center-to-center distance of 70 mm, and a full wrap-90° technique. Furthermore, beams
strengthened by grooving methods have at least a 19.0% enhancement in the load capacity
compared to non-sheer-strengthened beams. This growth is for an EBROG beam with a 40
mm FRP sheet width and an 80 mm center-to-center distance. Under each CFRP sheet, there
are two 5x10 mm grooves, and a two-side (vertical pattern) procedure is utilized to shear-
strengthen the beams. The highest increase in the load capacity of the strengthened beams by
grooving methods compared to the corresponding EBR beams is 46.0%. This growth in the
load capacity could be attributed to the EBRIG technique. On the other hand, the lower value
recodes 2.0%.

In the two-side installation method of CFRP composites, altering the FRP composite angle
from 90° to 45° and changing the EBR technique to ERBIG lead to substantial growth in
stiffness, load capacity, and energy absorption. In addition, when the full wrap technique is
employed, shifting the angle from 90° to 45° cannot produce a considerable increase in
stiffness, load capacity, and energy absorption. In the full wrap technique, even shifting the
angle from 90° to 45° causes a slight reduction in the aforementioned parameters. The
performance of the U-shaped procedure is between the two-side method and the full wrap
technique. For example, the load-displacement curves for some of the beams are presented
for comparison (Fig. 14). The non-shear strengthened beams have a brittle failure and
fracture with reaching the ultimate load. The EBR beams display the same behavior.
However, the beams strengthened by grooving methods have a horizontal zone in their load-
displacement curves, which is related to the change of the shear failure mode to the flexural
failure mode. In fact, the beams can tolerate and attain large displacements after reaching the
ultimate load.

4. Strengthening RC columns
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The columns are the primary and critical components of a structure which damages to these
elements can expose the whole structure to the danger of collapse [132-136]. Hence,
strengthening and rehabilitation of RC columns by FRP composites are widely accomplished
to improve the loading capacity and ductility of the columns [137-142]. When FRP
composite is utilized for RC columns strengthening, it may buckle for compressive stresses
induced in the FRP composite and, subsequently, debond from the concrete substrate.
Therefore, the FRP composite compressive load capacity is restricted to its probable
buckling. [143-145]. The high performance of the grooving methods as an external technique
to strengthen beams motivated researchers to conduct a series of investigations on RC
columns strengthened by grooving methods [44-45]. Fourteen studies assessed the
performance of grooving methods for strengthening the RC column using FRP composites.
The results and properties of these specimens are presented in Table A.3. It is worth noting
that the results of mutual tests are presented merely one time [89-105].
4.1. Test setups and strengthening patterns
The researchers exercised a machine with a hydraulic jack to apply centric or eccentric loads
in quasi-static or cyclic modes. All tests were performed based on controlling displacements
with a 1 mm/min rate. The columns were subjected to cyclic loads with 0.1% axial drift in
three cycles of loading/unloading. The loading protocols and the test setups are illustrated in
Figs. 15a and 15b. It should be noted that the lateral loading protocol was constant for the
specimens that were seismically strengthened. The columns were also subjected to a constant
axial load equal to 10% of the nominal column capacity under compressive load. The test
setup and the lateral loading protocol of the seismic behavior tests are presented in Figs. 15¢
and 15d.

The strengthening of RC columns was accomplished by longitudinal and transversal

patterns. A column can be strengthened by one pattern or a combination of some patterns
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(Fig. 16 and Fig. 17). In the reviewed studies, the researchers employed longitudinal
strengthening by NSM, EBR, EBROG, and EBRIG methods. In all EBROG and EBRIG
columns, the dimensions of the grooves were selected as 10x10 mm. However, a novel
method called EBRIOG was suggested by mixing EBRIG and EBROG methods to strengthen
RC columns. In this method, the groove surfaces were first saturated with resin, and the FRP
sheets adhered to the surfaces. Then, the grooves were completely filled with resin, and new
sheet layers were installed on the grooves. Finally, the top layer is saturated with resin (Fig.
16e).

The transversal patterns embodied three patterns. In the first pattern, a column was
confined with intermittent CFRP wraps (IW). CFRP wraps were connected in a horizontal
(transversal) direction. The width and space of CFRP wraps were 30 mm and 55 mm for
circular columns, respectively. The width and space of CFRP wraps for other cross-sections
was 50 mm (Fig. 16 and Fig. 17). The second pattern can be used for square and rectangular
columns. In this pattern, all four corners of the columns were strengthened by corner strips in
L shapes in transversal directions. The length of the leg was 45-55 mm. Next, the IW pattern
was implemented on these corner strips. This pattern is called CSW (Fig. 16 and Fig. 17).
The third pattern was similar to the second pattern, and the corners were strengthened by
corner strips with a 45-55 mm leg length. Then, composite battens with 50 mm width and a
length equivalent to 90% of the dimension of the column were installed on four sides of the
column and corner strips. This pattern is called CSB (Fig. 16 and Fig. 17).

The nomination of the specimens includes the research code, the name of the
strengthening pattern, and the number of FRP layers. The letter ‘H’ is used to name the
rectangular and square columns whose tensile face is strengthened and the circular columns
whose half of the column is strengthened. In this study, the ‘SE’ prefix is used to name the

EBROG columns whose grooves are filled with a mixture of silica sands and epoxy. In some

22



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

studies, the width of the FRP composites was halved, and two layers of FRP composites were
installed on each groove. In this paper, the letter ‘T’ is employed for these groups. The
columns whose grooves are filled with epoxy and without installation of FRP composites are
named ‘MFG’. In addition, an ordinal number is used to demonstrate the number of similar
columns. The names, properties, and descriptions of the columns are presented in Table A 3.
4.2. Review of the previous studies

Moshiri et al. [89] and Moshiri and Mostofinejad [90] strengthened square and circular
columns by FRP composites. The capacities of the circular and square reference columns
were 535.7 and 466.6 kN, respectively. The load capacities of EBR, EBROG, EBRIG, and
NSM circular columns were 2.6, 14.1, 18.5, and 2.6% more than the reference columns.
These values for square columns were -1, 10.4, 12.7, and 4.8%.

