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Strengthening concrete beams with fiber-reinforced polymer (FRP) is an effective
strengthening method. However, achieving a balance between strength and ductility
remains challenging. This study evaluated carbon fiber-reinforced polymer (CFRP),
basalt fiber-reinforced polymer (BFRP), and hybrid fiber-reinforced polymer (HFRP).
Both externally bonded reinforcement (EBR) and externally bonded reinforcement on
groove (EBROG) techniques were investigated. The influence of transverse grooves was
also examined. Nine beams were tested, one of which was an unstrengthened beam. The
results showed that EBROG outperformed EBR due to improved bonding. CFRP
achieved an 84.5% increase in ultimate load with brittle failure behavior, while BFRP
achieved a 71.7% increase with close deflection to the reference beam (RB) and a ductile
failure mode. HFRP achieved the best balance between strength and ductility, with an
86.4% increase in ultimate load and a 19.75% decrease in deflection. The transverse
grooves also contributed to enhancing the efficiency of EBROG, achieving a 131.6%
increase in ultimate load when seven grooves were used with HFRP. In conclusion,
HFRP with EBROG demonstrated outstanding structural performance in terms of
resistance, stiffness and ductility while reducing the cost of strengthening, thus enhancing

its practical applicability.

1. INTRODUCTION

Reinforced concrete (RC) structures may deteriorate due to
several factors. These factors include poor construction
practices, design errors, corrosion, chloride exposure, and
excessive loading. Therefore, strengthening, repair, and
rehabilitation techniques are often preferred. These methods
reduce the need for complete reconstruction. The use of fiber-
reinforced polymer (FRP) composites in strengthening
structural elements has proven to be highly effective due to
their clear advantages and structural benefits [ 1]. Carbon fiber-
reinforced polymer (CFRP) composites are among the most
widely used materials for strengthening and are characterized
by high tensile strength, low weight, high corrosion resistance,
and low thermal conductivity compared to steel [2].
Strengthening with this material improves elements' resistance
to bending and shear, extending their lifespans, and allows for
various methods of bonding them to structural elements such
as beams, columns, and slabs [3]. Numerous proposals have
been made for bonding FRP materials in their various forms to
structural elements. Some research has employed the near-
surface mounting (NSM) technique, which involves creating a
groove into which a bar is inserted and applying an adhesive
for fixation [4-6]. Other studies have focused on the externally
bonded reinforcement (EBR) technique, which involves
bonding FRP sheets to the tension or shear surface. This is one
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of the most widespread strengthening techniques used to
improve the flexural strength of concrete beams [7-11]. This
technique is easy to implement and widely used. It also
provides acceptable strengthening performance. However,
premature debonding remains its major drawback. This occurs
because the strengthening fails before achieving the full
mechanical properties of the FRP due to poor bonding with the
concrete surface [12-15].

Studies then focused on developing the EBR technique to
address its shortcomings. Mostofinejad et al. [16] developed
the externally bonded strengthening on grooves (EBROG)
technique. In this method, longitudinal grooves are created on
the concrete surface and filled with a suitable epoxy. FRP is
then applied and bonded to the concrete surface to increase the
bond area. Several studies evaluating and understanding
flexural behavior indicated that the use of the EBROG
technique can negate, or at least delay, the onset of debonding
[16].

The effects of groove shape (triangular, curved, rectangular),
number of layers, and groove orientation have previously been
studied. It was found that a rectangular groove shape, two FRP
layers, and the use of both longitudinal and transverse grooves
yielded the best results [17]. Other studies evaluating the
failure mode found that the failure mode shifted from
debonding at the EBR to rupture of the fiber or concrete cover
separation in EBROG [18, 19]. Various other variables were
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examined, including the effects of groove dimensions (length,
width, depth) [20], the use of inclined grooves [21], the
addition of U-wrap anchorage [22], the effects of concrete
strength on the technique [23], and the effects of the
strengthening material type (sheet, laminate) and number of
grooves [19]. There is a second form of this technique,
externally bonded reinforcement in grooves (EBRIG), which
is remarkably similar to the EBROG technique, with the
exception that FRP panels are inserted into the grooves. This
technique is somewhat more difficult to implement [17]. All
previous studies have shown that the EBROG technique is a
good development and, in all cases, gives better results than
the EBR technique. Despite its advantages, CFRP exhibits
brittle behavior. Its ultimate tensile strain is approximately
1.7% [24]. CFRP-strengthened elements may fail suddenly
after reaching their ultimate capacity. Consequently, the
structural ductility is reduced [25]. The strengthened beams
showed less ductile behavior than the control beam, despite the
increased load capacity of the samples [26-28]. A higher safety
factor or a limit on the ultimate load capacity was proposed to
prevent sudden collapse upon reaching the ultimate possible
load [29]. This necessitated development to improve the
structural strengthening performance to meet higher safety
levels. Therefore, studies emerged on the use of hybrid
composites combining carbon fibers with aramid fiber
reinforcement polymer (AFRP), glass fiber reinforcement
polymer (GFRP), and basalt fiber-reinforced polymer (BFRP)
to overcome such issues [30-32].