Mostofinejad and Torabian [91] and Torabian and Mostofinejad [92] tested circular
columns subjected to eccentric loads and strengthened them through EBR and EBROG
methods using the IW pattern. The EBROG columns had the maximum axial load at 0, 30,
60, and 90 mm, which were eccentricities equal to 775.3, 441.0, 260.1, and 175.4 kN. In fact,
the maximum axial loads of these columns grew by 8.3, 12.2, 25.8, and 36.0% compared to
the reference columns. These values for IW columns were 42.2, 38.4, 35.1, and 29.9%. The
columns strengthened by the combination of the EBROG and IW methods had 49.9, 48.6,
57.7, and 59.9% growth. These values were 2.7, 5.1, 10.2, and 14.5% for the EBR columns
[91-92].

Mostofinejad and Moshiri [93] evaluated the effect of the strengthening methods and FRP
layers on circular columns. The results showed that the EBR and NSM methods did not
considerably affect the load capacity of the columns. However, the strengthened columns by
the EBROG and EBRIG methods and the EBROG/IW mixed-method had a 13.0, 18.5, and

47.2% increase in comparison to the reference columns, respectively. Increasing the number
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of FRP layers enhanced the load capacity of the EBROG columns by 13.0, 14.1, and 20.5%
for 1, 2, and 3 layers of FRP, respectively. Employing the EBROG and EBRIG methods
engendered ample compressive stress for FRP composites and heightened the load capacity
of the columns. For instance, utilizing the EBROG and EBRIG methods increased the
compressive stress in FRP composite up to 45.0 and 59.0% of the ultimate stress of the FRP
coupon [93].

Saljoughian and Mostofinejad [94] strengthened square columns through IW, CSB, CSB-
EBR, and CSB-EBROG methods and subjected them to loads with 0, 30, 60, 90, 120 mm
eccentricity. The researchers longitudinally strengthened only the tensile face of the columns.
The increased ratio of the ductility of strengthened columns to the reference columns
diminished while increasing load eccentricity. For example, CSB-EBROG-0 had a ductility
index equal to 11.3 and grew by 569.0% in comparison to the corresponding reference
column with a 1.7 ductility index. Additionally, the ductility index of CSB-EBROG-120 was
5.7 and experienced only a 58.0% increase compared to the corresponding reference column
with a 2.5 ductility index. However, increasing eccentricity led to a rise in the ductility of the
CSB-EBR and the CSB-EBROG columns in comparison to the IW and CSB columns [94].

Saljoughian and Mostofinejad [95] strengthened rectangular columns to compare cross-
sectional shapes via EBR-CSB and EBROG-CSB and tested them under loading with 0, 30,
90, and 120 mm eccentricity. The strengthening of the square columns was more effective
than the rectangular columns so that the EBROG columns subjected to loads with a 90 mm
eccentricity enjoyed a 55.5 and 40.9% increase in the load capacity compared to the reference
columns for the square and rectangular columns, respectively. These values were 44.1 and
30.9%, respectively, for centric loadings [94-95].

Saljoughian and Mostofinejad [96-97] assessed the novel technique of EBRIOG to

longitudinally strengthen the square columns under cyclic loads. The non-strengthened
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column as reference one had a 717.5 kN ultimate load while the EBRIG, EBRIG-IW,
EBRIG-CSW, and EBRIG-CSB columns enjoyed 17.1, 48.3, 60.9, and 60.2% increase in
comparison to the reference column, respectively. These values were 21.3, 46.0, 66.2, and
71.8% for the EBRIOG, EBRIOG-IW, EBRIOG-CSW, and EBRIOG-CSB, respectively. The
ductility index of the non-strengthened columns was 1.6 while the EBRIG, EBRIG-IW,
EBRIG-CSW, and EBRIG-CSB columns enjoyed 41.2, 122.0, 217.6, and 173.6% increase,
respectively. The EBRIOG, EBRIOG-IW, EBRIOG-CSW, and EBRIOG-CSB columns
experienced 46.2, 158.8, 167.2, and 192.1% growth in ductility index [96-97].

Noroozolyaee and Mostofinejad [98] evaluated the effect of slenderness on circular RC
columns strengthened by the EBR and EBROG methods. The load capacity of the non-
strengthened columns with 15.4, 21.5, and 27.7 slenderness ratios was 103.3, 96.8, and 90.5
kN, respectively. The load capacity of the EBR columns demonstrated 33.1, 25.6, and 32.4%
growth compared to the non-strengthened columns, respectively. In addition, the load
capacity of the EBROG columns for the aforementioned slenderness ratios, compared to the
non-strengthened columns, increased by 49.2, 60.8, and 63.2%. Regarding the EBROG
columns, shifting the slenderness ratio from 15.4 to 21.5 and 15.4 to 27.6 caused increases of
about 62.0 and 84.0% in the secondary to primary bending moment ratio. These values were
64.0 and 104.0% for the EBR columns and 62.0 and 167.0% for the non-strengthened
columns [98].

Saljoughian and Mostofinejad [99] estimated using the grooving methods for seismic
strengthening of square RC columns. The maximum load of the un-strengthened column was
39.5 kN. The EBROG and EBRIG columns achieved 42.0 and 51.0% growth in the
maximum load, respectively, compared to the un-strengthened column. In contrast, the
EBROG-CSB and EBRIG-CSB columns exhibited increases of 64.0 and 77.0% in

comparison to the un-strengthened column. Saljoughian and Mostofinejad [100] estimated
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the behavior of RC columns which strengthened transversally (IW, CSW, and CSB) and
longitudinally (EBROG). The non-strengthened column recorded the maximum load of 717.5
kN. In comparison to the non-strengthened column, the EBROG-IW, EBROG-CSW, and
EBROG-CSB columns showed enhancement in the maximum loads by 39.9, 51.8, and
54.9%, respectively.