Hybrid composites have not been investigated sufficiently.
Therefore, further studies are needed to better understand and
develop this concept. One study investigated the use of carbon

and basalt composites as a hybrid strengthening system using
only the EBR technique. The results indicated an increase in
strength and deformability, but debonding failure was
prevalent in the specimens due to the use of the EBR [33].
Although BFRP provides higher deformability and lower
cost than CFRP, its application within hybrid strengthening
systems remains insufficiently investigated, which includes
good ductility, with an ultimate tensile strain of 3.2% [34], and
high fire resistance, as it retains 90% of its strength below
600 °C, compared to carbon and glass, which lose strength at
this temperature. Basalt fibers are extracted from basalt rocks
after the melting process, cut into small pieces, and then
converted into fibers without the addition of any other
materials, which reduces production costs. It also has higher
alkali resistance than carbon [29]. Table 1 shows a summary
of previous studies. Previous studies have demonstrated the
effectiveness of FRP materials for strengthening RC elements.
These materials significantly improve structural performance
and load-carrying capacity. They have also confirmed that
CFRP is characterized by high tensile strength, light weight,
and excellent corrosion resistance. However, its most
prominent drawbacks are brittle behavior and low ductility. In
contrast, studies have shown that BFRP possesses higher
ductility, good fire resistance, and relatively lower cost.
Furthermore, studies agree that EBR is one of the most widely
used strengthening techniques due to its ease of
implementation, but it suffers from premature debonding.
EBROG, on the other hand, has proven superior in improving
the bond between FRP and concrete and reducing or even
eliminating premature debonding failure compared to EBR.

Table 1. Summary of previous studies

Variables
Literature Type of Type of  No. of No. of Outcomes
Technology  Material Layers Type of Grooves Grooves
- - - Py
EBR CFRP 1 L Increase in loading c.apac1j[y by 32.6% with
debonding failure
El Gamal et al. [6] . . . .
Increase in loading capacity by 56.1% with
EBR CFRP 2 -—— . .
debonding failure
Increase in loading capacity by 57.3%, and
EBR CFRP 1 -—-- decrease in ductility by 38.0% with
debonding failure
Increase in loading capacity by 30.7%, and
EBR GFRP 1 - decrease in ductility by 20.0% with
. debonding failure
Hawilehetal. B GFRP + Increase in loading capacity by 83.0%, and
EBR 2 -—-- decrease in ductility by 42.0% with
CFRP . ’
debonding failure
GFRP + Increase in loading capacity by 98.0% and
EBR CFRP + 3 - decrease in ductility by 54.0% with
GFRP debonding failure
Transverse, length
EBROG CFRP 1 80 mm, width 3 mm, 9 Increase in bond strength by 8.0%
depth 2 mm
Diagonal, length 80
. EBROG CFRP 1 mm, width 3 mm, 12 Increase in bond strength by 10.0%
Mostofinejad and d
. epth 2 mm
Mahmoudabadi S
[16] Longitudinal, length
EBROG CFRP 1 370 mm, width 3 5 Increase in bond strength by 24.0%
mm, depth 2 mm
Longitudinal, length
EBROG CFRP 1 370 mm, width 3 5 Increase in bond strength by 37.0%
mm, depth 10 mm
. . . o) s
Mashrei et al. [17] EBR CFRP 1 L Increase in loading capacity by 16.2% with

debonding failure




Longitudinal,

Increase in loading capacity by 35.5% with

EBROG CFRP 1 . 3 . .
triangular shape cover separation failure
o . . . o)
EBROG CFRP 1 Longitudinal, 3 Increase in loading capgmty by 62.0% with
rectangular shape cover separation failure
LS. . . . o)
EBROG CFRP 1 Longitudinal, curved 3 Increase in loading capgc1ty by 42.0% with
shape cover separation failure
. . . o)
EBROG CFRP 1 Transverse, 3 Increase in loading capgc1ty by 42.0% with
rectangular shape cover separation failure
. . . o)
EBROG CFRP 2 Transverse, 8 Increase in loading cap_amty by 103% with
rectangular shape cover separation failure
. . . o) <
EBR CFRP 1 . . Increase in loading c.apam.ty by 51.1% with
debonding failure
Increase in loading capacity by 62.6% with
Mostofinejad et al. EBR CERP 2 o o debonding failure
[18] oo Increase in loading capacity by 52.7% with
EBROG CFRP 1 Longitudinal 3 rupture CFRP failure
1 1 1 0,
EBROG CFRP 2 Longitudinal 3 Increage in loading capa_mty b'y 101.4%
with cover separation failure
. . . o) <
EBROG CFRP 1 Longitudinal 3 Increase in loading capgmty by 65.4% with
Abed et al. [19] (sheet) cover separation failure
. . . . o)
EBROG CERP 1 Longitudinal 3 Increase in loading capgc1ty by 32.0% with
(laminate) cover separation failure
Longitudinal, length
EBROG CFRP 1 200 mm, width 5 3 Increase in bond strength by 21.0%
mm, depth 5 mm
Longitudinal, length
EBROG CFRP 1 200 mm, width 10 3 Increase in bond strength by 32.0%
mm, depth 10 mm
Han et al. [20] Longitudinal, length
EBROG CFRP 1 200 mm, width 15 3 Increase in bond strength by 47.0%
mm, depth 15 mm
Longitudinal, length
EBROG CFRP 1 200 mm, width 20 3 Increase in bond strength by 61.0%
mm, depth 20 mm
Increase in loading capacity by 87.0%, and
EBR CFRP 3 - - decrease in area under curve by 64.0% with
debonding failure
Increase in loading capacity by 122.0%,
. . .
Mostofinejad et al. EBROG CFRP 3 Longitudinal 3 and Qecrease in area under curve by }4,0 %
[28] with debonding and cover separation
failure
Increase in loading capacity by 132.0% and
EBRIG CFRP 3 Longitudinal 3 decrease in area under curve by 3.0% with
cover separation failure
Increase in loading capacity by 72.0%, and
EBR CFRP 2 - - ductility is 1.75 with cover separation
failure
Chool[););)]r ctal. EBR BERP ) - - Increase in loading capacity by 62.0%, and
ductility is 3.64 with rupture BFRP failure
EBR CFRP + 5 L L Increase in loading capacity by 66.0%, and
BFRP ductility is 2.02 with flexural failure

Note: CFRP = carbon fiber-reinforced polymer, BFRP = basalt fiber-reinforced polymer, GFRP = glass fiber reinforcement polymer, EBR = externally bonded
reinforcement, EBROG = externally bonded reinforcement on groove, EBRIG = externally bonded reinforcement in grooves.

Despite this, the efficiency of hybrid systems and a
comprehensive understanding of their structural behavior
remain insufficiently studied, particularly regarding the
possibility of combining the high strength offered by CFRP
with the superior ductility of BFRP within a single
strengthening system. Furthermore, the use of the CFRP—
BFRP hybrid system with the EBROG technique has not been
studied, according to a review of previous studies,
representing a key research gap in this study.

This study addresses the existing research gap by
investigating the structural performance of CFRP-BFRP
hybrid strengthening systems combined with EBROG
technology. Particular attention is given to the effects of
material type, strengthening technique, and transverse grooves
on load capacity, stiffness, ductility, and failure mode.
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2. EXPERIMENTAL PROGRAM

Nine RC beams were cast and tested under four-point
loading. The study evaluated the effects of hybrid FRP
composites (CFRP and BFRP) and the EBR and EBROG
techniques on flexural behavior. Two EBR beams and six
EBROG beams were tested, the results from which were
compared to a reference beam (RB) that was fabricated
without strengthening. Several variables were investigated.
These variables included CFRP strengthening, BFRP
strengthening, and hybrid strengthening. The effects of
longitudinal grooves and transverse grooves were also
examined. The material properties, beam specimen details,
experimental equipment, and testing procedures are presented
in detail below.



2.1 Material properties

The materials used in this study include CFRP and BFRP
sheets, cement, fine and coarse aggregates, steel reinforcing
bars, and epoxy adhesive. The cement met the requirements of
ASTM-C150 [35]. The coarse and fine aggregates met the
requirements of ASTM-C33 [36]. The 8 mm diameter steel
bars used for longitudinal and stirrup reinforcement, whose
properties are reported in Table 2, were tested according to BS
4449-2009. Table 2 also shows the properties of the adhesive
(epoxy-Sikadur C330) [37] and the FRP sheets (according to
the manufacturer) [34, 38]. Figure 1 shows the unidirectional
carbon fiber and basalt used for strengthening.

(a) Carbon!ﬁber—rei_l}forceq polymer (CFRP)
Bl (PR WS

(b) Basalt fiber-reinforced polme (FRP)
Figure 1. Unidirectional carbon fibers and basalt

Table 2. Material properties

Materials Property Value
Bar Diameter (mm) 8
Yield Strength (MPa) 478
Steel bar Ultimate Tensile Strength (MPa) 606
Elongation (%) 15
Ultimate Tensile Strength (MPa) 4000
Tensile Elastic Modulus (GPa) 230
CFRP sheet Ultimate Tensile Strain (%) 1.7
Mass per area (g/m?) 304
Thickness (mm) 0.167
Ultimate Tensile Strength (MPa) 2800
Tensile Elastic Modulus (GPa) 85
BFRP sheet Ultimate Tensile Strain (%) 32
Mass per area (g/m?) 300
Thickness (mm) 0.15
Tensile Strength (MPa) 33.8
Flexural Strength (MPa) 60.6
Flexural Modulus (GPa) 3.489
Compressive strength (MPa) 80
Epoxy resin Elongation (%) 1.2
Mixing ratio (A:B) 4:1
Cure time (tack-free time) (hours) 4-5
Minimum application temperature (°C) 4
Maximum application temperature (°C) 35

2.2 Mixing, casting, and curing

A tested concrete mix with a compressive strength, f'c, of
45 MPa, as per the proportions reported in Table 3, was used
to cast the beams. The beam dimensions were 1200 x 160 X

120 mm. Each beam was longitudinally reinforced with two 8
mm diameter steel bars at the tension face and one bar at the
compression face to secure the stirrups. To resist and prevent
shear failure in all cases, 8 mm diameter stirrups were used
with a spacing of 50 mm between them in the shear zones, and
100 mm in the bending zone center-to-center.

Table 3. Concrete mix (kg/m?)

Cement Fine Coarse Water Plasticizer
Aggregate Aggregate
410 738 1033 148 2.5

Figure 2 illustrates the details of the beam reinforcement.
Wooden inserts were fixed to the formwork at the required
locations to create grooves with a 7 mm deep and 10 mm wide
cross-section, with a length of 950 mm for the longitudinal
grooves and 80 mm for the transverse grooves. The forms were
cast after thorough mixing of the materials. Figure 3 illustrates
details of groove formation and casting. The molds were
removed 24 hours after casting and cured for 28 days by
covering them with a damp cloth and plastic sheeting to
prevent moisture loss. The strengthening procedure was then
performed.