Noroozolyaee and Mostofinejad [101] investigated slender concrete columns reinforced by
high-strength steel retrofitted with FRP composite. For slenderness ratios of 15.4, 22.0, and
28.0, the maximum loads reached 126.6, 126.2, and 105.2 kN in the reference columns,
respectively, while increases of 17.7, 17.5, and 25.1% were recorded for the EBR columns
relative to the reference columns. These values were 40.9, 36.7, and 60.8% in the EBROG
columns, respectively. Mostofinejad et al. [102] evaluated the behavior of RC slender
columns strengthened by FPR composite subjected to loads with eccentricities of 0, 30, 60,
and 90 mm. For the un-strengthened columns, the maximum loads reached 647.9 and 85.0 kN
subjected to the loads with eccentricities 0 and 90 mm, respectively. The maximum loads
increased by 1.3 and 41.7% for the EBR columns, respectively, compared to the un-
strengthened columns. Regarding the un-strengthened columns, the maximum load
enhancements were 10.6 and 99.3% for the EBROG columns subjected to the loads with
eccentricities 0 and 90 mm, respectively.

Hosseini and Mostofinejad [103] combined the EBROG technique with the confinement
of CFRP warp to develop a method to strengthen short columns against seismic actions via
longitudinal FRP sheets. The introduced method resulted in shear and flexural strengthening
of RC short columns. The load-carrying capacity, ductility, and energy dissipation of the
EBROG columns were 1.8, 2.7, and 13.0 times greater than the non-strengthened columns.

Among the EBROG columns, no longitudinal CFRP sheet debonding and buckling were
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observed. On the other hand, no improvement was recorded for the EBR columns since they
experienced longitudinal CFRP sheet debonding and buckling.

Saljoughian et al. [104] evaluated the seismic performance of high-strength RC columns
retrofitted with longitudinal and transverse CFRP sheets. For this purpose, they mixed the
EBR, EBROG, and EBRIG methods as a longitudinal strengthening method with Corner
Strip Batten (CSB) as a transverse strengthening method. The load-carrying capacity of the
EBR-CSB, EBROG-CSB, and EBRIG-CSB increased by 36.4, 64.9, and 75.9% compared
with the corresponding non-strengthened column, respectively. The energy dissipation
enhancements in the 5.3% drift ratio were 64.5, 89.2, and 111.1%, respectively. Accordingly,
the mentioned columns' stiffness growth was 79.2, 124.1, and 142%, and the ductility index
also experienced 38.6, 53.7, and 64.3% improvement, respectively.

Razavi et al. [105] invented a new method to simulate column conditions under cyclic
loads close to actual conditions of a column in an earthquake. These columns were
strengthened through two methods. The first method strengthened the columns transversely
using full wrap CFRP sheets. The second technique was the longitudinal strengthening of the
two opposite faces of a column by the EBROG method. The load-carrying capacity of the
EBROG columns under monotonic and cyclic loads increased by 54.0 and 64.7% compared
with non-strengthened columns. These values for full wrap columns were 1.1 and 3.0%. This
shows the absolute performance superiority of the EBROG columns over the full wrap
columns.

4.3. The most related results

Two different types of FRP sheets of SikaWrap-230 C and SikaWrap-300 C as well as one
type of epoxy resin (Sikadur-330 C) were used in all tests. The internal reinforcement
conditions were similar for the specimens to a large extent, and there was no considerable

difference between the specimens. The grooves were created in 10 mm width and 10 mm
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depth in all strengthened specimens by grooving methods. There was no significant variation
in the strengthening materials, internal reinforcement, and dimensions of grooves in tests.
Hence, the authors assessed the performance of the strengthening methods and the effective
parameters including load-strain curves, load-moment, axial load-displacement envelops, the
compressive strength of columns, ductility of columns, and compressive stress of fibers. The
results are presented in Table A.3.

4.3.1. Load-strain, load-moment, and axial load-displacement envelope curves

Fig. 18 shows the load-strain, load-moment, and axial load-displacement envelope curves for
different specimens. The load-strain curves are bi-linear, and the stiffness of the columns is
the same for all the columns under the centric load until the end of the ascending branch. The
behavior of the columns at the descending branch is different. This branch has a shorter
length with a sudden and considerable drop load for the columns with FRP rupture or
concrete crushing failure mode (Fig. 18a). The descending branch length is minor and
terminates suddenly for the specimens of EBROG-IW and EBR-IW. The specimens
strengthened transversally and longitudinally show a considerable drop load in their
descending branch due to the domination of the rupture of transversal sheets. The slope of the
ascending branch for the columns under 60 mm eccentricity load is less than the columns
under centric load. Regarding these columns, when the columns are strengthened
longitudinally, the load-strain curves are very similar to the non-strengthened columns.
However, adding transversal strengthening can significantly change the ultimate load and
slope of the descending branch (Fig. 18a).

As shown in Fig. 18b, strengthening the RC columns increases their capacity to tolerate
larger combinations of load and bending moment. The columns strengthened longitudinally
by the EBROG method and transversally by the IW method (EBROG-IW) experience an

extraordinary capacity in comparison to the non-strengthened columns. The load and bending
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moment of these columns at the balance point are 20.0 kN.m and 320.0 kN, respectively.
These values for the reference columns are 12.0 kN.m and 200.0 kN, respectively.
Furthermore, the EBROG-IW columns demonstrate the highest capacity for pure axial load
and pure bending moment.