1@8mm

&) T
208mm 4 Deflection dial gauge

1200

Figure 2. Beam reinforcement details (all dimensions in mm)

Figure 3. Details of groove formation and casting

2.3 Details of beam specimens

Nine specimens were fabricated, consisting of the RB and
two beams strengthened via EBR technique. The first beam,
designated E-2C, used two layers of CFRP, while the second,



designated E-H, used HFRP. Three beams were strengthened
using EBROG technique with three adjacent longitudinal
grooves on the underside (tensile face). Each groove was 950
mm long, but the first beam had two layers of CFRP, the
second two layers of BFRP, and the third two layers of HFRP,
designated G-2C3L, G-2B3L, and GH3L, respectively. The
last three beams were strengthened using EBROG with HFRP,

employing three longitudinal grooves after being enhanced
with transverse grooves: three for the first beam, five for the
second, and seven for the third. These specimens were
designated G-H3L3T, G-H3L5T, and G-H3L7T, respectively.
The cross-section of the grooves was 10 mm wide and 7 mm
deep. Figure 4 shows details of the specimens, while Table 4
summarizes these details.

bottom face

120

1200

side face

(a) Reference beam (RB)

CFRP 2layers

00—t 1000-

CFRP |
2layers
strengthening Em
1100

(b) Externally bounded reinforcement-two layers of CFRP (E-2C)

HFRP

100 [(CFRP+BFRP)

strengthening 10—

(c) Externally bounded reinforcement — HFRP layers (E-H)

- CFRP

I 350

—125

1
*2?\_3 longitudinall

grooves

22.5mm 100

apart ',

strengthening

(d) Externally bounded reinforcement on groove — two layers of CFRP, three longitudinal grooves (G-2C3L)

|- BFRP

I
—125 950
‘{" 1000

1
‘_}AZE\_Z'} longitudinall

grooves

22.5mm 100

apart 'r

strengthening

(e) Externally bounded reinforcement on groove — two layers of BFRP, three longitudinal grooves (G-2B3L)

| HFRP

1 -

950

1000

—125

1
~—j—12§\—j longitudinall

grooves

22 5mm 100
apart !

strengthening

) Exterﬁall bounded reinforcement on groove — HFRP layers, three longitudinal grooves (G-H3L)



—_— | HFRP
s

| 1 R I
L—175 410 410 175 —

3 transverse grooves, 410mm apart < longitudinal
grooves
22.5mm

B apart

(g) Externally bounded reinforcement on groove — HFRP layers, three longitudinal and three transverse grooves (G-H3L3T)
HFRP
(CFRP+BFRP)
P | T | T T .
v 0 o 5 tranzs‘:yerse groovezg,CZOOmm a\?)gsrtlw“1 longitudina
grooves

22.5mm
apart

(h) Externally bounded reinforcement on groove — HFRP layers, three longitudinal and five transverse grooves (G-H3L5T)
e ——— HFRP

(CFRP4BFRP)

75— —1s0— 130136130130 —130——175 3 longitudinal
§7transverse grooves, 130mm apart > 'ongitudina

grooves
22.5mm
apart
M il il Ml M il

(i) Externally bounded reinforcement on groove — HFRP layers, three longitudinal and seven transverse grooves (G-H3L7T)
(0.1 mm) Epoxy layer longitudinal groove
(0.167 mm) CFRP layer ey
(0.1 mm) Epoxy layer
(0.167 CFRP layer

(0.1 mm) Epoxy layer— longitudinal groove (0.1 mm) Epoxy layer
(0.15 mm) BFRP layer — B (0.167 mm) CFRP layer
(0.1 mm) Epoxy layer— 10mm (0.1 mm) Epoxy layer
(0.15 BFRP layer (0,15 BFRP layer

10mm |

(j) Two-layer CFRP, BFRP and HFRP at the tension face

Figure 4. Details of the beams (all dimensions in mm)
Note: CFRP = carbon fiber-reinforced polymer, BFRP = basalt fiber-reinforced polymer, HFRP = hybrid fiber-reinforced polymer.

Table 4. Details of beam specimens

Specimen No. of No. of No. of No. of Variables
Designation Longitudinal Transverse CFRP BFRP Material, Groove Layout, Interface Condition
Grooves Grooves Layers Layers
RB - -—- --- --- Without strengthening
2-layer CFRP, without grooves; the surface is
E-2C --- --- 2 --- L
roughened by grinding.
HFRP (1-layer CFRP + 1-layer BFRP), without
E-H --- --- 1 1 . S
grooves, the surface is roughened by grinding.
G-2C3L 3 N 5 N 2-layer CFRP, 3 longitudinal grooves, the surface is
roughened by grinding.
G-2B3L 3 N . ’ 2-layer BFRP, 3 longitudinal grooves, the surface is
roughened by grinding.
G-H3L 3 N 1 1 HFRP, 3 longitudinal grooves, the surface is
roughened by grinding.
G-H3LAT 3 3 1 1 HFRP, 3 longltu(.imal and 3 transverse grooves, the
surface is roughened by grinding.
G-H3L5T 3 5 1 1 HFRP, 3 longltu(.imal and 5 transverse grooves, the
surface is roughened by grinding.
G-H3L7T 3 7 1 1 HFRP, 3 longitudinal and 7 transverse grooves, the

surface is roughened by grinding.
Note: E-2C: Externally bonded reinforcement with two layers of carbon fiber-reinforced polymer (CFRP); G-2B3L: Externally bonded reinforcement on groove

with two layers of basalt fiber-reinforced polymer (BFRP) and three longitudinal grooves; G-H3L3T: Externally bonded reinforcement on groove with hybrid
fiber-reinforced polymer (HFRP) (1-layer CFRP + 1-layer BFRP), three longitudinal grooves and three transverse grooves.
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2.4 Strengthening procedures

Twenty-eight days subsequent to the casting date, the beams
were strengthened by preparing the underside of the beam
using a grinding machine and a suitable disc to remove the
weak surface layer; this included the entire surface area of the
grooves. The surface was then thoroughly cleaned using
compressed air and water, followed by drying with
compressed air. It was then left to dry completely, and its
cleanliness was maintained until the strengthening was
applied.