Axial load-displacement envelope curves are drawn by joining the first point in the
unloading for each hysteresis cycle of axial load-displacement curves (Fig. 18c). These
curves are bi-linear. The initial stiffness of all the strengthened and non-strengthened
columns is equal. The failure begins after passing the maximum load and reaching the
descending branch. The failures are step-by-step and give an increase to a gradual decline in
the load capacity. The columns strengthened by grooving methods exhibit a more ductile
behavior associated with the descending branch. Fig. 18c demonstrates that the energy
absorption of the EBROG columns is higher than the non-strengthened columns while the
EBRIG-CSB and EBRIOG-CSB columns increase the maximum load and the maximum
displacement leading to excellent energy absorption.

4.3.2. The load capacity

The performance of each method in increasing the average values of the load capacity is
evaluated (Fig. 19a). When the columns are subjected to centric loads, the EBR columns have
a 0.1% increase in the load capacity compared to the non-strengthened columns. This value
increases up to 29% when the eccentricity of the load reaches 120 mm. The ERR-IW and
EBR-CSB columns enjoy a 27 and 36% increase in the load capacity compared to the non-
strengthened columns when centric loads are applied. The increasing eccentricity of the load
of the EBR-IW columns to 120 mm gives an increase to 63% growth in the load capacity, and
the EBR-CSB columns experience 39% load capacity enhancement at 90 mm eccentricity

(Fig. 19a).
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The EBROG strengthening on average elevates the load capacity of the column under the
centric load by 11.0% relative to the non-strengthened columns. However, the EBROG
columns have 53.0% higher load capacity than the non-strengthened columns at 120 mm
eccentricity of the load. The EBROG-IW columns experience a 46.0% increase in the load
capacity, and the EBROG-CSB attain 38.0% growth under centric loads. Elevating the
eccentricity up to 120 mm causes 88.0 and 51.0% increments in the load capacity of these
columns compared to the non-strengthened columns, respectively (Fig. 19a). The EBRIG
columns show a 16.0% increase in the load capacity in comparison to the non-strengthened
columns. The EBRIG-IW, EBRIG-CSB, and EBRIG-SW columns have 48.0, 60.0, and
61.0% growth in load capacity, respectively, as compared to the non-strengthened columns.
Accordingly, the load capacities of the EBRIOG, EBRIOG-IW, EBRIOG-CSB, and
EBRIOG-CSW columns enhance by 21.0, 46.0, 72.0, and 66.0%, respectively. The
transversal strengthened columns undergo a reduction in load capacity compared to the non-
strengthened columns when loading eccentricity increases (Fig. 19a). This trend is in reverse
for the longitudinally strengthened columns, and increasing eccentricity causes growth in the
load capacity compared to the non-strengthened columns.

Based on the results, halving the width of FRP composites on the grooves and doubling
FRP composite layers have no significant effect on the load capacity of the columns. In
addition, the grooves filled with resin without the installation of FRP composite cannot
increase the load capacity of columns alone.

4.3.3. Ductility

The ductility index of the EBR columns is only 3% higher than the non-strengthened columns
under the centric load. The ductility indexes of the IW and CSB columns are 182.0 and
328.0% higher than the non-strengthened columns. These values for the EBR-IW and EBR-

CSB columns reached 81.0 and 310.0%, respectively (Fig. 19b). The increasing eccentricity
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of the load reduces the ratio of the ductility of the strengthened columns to the non-
strengthened columns so that the ductility indexes of IW, CSB, and EBR-CSB columns are
5.0, 57.0, and 53.0% higher than the non-strengthened columns at 120 mm eccentricity of the
load. The EBROG columns enjoy a 55.0% increase in ductility compared to the non-
strengthened columns at centric load. The value is measured for EBROG-IW and EBROG-
CSB columns by 149.0 and 318.0%. The growth in the ductility of EBROG-CSB columns is
115.0% at 90 mm eccentricity of the load. However, an increase in the ductility of the
EBROG columns enhances from 55.0 to 206.0% when the eccentricity of the load increases
from 0 mm to 90 mm. The EBRIG, EBRIG-IW, EBRIG-CSW, and EBRIG-CSB columns
experience a 41.0, 122.0, 218.0, and 174.0% increase in ductility index at the centric load
condition, respectively. These values for the EBRIOG, EBRIOG-IW, EBRIOG-CSW, and
EBRIOG-CSB columns are 46.0, 159.0, 167.0, and 192.0%, respectively (Fig. 19b).

4.3.4. Fiber compressive stress

The experience of the high value of compressive stress by FRP composite is one of the
reasons for the increase in load capacity of the strengthened columns. Therefore, the Rrc
index is introduced as the ratio of the created compressive stress in FRP composite to its
ultimate tensile strength. This parameter indicates the amount of ultimate tensile strength of
fibers which can be achievable in compression and is evaluated for the columns under centric
axial loads. The FRP fibers in strengthened columns by the EBR method suffer a 220 MPa
compressive stress, which indicates the Rrc is about 9.0%. Additionally, in the EBROG
method, the fibers experience 980 MPa compressive stress, which leads to a 31.0% Rrc on
average. These values for FRP fibers in the EBRIG columns are 1270 MPa and 49.0% (Fig.
20). The FRP fibers of the EBROG-IW and EBRIG-IW columns tolerate 1087 and 1700 MPa
compressive stress. Therefore, the Rrc for these columns is 42.0 and 69.0%, respectively.

Furthermore, the Rrc for BERIG-CSW and EBRIG-CSB columns is 53.0 and 55.0%,
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respectively, which means the compressive stress in the FRP fibers is recorded at 1325 and
1377 MPa. The EBRIOG columns can develop 1606 MPa compressive stress in the FRP
fibers and have 64.0% Rrc. Accordingly, the compressive stress of the FRP composite in the
EBRIOG-IW, EBRIOG-CSW, and EBRIOG-CSB columns is 1563, 1726, and 2256 MPa.
Hence, the Rrc index is computed as 62.0, 69.0, and 90.0%, which indicates that the
EBRIOG-CSB method can develop compressive stress in the FRP composite up to 90.0% of
its ultimate tensile strength (Fig. 20).

4.4. Discussion

Longitudinal and transverse strengthening of the RC column using FRP composites can
improve the failure conditions and behaviors of columns. Longitudinal strengthening by
EBROG, EBRIG, and EBRIOG techniques has a better performance than other methods. The
grooves filled by the epoxy act as external supports for the FRP composites, and inhibit and
postpone buckling on the compressive side and debonding on the tensile side. The EBRIG
and EBRIOG methods provide larger contact surfaces between concrete, fibers, and resin
matrix to enhance the column performance. Adding transverse strengthening to the grooving
methods fails to produce an exceptional improvement in column behaviors. As a case, the
load capacity (axial load) of the strengthened columns by CSB, EBRIG, and EBRIG-CSB
methods increased by 42.0, 17.0, and 60.0%, respectively. The difference between EBRIG-
CSB and CSB methods is 18.0%, which is almost similar to the growth ratio of the EBRIG
columns. Such a condition can be extended to ductility and compressive stress of fibers. It
seems that transverse strengthening decreases the unbraced length of FRP composites of
longitudinal strengthening, which can provide more lateral support.

5. Seismic strengthening of RC beam-column joints

The beam-column joints are one of the primary components of a structure, which are

subjected to cyclic and dynamic loads induced by earthquakes. The shear or flexural
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weaknesses in these joints may lead to the collapse of the whole structure [146-152].
Therefore, engineers always pay careful attention to the shear and flexural strengthening of
these elements. The use of steel and concrete jackets was the first method for strengthening
beam-column joints. Recently, FRP composites have been introduced as one of the most
effective methods in seismic retrofits. Among them, CFRP and BFRP may be pointed out.
Since CFRP composites enjoy high tensile capacity, these composites are used extensively in
strengthening structural members. However, BFRP currently may be more economical than
CFRP. It is a relatively new FRP material employed in structural member strengthening,
including shear wall and beam-column joint strengthening [153-157]. However, premature
debonding is the main challenge in using FRP composites [93-95,157-158]. To overcome this
challenge, the EBROG method has been employed in seismic strengthening to postpone or
eliminate premature debonding of FRP composites [106-112]. Therefore, 36 beam-column
joints were tested in seven studies. The researchers strengthened exterior and corner beam-
column joints to resist shear forces and bending moments [106-112]. The properties and
results of all tests are presented in Tables A .4-8.

5.1. Test setups and approaches

Fig. 21a shows the setup of all the tests. The support conditions simulated the contra-flexure
points of moment-resisting frames subjected to lateral loads. A hydraulic jack applied axial
load to apply compressive stress equal to 0.08f.. Two actuators applied a cyclic and quasi-
static lateral load by increasing amplitude and controlling the displacement of the top of the
column. The lateral loading protocol is based on ACI committee 374.1 [159] (Fig. 21b). The
internal reinforcement details and dimensions of specimens are presented in Figs. 21c-e. It is
worth mentioning that the size of all grooves in the EBROG method is 10x10 mm with a 30

mm free space.

33



828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

The schematic plan of the strengthened specimens and strengthening patterns is illustrated in
Fig. 22 and Tables A.4-5. In Ref. [106], the control specimen is called "DSC." "RDS-nHIF"
and "RDS-nX]" are designated for the strengthened specimens' naming templates. n is the
number of the FRP sheet layers, H and X denote strengthening patterns of the core of the
joint. In Refs. [107] and [112], the control specimen is named "CS," and the naming
templates of the strengthened specimens are "RS-nHI" and "RS-nLIF," where n is the number
of FRP sheet layers. H denotes installing FRP sheets on the top and bottom face of the beam.
L means the L-shaped FRP composites installed on the beam and column faces. In [108] and
[ 109] references, CS-3D is the control specimen of the corner joint. The naming format of
strengthened specimens is "RDS-nLIF" and "RDS-nXmHIF." In this pattern, n and m signify
the number of FRP sheet layers exploited to strengthen the core of joint and FRP sheet layers
on the top and bottom faces of the beam, respectively. X and L exhibit the X-shaped and L-
shaped strengthening patterns of the core of joints. H indicates strengthening the top and
bottom beam faces. In Refs. [106-109] and [112], 1 is the length of the FRP sheet from the

column face toward the mid-span of the beam, and F means the use of an FRP anchor fan.

In the Refs. [110-111], the control specimen is named CS, and the "RS-nV-mX-oH," "SnLI-
GmX," SoV-nH-FmX.," and "SoCSB-nH-FmX.," templates are used to designate the
strengthened specimens; n, m, and o are the number of FPR sheet layers utilized to strengthen
the column, the core of the joint, and the beam. V means strengthening two opposite faces of
the column parallel to the bending axis. X means the X-shaped pattern for FRP composite
installed on the core of the joint. H stands for installing FRP composites on top and bottom
beam faces. L means an L-shaped design of FRP sheets to strengthen the beam and column.
G expresses using transverse grooves. F shows the FRP fan anchor, and CSB signifies using

corner strip-batten.

5.2. Review of the related studies
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Mostofinejad and Akhlaghi [106] strengthened exterior beam-column joints, which lacked
sufficient internal shear reinforcement in their core with CFRP sheet composites by the
EBROG method (Figs. 22a-c). The first crack on the DCS (non-strengthened) joint emerged
at the vicinity of the column surface with a 0.2% drift ratio. The maximum recorded load was
63.8 kN, and the load started to reduce after a 2.2% drift ratio. Although the maximum load
of the RDS-3H75 and RDS-3H325 joints grew 4.2 and 17.4% in comparison to the DCS
joint, their behavior did not demonstrate any significant improvement [ 106].