Figure 5 shows the preparation, cleaning, and washing
process. The strengthening bonding process, according to the
EBR strengthening technique, involved the application of a
layer of adhesive epoxy using a scraper blade. A layer of FRP

LO00T

CFRP sheet

sheet (1000 mm long, 100 mm wide) was then applied after
being saturated with epoxy. This was then pressed using a
special roller to remove bubbles. Another layer of epoxy was
applied, followed by a second layer of epoxy-saturated FRP
sheet, shorter than the first layer, in accordance with ACI PRC
440.2-2023.

Figure 6 shows the EBR strengthening process. The
EBROG technique is similar, with the main difference being
that the grooves are first filled with epoxy, then the entire
surface is covered, and the strengthening layers are adhered to
it, as described in the EBR technique. It should be noted that a
CFRP layer was applied first, followed by a BFRP layer, in the
HFRP hybrid system. All strengthened samples were cured for
seven days according to the manufacturing instructions. Figure
7 shows the EBROG strengthening process.

Figure 7. Externally bonded reinforcement on groove (EBROG) strengthening process

2.5 Test method for the loading machine

A four-point loading system with a load capacity of 200 kN
was used. The beam was placed on simple circular supports
with a diameter of 25 mm and a clear span of 1050 mm
between the supports. A load of 0.25 kN/s was applied through
two circular loading points with a diameter of 25 mm at the
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midpoint of the beam, spaced 350 mm apart. The load capacity
was measured using a monitor, and the deflection was
measured using a digital dial gauge (0.1 mm accuracy) at the
midpoint of the lower span of the beam. Crack propagation
was carefully monitored visually and with a camera, as shown
in Figure 8.



N Wl
Twoloading points-with-
a-diameter-of 25Smm«

|

Rollier-support*
25mm-dia.<'

Pinsupport*
25mm-dia.<’

Dial gauge deflection-at-
mid-span<’

Load-control-panel-and- l‘
load recording screen<

Camera for-monitoring-
results-and-cracks<

Figure 8. Four-point load testing

3. RESULTS AND DISCUSSION

This section presents the results of the load-deflection
curve, cracking load (Pcr), ultimate load (Pu), deflection (Au),
the percentage increase or decrease relative to RB (e.g., (Pcr —

80
70

60

w £ ¥y
o o o

Loda (kN)

)
(=]

R B

Pcr, RB) / Pcr, RB), failure mode for each beam, ductility,
stiffness, and study variables.

3.1 Load-deflection curves and failure mode

Figure 9 presents the load—deflection curves at midspan for
all tested specimens. These include the RB and the
strengthened beams. This curve provides a clear picture of the
overall structural behavior, including the development of
strength and the extent of deformation up to failure. In the
initial loading stage, all specimens exhibited nearly linear
elastic behavior. The associated curves were characterized by
a steep slope, indicating high initial stiffness, reflecting a
combined elastic response of the concrete and steel prior to the
onset of initial cracking. As the load increased, cracking began
to appear in the tensile zone, representing the second stage of
behavior. In the final stage, a gradual decrease in the slope of
the curve was observed due to a decrease in the effective
stiffness of the section. Strengthening significantly increased
the ultimate load. It also improved the post-cracking stiffness.
This was attributed to the strengthening materials' contribution
to the element’s ability to withstand tensile forces, which
reduces stress concentration in the strengthening and delays
the development of large cracks. The experimental results are
summarized in Table 5 and illustrated in Figure 10.

—=—E-2C

—— F-H

10 G-2C3L e (5-2B3L e G-H3L
e G-H3L3T e G-H3L5T ——G-H3L7T
0
0 2 4 6 8 10 12 14 16 18
Mid-span Deflection (mm)
Figure 9. Load-deflection curves
m Ultimate Load (kN) M Ultimate deflection (mm) M First crack load (kN)
80 &
o~ ™~
70 o~ e} ’3 o ©
o — — s ©o
60 < 3 @ o 5
~ : =
50 o <
O
© B T B
=] (e ]
30 ~ 5 = _ Py s ~ ~ ~
; o~ N o - D © <
20 S 0 ™ = a ~N ~N o =
oy | [ R '8 [ B8 IO (I BT OR(IMITHI
0
> < S S v A A AN &
& v < < & & N ™ N
« N 3 X > < <
IS IS ¢ & &8 &
Figure 10. First crack, ultimate load, and deflection bar chart
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Table 5. Experimental results

No.  Spe.  Per (KN) (l:/ir) Pu (KN) (l:/l’) ( lﬁ:'n) (%/:‘) Mode of Failure
1 RB 13. 0.0 29.06 0.0 16.05 0.00 Flexural with crashing of concrete
2 E-2C 22 69.2 43.24 48.8 9.55 —40.50  Slight debonding followed by concrete cover separation
3 E-H 21 61.5 45.46 56.4 13.12  -18.26 Debonding followed by concrete cover separation
4 G-2C3L 27 107.7 53.62 84.5 9.74 —39.31 Concrete cover separation
5 G-2B3L 26 100.0 4991 71.7 15.25 —4.98 Flexural with crashing of concrete
6 G-H3L 28 1154 54.18 86.4 12.88  —19.75 Concrete cover separation
7  G-H3L3T 28 1154 57.74 98.7 12.69  —-20.93 Concrete cover separation
8 G-H3L5T 29 123.1 62.20 114.0 11.56  —27.98 Concrete cover separation
9  G-H3L7T 32 146.2 67.29 131.6 11.74  -26.85 Concrete cover separation

Note: Pcr = first crack load, Pu = ultimate load, Au = ultimate deflection.

3.1.1 Reference beam

This is a reinforced and unstrengthened concrete beam,
which showed a clear decrease in stiffness after cracking at a
load of 13 kN. The load continued to increase at a slow rate
until reaching an ultimate load of 29.06 kN, followed by a
stage of gradual decrease in strength with continued increasing
displacement until reaching a final deflection of 16.05 mm.
This indicates relatively ductile behavior characterized by an
extended softening stage prior to final failure in a flexural
mode. This behavior can be attributed to the development of
cracks and the subsequent yielding of the reinforcing steel,
followed by crushing of the concrete in the compression zone,
as illustrated in Figure 11.
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Figure 11. Load-deflection curve and mode of failure (RB)

3.1.2 Beam (E-2C)

This beam was strengthened via EBR technology with two
layers of CFRP. The curve in Figure 12 shows a significant
improvement in structural performance compared to the RB.
During the first stage, the elastic behavior was similar to that
of the reference specimen, indicating the significance of the
contribution of the concrete and reinforcing steel at this stage.
The curve then gradually increases with a 69% delay in the
appearance of the first crack. The curve subsequently becomes
less steep, leading to failure at an ultimate load that was
increased by more than 48% compared to the reference. This
reflects the contribution of the strengthening to improving the
load capacity until it was hindered by the failure of the
strengthening with simple premature debonding and
separation of the concrete cover. With this improvement, the
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final deflection was found to be decreased by more than 40%,
indicating more sudden failure.
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Figure 12. Load-deflection curve and mode of failure (E-2C)

3.1.3 Beam (E-H)

The load-deflection curve for specimen E-H shows a clear
improvement in strength compared to the RB, with a 61%
delay in the onset of the first crack and a 56% improvement in
ultimate load. This indicates the contribution of the
strengthening to withstanding tensile forces and reducing
stress concentration in the reinforcement. Note the slight
decrease of 18% in the final deformation, indicating that a fair
amount of deflection occurred prior to failure, resulting from
separation, followed by separation of the concrete cover, as
illustrated in Figure 13.

3.1.4 Beam (G-2C3L)

This beam was strengthened via the EBROG technique,
employing three longitudinal grooves and two layers of CFRP.
This technique significantly enhanced the structural
performance, as evidenced by the increase in the first cracking
load and ultimate load, delaying the onset of the first crack by
more than 107%. The strengthening response became evident
after this stage, as the curve height increased, resulting in an
increase in the ultimate load of more than 84% compared to
the RB. The observed increase is attributed to the enhanced
tensile resistance provided by the strengthening system. This
increase was accompanied by a sharp decrease in the final
deformation, with the ultimate deflection decreasing by
approximately 40%. Separation of the concrete cover was the



ultimate failure mode of this specimen, as illustrated in Figure
14.
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Figure 14. Load-deflection curve and mode of failure (G-
2C3L)

3.1.5 Beam (G-2B3L)

This beam was strengthened using two layers of BFRP via
the EBROG technique and three longitudinal grooves. As
shown in Figure 15, the specimen exhibited behavior
comparable to that of the RB in terms of deformation capacity
and failure mode. The ultimate deflection was remarkably
similar, with a reduction of only 5% compared to the
reference. The failure mode was the same as that for the RB:
flexural failure with slight crushing in the compression zone.
In addition to this desirable similarity in behavior, the flexural
performance was also significantly improved, increasing the
first crack and ultimate loads by 100% and 72%, respectively.

3.1.6 Beam (G-H3L)
This beam utilizes hybrid strengthening materials with three
longitudinal grooves. This strengthening delayed the first
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cracking load by 115% and the ultimate load by 86%
compared to the RB, while achieving a final deflection of
12.88 mm, approximately 20% less than the RB. The failure
mode was the separation of the concrete cover, starting from
the strengthening end towards the middle, as shown in Figure
16.
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Figure 15. Load-deflection curve and mode of failure (G-
2B3L)
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Figure 16. Load-deflection curve and mode of failure (G-
H3L)

3.1.7 Beam (G-H3L3T)

This beam was strengthened via the EBROG technique,
employing three longitudinal and three transverse grooves
distributed equally and with the use of HFRP. The
strengthening contributed to increasing the load-carrying
capacity, as it increased the first cracking load by 115%, while
increasing ultimate load by 99%, but decreasing the ultimate
deflection by approximately 21% compared to the RB. The
failure pattern was the separation of the concrete cover from
the edges of the strengthening to the middle, as illustrated in
Figure 17.
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3.1.8 Beam (G-H3L5T)