FRP fans were employed to anchor the end of CFRP sheets for the RDS-3H325F joint.
This method resulted in a 35.6% growth in the maximum load as compared to the DCS joint,
and the concrete cover separation occurred at a 4.5% drift ratio. The behavior of the RDS-
4H500F joint was similar to the RDS-3H325F joint, and the maximum load increased by
52.0% as compared to the DCS joint. However, in the 4.5% drift ratio, the load of the RDS-
4H500F joint increased 110.9% compared to the DCS joint. The RDS-1X250 joint could
confirm the capability of the EBROG method in eliminating debonding and protecting the
strengthening system under large and non-elastic deformations [106].

Mostofinejad and Akhlaghi [107] mixed the EBROG method and FRP fans to invent a
novel technique for the flexural strengthening of beam-column joints (Figs. 22d-f). The
maximum load was 48.4 kN for the non-strengthened joint (CS). The failure of the beam-
column joint occurred with the plastic hinge formation at the column face in the beam. In the
RS-1H300 joint, shifting the plastic hinge from the column face to the beam enhanced the
maximum load of 32.7% and increased energy absorption and ductility compared to the CS
joint. The maximum load of the RS-2H450I joint increased by 41.1%. The plastic hinge
position returned to the previous position such as CS joint due to weaknesses in the
anchorage of the strengthening system. Hence, a CFRP wrap with a 75 mm width was

installed on the FRP fans to prevent such a failure mode for the RS-2H4501I joint. The
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maximum load and the load at the 4.5% drift ratio increased 38.4 and 44.0% in comparison to
the CS joint [107].

For the RS-3H600I joint, the maximum load and the load at 4.5% drift ratio increased by
54.7 and 10.0% compared to the CS joint. To shift the plastic hinge in RS-3H600II, the areas
of the CFRP fans elevated from 143 mm? (RS-3H600I) to 204 mm?. Therefore, the plastic
hinge was formed on the strengthened part of the beam, and the maximum load increased by
58.1% compared to the non-strengthened joint. The end of CFRP sheets needed more CFRP
wraps to shift the plastic hinge position to a non-strengthened part of the beam. To this end,
an RS-3L600 joint was designed. The results showed that the maximum load increased by
79.9%, the plastic hinge was completely transferred to the non-strengthened part of the beam,
and the energy absorption increased [107].

Mostofinejad and Hajrasouliha [108-109] retrofitted 3D corner joints with CFRP
composites using the EBROG technique against shear failure (Figs. 22g-1). The CS-3D joint
had a maximum load equal to 55.4 kN in the 0.2% drift ratio. Compared to the CS-3D joint,
crack propagation became slow for the SCS-3D joint, and the maximum load and the load in
the 4.5% drift ratio grew by 24.5 and 42.8%, respectively. The RDS-3L300 joint experienced
the maximum load in the 3.6% drift ratio and was 31.2% higher than the CS-3D joint.
Further, the load corresponding to the 4.5% drift ratio caused a 46.0% increment [ 108]. The
RDS-3L300-EBR joint indicated the maximum recorded load (in the 2.8% drift), and the load
in the 4.5% drift increased 24.9 and 29.4%, respectively, compared to the CS-3D joint [108].
In the 4.5% drift ratio, the load capacity of the H-RDS-3L300FW joint increased by 56.9%,
compared to the CS-3D joint [108].

For the RDS-X joint, the EBROG method could provide energy absorption conditions and
undergo large and non-elastic deformations. The maximum load increased by 28.1% as

compared to the CS-3D joint. The load increase in the 4.5% drift ratio reached 46.8% [109].
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However, the maximum load and load in the 4.5% drift ratio of the RDS-X-EBR joint
compared to the CS-3D joint grew by 21.0% and 36.8%, respectively. These values for the
RDS-1X3H300F joint were 52.7% and 74.9%, respectively. The RDS-1X3H450F joint first
experienced flexural cracks on the beam-column intersection and the plastic hinge remained
at the edge of the joint, which could be attributed to the longer length of the strengthened part
compared to the RDS-1X3H300F joint. Further, the load capacity in the 4.5% drift ratio
increased by 49.7% compared to the CS-3D joint [109].

Ilia and Mostofinejad [110] seismically retrofitted strong beam-weak column joints by the
EBROG method mixed with a CFRP anchorage system (Figs. 22m-p). These joints lacked
sufficient internal shear reinforcements. The maximum load of the non-strengthened joint
(CS) was 28.4 kN and occurred at the 1.75% drift ratio [110]. For the RS-1V-1X joint, the
maximum load was 50.9% higher than the CS joint and occurred in the 2.75% drift ratio. This
value reached 28.3% in the 4.5% drift. In the 2.2% drift ratio, the RS-1V-2X joint
experienced a 64.1% maximum load higher than the CS joint. This joint had a 33.0% growth
in the loading capacity in the 4.5% drift ratio [110]. However, the maximum load of the RS-
1V-2X-2H 1 joint was 57.1% higher than the CS joint and in the 5.2% drift ratio. It is
noteworthy that this value was 90.2% for the 4.5% drift ratio. The RS-1V-2X-2H II joint had
similar behavior to the RS-1V-2X-2H I joint. The maximum load and load in the 4.5% drift
ratio compared to the CS joint increased by 73.3% and 111.0%, respectively [110].

Ilia et al. [111] evaluated the seismic strong beam-weak column joints strengthened by
FRP composites using the EBROG method and FRP fan anchorage system (Figs. 22q-t). The
non-strengthened joint (CS) suffered hinge formation in the column at the final loading
stages, which is considered an undesirable failure mode. External strengthening increased the

loading capacity by more than 44.6%. The S2CSB-2H-F2X joint experienced the most
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increase in the maximum load capacity by 79.4% and the load capacity in the 4.5% drift by
118.4% [111].

Akhlaghi and Mostofinejad [112] estimated the performance of beam-column joint
flexural strengthened by a combination of anchorage systems and the CFRP sheets (Figs.
22u-x). The results showed the excellent performance of the 180-degree anchor fan as
anchorage system and perfect bond due to the EBROG method, which led to complete plastic
hinge relocation along the beam from the column face (RS-1H300.F180 joint). The maximum
load of the RS-1H300.F180 joint was 59.4 kN, which showed a 22.7% increase relative to the
control joint.

5.3. The comparison of behavior and ductility parameters

The conducted tests reported considerable results related to behavior, load capacity, ductility,
and energy absorption.

5.3.1. Load-displacement hysteretic response and the load capacity

Fig. 23 shows the load-displacement hysteretic envelope curves of some different joints. As
shown, the non-strengthened joints experienced load capacity reduction from the 2.2% drift
ratio. However, the corresponding strengthened joints experienced a significant increase in
loading capacity as well as load capacity reduction from the 5.2% drift ratio. Fig. 23
demonstrates that increasing drift ratios leads to a considerable difference in the load capacity
and area under load-displacement curves between strengthened and non-strengthened joints.
The RDS-3H325F and RDS-1X3H300F joints show the best improvement in terms of
behavior and performance.

The highest growths in the maximum load are 79.9, 79.4, 73.3, and 73.4% for the RS-
3L600, S2CSB-2H-F2X, RS-1V-2X-2H 1II, S1V-2H-F2X joints, respectively. The lowest
increase in the maximum load is 4.2%, which is related to the RDS-3H75 joint (Fig. 24a).

The highest increases in the load capacity at the 4.5% drift ratio reach 118.4, 110.9, 111.0,
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and 110.0% for the S2CSB-2H-F2X, RS-4H500F, RS-1V-2X-2H II, and RS-3L600 joints,
respectively (Fig. 24b). Additional details are presented in Table A.6.
5.3.2. Ductility

The ductility factor is presented for all the joints in Table A.7. Fig. 25 shows the increased
ductility factor in the pull direction for each joint compared to the reference joint. The RS-
1V-2X-2H I joint demonstrates that the highest increase value for the ductility factor is equal
to 139.0% for the push direction, compared to the reference specimen with a 1.8 ductility
index. The RDS-1V-2X-2H II and S1V-2H-F2X joints obtained the second and third highest
ductility factor by 110.7 and 113.8% increase in the push direction. The most significant
reduction in the ductility index in the push direction is attributed to the RS-3H600II joint by
63.9%. The joints strengthened by the EBROG method and X-shaped pattern experience an
average increase of 60.0% in the ductility index in the push direction (Fig. 25).

5.3.3. Energy dissipation

The confined area of a hysteretic curve in each cycle is defined as the dissipated energy of
that cycle. Cumulative dissipated energy is the sum of the dissipated energy in all the cycles.
Fig. 26a demonstrates the energy dissipation of some joints from the 0.2% drift ratio to the
4.5% drift ratio. Fig. 26a shows a slight difference in the cumulative energy dissipation
between strengthened and non-strengthened joints up to the 2.2% drift ratio. However, the
difference becomes more tangible by increasing the drift ratio. Regarding the RDS-325F joint
compared to the corresponding un-strengthened joint, an increase in energy dissipation in the
2.75, 3.5, and 4.5% drift ratios is 20.0, 50.0, and 100.0%, respectively.

Table A.8 indicates the value of the cumulative energy dissipation of each joint
corresponding to the 4.5% drift ratio, and the reference joint of which is compared in Fig.
26b. The cumulative energy dissipations up to the 4.5% drift ratio for the RS-1V-2X-2H-I

and RS-1V-2X-2H-II joints as 12437 and 11435 kN.mm, respectively. Since the cumulative

39



977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

energy dissipation of the reference joint is 5056 kN.mm, these joints enjoy 146.0 and 126.2%
growth. The cumulative energy dissipation of the RDS-3H325F joint increases by 100.0% in
comparison to the corresponding reference joint with 17464 kN.mm cumulative energy
dissipation (Fig. 26b). The RS-3H600II joint can dissipate 26288 kN.mm energy, which
indicates an 8.5% reduction compared to the reference joint with 28288 kN.mm. On average,
the use of the EBROG method can increase the cumulative energy dissipation by 38.0%
while the use of the EBROG method and X-shaped pattern can be increased by 61.0% (Fig.
26b).

5.3.4. Stiffness reduction

As shown in Fig. 27a, the initial stiffness of the strengthened joints is somewhat higher
than that of the non-strengthened joints. However, continuing loading causes quick stiffness
reduction in non-strengthened joints (Fig. 27a). For example, the RS-3L600 joint in 1.00,
2.75, and 4.5% drift ratios have 32.0, 79.0, and 97.2% stiffness higher than the reference
joint, respectively. These values are 37.0, 76.0, and 94.3% for the RS-1V-2X-2H 1 joint,
respectively (Fig. 27a). In the 4.5% drift ratio, the S2CSB-2H-F2X, RS-1V-2X-2H II, and
S1V-2H-F2X joints experience 122.9, 117.1, and 114.3% increment in the stiffness compared
to the corresponding reference joints, respectively (Fig. 27b). Regarding the values of the
stiffness in the 4.5% drift ratio, the lowest value is 0.35 kN/mm for the CS joint (non-
strengthened joint with the strong beam-weak column) while the maximum value is 1.48
kN/mm for the RDS-4H500F joint. The EBROG technique can increase the stiffness in the
4.5% drift ratio by 55.0% in comparison to the corresponding reference joint (Fig. 27b).
Table A.8 and Figs. 27a-b present further details.