Five transverse grooves and three longitudinal grooves were
used for HFRP strengthening. Improved stress transfer and
bond performance were achieved. Concrete cover separation
was observed at a relatively advanced loading stage when the
ultimate load reached 62.2 kN, which was 114% higher than
the RB. The load at first crack appearance was increased by
123%, and ultimate deflection decreased by 28%, as illustrated
in Figure 18.
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Figure 18. Load-deflection curve and mode of failure (G-
2C3L5T)

3.1.9 Beam (G-H3L7T)

HFRP was used to strengthen this beam using the EBROG
technique. Seven transverse grooves and three longitudinal
grooves were provided. The highest first-crack load was
recorded for this specimen, with a 146% increase compared to
the RB. The ultimate load was found to have increased by
more than 131%, and the final deflection decreased by
approximately 27%. The failure mode was deep separation of
the concrete cover. Figure 19 shows the load-deflection curve
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for beam G-H3L7T and its mode of failure.
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Figure 19. Load-deflection curve and mode of failure (G-
2C3L7T)

3.2 Ductility and stiffness

Ductility is the ability of a structural element to withstand
significant deformation after reaching its yield point without
sudden failure, while still maintaining its ability to resist loads.
Stiffness is defined as the resistance of a structural element to
deformation under the influence of loads. Given the
importance of ductility in this study and the difficulty and
imprecision in determining the yield point, the area under the
curve (A), representing the extent of energy absorption before
failure, was used as an indirect indicator of ductility. This was
determined based on the limits of integration up to failure,
which were determined along with the ultimate load from the
stress-strain curve. The secant stiffness method was used to
calculate the stiffness (K) [39].

Table 6 and Figure 20 present the results for the area under
the curve and stiffness. A reduction in the area under the load—
deflection curve was observed in beams strengthened with
CFRP. For beam E-2C, strengthened using the EBR technique,
the area decreased by 67% compared with the RB. For beam
G-2C3L, strengthened using the EBROG technique, the
reduction was limited to 47%. These results indicate that
EBROG partially improved the ductility loss associated with
CFRP strengthening. This indicates a decrease in ductility
when strengthening with CFRP due to the material's nature
and the brittle behavior of carbon fiber, while ductility was
somewhat improved by EBROG. The area under the curve
approached that of the RB, with a difference of only 1% for
beam G-2B3L due to the use of two BFRP layers, which have
greater ductility than CFRP. As for the HFRP-strengthened
beams, their load-deflection curves showed a slight decrease
in area, 21% for beam E-H, while the area under the curve
approached that of the RB for the EBROG-strengthened
beams, with decreases ranging between 3% and 21%. The
stiffness of all the strengthened beams was found to be
significantly improved. EBR strengthening resulted in a 21%
increase in stiffness, while the EBROG strengthening
technique resulted in an even greater increase. Further
strengthening of the technique led to increased stiffness, with
beam G-H3L7T achieving a 61% increase. In contrast, the



stiffness of beam G-2B3L improved by only 2% when using
BFRP alone, while beam G-2C3L realized a 66% increase due
to the superior stiffness of carbon fiber.

Table 6. Area under the curve and stiffness results

Specimens A K A/A_R K/K R
P (kN'mm)  (kN'mm) B B
RB 147.70 4.93 1.00 1.00
E-2C 48.10 5.78 0.33 1.17
E-H 116.70 5.97 0.79 1.21
G-2C3L 78.86 8.20 0.53 1.66
G-2B3L 146.80 5.02 0.99 1.02
G-H3L 132.50 5.73 0.90 1.16
G-H3L3T 117.70 5.83 0.80 1.18
G-H3L5T 116.90 7.08 0.79 1.44
G-H3L7T 143.70 7.96 0.97 1.61
B Area under load-deflection curve (kN.mm)*10?
® Stiffness (kN/mm)
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Figure 20. Area under curve and stiffness results bar chart
3.3 Study variables

3.3.1 Effect of strength technique

Under the present test conditions, EBROG provided higher
cracking and ultimate loads than EBR. For example, the first-
crack load increased from 22 kN in beam E-2C to 27 kN in
beam G-2C3L, while the ultimate load increased from 43.24
kN to 53.62 kN. The superiority of EBROG was also reflected
in stiffness and ductility. Both parameters improved when the
same CFRP strengthening material was used. Similar behavior
was observed for beams E-H and G-H3L. In contrast, the
strengthening technique had little influence on the ultimate
deflection.

3.3.2 Effect of the type of strengthening material

The difference in performance was clearly evident and was
due to the different strengthening materials used. CFRP is
known to have high tensile strength and low elongation [39],
while BFRP has lower tensile strength than carbon fiber but
greater elongation [29, 34]. These properties were clearly
reflected in the structural performance of the tested beams. A
clear difference was observed among beams G-2C3L, G-
2B3L, and G-H3L. The BFRP-strengthened beam exhibited
the lowest ultimate load. However, it achieved the highest
ultimate deflection and showed superior ductility. In addition,
its stiffness was lower than that of the CFRP-strengthened
beam. The beam strengthened with carbon fiber alone
exhibited the least deformation prior to failure, the greatest
stiffness, and the lowest ductility. The beam strengthened with
hybrid fiber combined high load capacity, suitable deflection,
ductility, and stiffness. Although these three beams had the

same interface conditions, this difference was due to the
different materials used. These results fulfilled the primary
objective of the study and demonstrated the effectiveness of
the proposed strengthening approach; further, it encourages
the use of basalt fiber with carbon fiber due to its good
structural performance, and reduces the cost of strengthening
due to the low cost of producing basalt [29]. Figure 21
compares the structural performance of beams strengthened
with CFRP, BFRP, and HFRP systems.

m Stiffness (kN/mm)
Ultimate deflection (mm)

m Area under curve (KN.mm)*10?
5 Ultimate load (kN)*10
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Figure 21. Effect of the type of material used

3.3.3 Effect of adding transverse grooves

Transverse grooves were introduced to enhance the
effectiveness of the EBROG technique. They improved stress
distribution and increased the interaction area between the
strengthening system and the concrete substrate. This
observation was supported by the greater depth of concrete
cover separation, as shown in Figure 22.