5.3.5. Equivalent hysteretic damping ratio

Hysteretic damping is a crucial parameter indicating the capacity of a joint to undergo large

and plastic deformation. The equivalent hysteretic damping ratio is defined as the dissipated
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energy for each cycle over 2m times of elastic strain energy [106-112]. The equivalent
hysteretic damping ratio for almost all the joints is 0.10 in drift ratios lower than 1.5% (Fig.
28a). However, the equivalent hysteretic damping ratio enhances when the drift ratio is
increased. For instance, the equivalent hysteretic damping ratios of the RDS-3H325F joint in
1.25,2.75, 3.5, and 4.5% drift ratio increase by 0.0, 20.0, 30.0, and 55.6% in comparison to
the non-strengthened corresponding joint (Fig. 28a).

The maximum equivalent hysteretic damping ratios are 0.27 and 0.24 for the RS-1H300
joint in the 4.5% drift ratio and the non-strengthened corresponding joint, respectively (Fig.
28b). In the 4.5% drift ratio and among all the joints, the RS-1V-2X-2H-I joint experiences
the highest increase (58.8%) with an equivalent hysteretic damping ratio of 0.24 compared to
the reference joint (Fig. 28b). The EBROG method increases the equivalent hysteretic
damping ratio of the strengthened joints compared to the non-strengthened joints by 11.0%
on average.

5.4. Discussion

The advantages of the EBROG method in the external strengthening of beam-column joints
could postpone or eliminate FRP composite debonding. Although the EBROG method can
engender a strong bond between the concrete substrate and FRP composites and prevent
debonding, cover separation may occur due to high stress and the presence of the rebar layer.
Consequently, the load capacity increases while ductility has no significant change.
Researchers can prevent cover separation and interfacial debonding to a large extent by
employing the combination of the EBROG method and the FRP fan and FRP wrap anchorage
systems. Hence, the plastic hinge formation is transferred from the columns, joint panels, and
column face into the beam, and converts into a desirable flexural failure mode. Accordingly,
ductility and energy absorption increase significantly. Increasing the FRP length and number

of FRP layers along the beam requires more anchorage systems from FRP fans and FRP
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wraps since the test results demonstrate that increasing the FRP length and FRP layers

without increasing the anchorage systems can lower ductility and energy absorption of the

joints. Thus, the plastic hinge joint is not formed in the desired position.

The combination of the EBROG method, adequate anchorage systems, and the X-shaped

pattern results in a low FRP consumption, a higher increase in the load capacity, an
improvement in ductility and energy absorption compared to the reference joints. This
behavior can be attributed to the favorable performance to control and reduce the diagonal
cracks in the joint core. External strengthening of beam-column joints utilizing the EBROG
method accompanied by FRP fans or FRP wraps anchorage systems can improve the seismic
behavior of joints and alter undesirable and brittle failure modes to desirable and ductile
failure modes.
6. Conclusion
This paper reviewed the studies on strengthening structural members via novel grooving
methods. The results of shear and flexural strengthening of beams by grooving methods were
presented, and its effective parameters, load-displacement behavior, and failure modes were
examined. In addition, the studies in strengthening columns by grooving methods subjected
to bending moments and axial loads were reviewed. The seismic strengthening of joints using
the EBROG method was discussed, and ductility parameters were evaluated.

1. The grooving methods in the flexural strengthening of beams made 20.8% of the beams
undergo FRP rupture, 31.2% failed with concrete cover separation mode. Strengthening
beam-column joints by EBROG methods to prevent interface debonding and utilizing
FRP fans and FRP wraps to hinder concrete cover separation changed the plastic hinge
formation in the column, panel zone, and shear failure mode in the joint core into the

plastic hinge formation in the beam far from the beam-column intersection.
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2. Flexural strengthening of beams by EBROG and EBRIG methods increased the load

capacity and energy absorption compared to the EBR method. When the stiffness of FRP
sheets was low, there was no remarkable difference between the EBROG and EBRIG
methods. However, increasing the CFRP composite stiffness heightened the load capacity
and energy absorption of the EBRIG method compared to the EBROG technique. The
growth in the concrete compressive strength reduced the ratio of the EBROG to EBR load
capacity. Increasing the groove breadth to FRP composite width ratio led to increases in
the load capacity. The groove depth to FRP composite width ratio had an optimum value,
which was equal to 1.00.

Shear strengthening of beams by EBROG and EBRIG methods considerably improved
the load-displacement behavior in comparison to the EBR method. Reduction in the
distance between FRP sheets improved the load capacity of the beams although the
amount of FRP materials, which were expensive to some extent, increased. Regarding the
increase in the load capacity, performance, and material consumption, the most suitable
pattern for shear strengthening of the beam was strengthening by grooving methods on
two sides with a diagonal arrangement (45°).

The grooving methods could provide sufficient support for longitudinal FRP sheets and
postpone the buckling and debonding of FRP composites. Therefore, the performance,
compressive strength, and ductility of the columns were enhanced. Additionally, the
novel method of EBRIOG enabled FRP composite to experience compressive stress equal
to 64.0% of its ultimate tensile strength.

Strengthening beam-column joints with FRP composites by EBROG method and
appropriate techniques for the anchorage systems including FRP fans and FRP wraps
enhanced load capacity, ductility, and energy absorption. The EBROG method could

postpone or eliminate the interface debonding phenomenon to a great extent, and the
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anchorage system hampered concrete cover separation. Consequently, the ductility
indexes grew significantly. Increasing the length and layers of FRP materials requires the
provision of sufficient and secure anchorage systems; otherwise, the ductility increases.
The x-shaped pattern compared to the L-shaped and longitudinal pattern enabled the

EBROG method to acquire higher performance.
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