Figure 22. Cover separation depth for G-H3L, G-H3L7T
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Figure 23. Effect of adding transverse grooves



The addition of transverse grooves resulted in a progressive
increase in ultimate load. The load capacity increased from
54.18 kN for beam G-H3L to 57.74 kN, 62.20 kN, and 67.29
kKN for beams G-H3L3T, G-H3L5T, and G-H3L7T,
respectively. Ultimate deflection and ductility were not
significantly affected by the number of grooves. However,
stiffness improved as the number of transverse grooves
increased, indicating enhanced strengthening efficiency.
Figure 23 presents a comparison of the effects of transverse
grooves on beam performance.

4. CONCLUSIONS

The conclusions presented in this study are limited to the
investigated specimens and test conditions. Different beam
dimensions, material properties, and strengthening
configurations may lead to different outcomes. However, they
provide an important insight into the performance of
strengthening under the influence of the studied variables.

(1) All strengthening techniques resulted in improved
structural performance of RC beams compared to the
RB in terms of cracking load, ultimate load, and
stiffness. This is due to the effective role of the
strengthening, which resisted a large portion of the
applied loads transmitted through the beam.

EBROG technique achieved better performance than
EBR technique. The grooves enhanced the bond
between the FRP and the concrete surface. As a result,
higher cracking and ultimate loads were obtained. For
example, EBR strengthening of beam E-H resulted in a
62% increase in first cracking load and a 56% increase
in ultimate load. EBROG technique of beam G-H3L
achieved increases of 115% and 86% in first cracking
load and ultimate load, respectively, compared to the
RB. However, the ultimate deflection differed
significantly.

The use of CFRP resulted in a significant increase in
stiffness and load capacity, but it caused a decrease in
ductility due to the reduced area under the curve
because of the brittle nature of carbon fibers.

Beams strengthened with BFRP showed higher
ductility and deformability compared to beams
strengthened with CFRP, while maintaining good
resistance improvement due to the properties of basalt
fiber, which has better elongation than carbon fiber and
lower tensile strength.

Hybrid strengthening using HFRP provided a balanced
structural response. It combined high strength, adequate
ductility, and enhanced stiffness through the
complementary properties of carbon and basalt fibers.
The G-2C3L beam achieved an increase in the ultimate
load by 85%, and the stiffness by 66%, while the
ultimate deflection decreased by 39% and the area
under the curve by 47% compared to the RB. Beam G-
2B3L achieved satisfactory results in terms of a
significant increase in load, good deflection, and
ductility. The ultimate load increased by 72%, and the
final deflection, area under the curve, and stiffness were
almost equal to those of the RB. Beam G-H3L showed
an 86% increase in ultimate load, a 16% improvement
in stiffness, a 20% decrease in ultimate deflection, and
only a 10% reduction in the area under the curve
compared to the RB.
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(6) The addition of transverse grooves significantly
enhanced the performance of the EBROG
strengthening technique. The improvement became
more pronounced as the number of transverse grooves
increased. The increase in groove number led to a
progressive improvement in cracking resistance. The
first-crack load increased from 28 kN for specimen G-
H3L3T to 29 kN for G-H3L5T and reached 32 kN for
G-H3L7T. A similar trend was observed for the
ultimate load. The load capacity increased from 57.74
kN to 62.20 kN and 67.29 kN for specimens G-H3L3T,
G-H3L5T, and G-H3L7T, respectively. The addition of
transverse grooves had little influence on the ultimate
deflection. However, it improved the stiffness of the
strengthened beams, indicating a more efficient stress
transfer mechanism and enhanced bond performance
between the FRP system and the concrete substrate.
Among all specimens, G-H3L7T exhibited the best
overall performance. Compared with the RB, the first-
crack load, ultimate load, and stiffness increased by
146%, 132%, and 61%, respectively, while the
reduction in ductility was limited to only 3%.

The failure mode of EBR-strengthened beams is
debonding followed by cover separation. Concrete
cover separation is the dominant failure pattern for most
strengthened beams, while the RB and the BFRP-
strengthened beams exhibited flexural failure with
concrete cracking.

Using BFRP within hybrid strengthening systems can
contribute to reducing strengthening costs while
maintaining good structural performance.

(7

@®)

(9) EBROG technique using hybrid FRP materials
demonstrated a considerable strengthening method for
strengthening RC beams.
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NOMENCLATURE

RC

FRP
CFRP
BFRP
HFRP
EBR
EBROG

Pcr
Pu

Au

A

reinforced concrete
fiber-reinforced polymer

carbon fiber-reinforced polymer
basalt fiber-reinforced polymer
hybrid fiber-reinforced polymer
externally bonded reinforcement
externally bonded reinforcement on groove
first crack load

ultimate load

ultimate deflection

area under curve

stiffness





