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Abstract: Reinforced concrete (RC) infrastructure is an essential part of modern civilization. How-
ever, the serviceability of RC infrastructure in extreme weather has become challenging due to the
susceptibility of the initiation of cracks. Hence, the demand for strengthening and retrofitting RC
infrastructure is rapidly increasing. The RC specimens strengthened with existing externally bonded
reinforcement (EBR) and near-surface mounted (NSM) techniques; however, they suffered a prema-
turely brittle or debonding failure. Hence, the merging of side near surface mounting (SNSM) and
side externally bonded reinforcement (S-EBR) methods ended up resulting in the development of an
innovative side hybrid (SH) strengthening approach that is designed to overcome these drawbacks.
In this investigation, six rectangular RC beam specimens were flexurally strengthened utilizing
carbon fiber-reinforced polymer (CFRP) with the SH technique, and then four-point bending experi-
ments were performed to failure. The beam specimens were categorized into two types: (I) control
specimens and (II) specimens strengthened with the SH technique applying CFRP varying bonded
length from 1600 mm to 1900 mm. The initial cracking, yield, and ultimate load-bearing capabilities,
deflection, failure modes, cracking characteristics, stiffness, energy absorption capacity, and strain on
the utmost fiber of concrete, the tensile strain of major steel rebars, SNSM bars, and S-EB plates were
assessed from the experimental investigation. The SH technique substantially improved the flexural
performance of the beam specimens. The initial cracking load, yield, and ultimate load-bearing
capabilities were enhanced remarkably by 387%, 108%, and 163%, respectively, over the reference
specimen. The flexural stiffness and energy absorption capacity substantially improved by 120% and
103%, respectively, compared with the reference specimen.

Keywords: side hybrid; strengthening; flexural enhancement; RC; CFRP; stiffness; energy absorption
capacity

1. Introduction

Reinforced concrete is extensively used for constructing different types of structures
all over the world because it has excellent characteristics in terms of mechanical properties
and is more economical than steel structures [1]. RC structures suffered deterioration
complications, such as reinforcement corrosion that triggers cracking and concrete cover
spalling off and significantly defeat of load-bearing capability, which led to the failure of the
structures before the achievement of targeted service life when structures were subjected to
hostile exposure circumstances [2—4].
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Various strengthening techniques were utilized for the restoration and strengthening of
RC structures. These techniques involved the upgrading or strengthening of structures for
shear or flexure by external bonding reinforcement (EBR) [5-7] and near-surface mounting
(NSM) [8-11] using fiber-reinforced polymer (FRP) reinforcement. In the EBR technique,
steel plates [12] or FRP laminates or sheets [13] are glued to the tension face of the members
to be strengthened. In the meantime, using the NSM technique, FRP rebars or strips are
incorporated in concrete through pre-cut grooves in the cover of the concrete and afterward
sealed up with adhesives [14,15].

Premature debonding emerging from elevated interfacial shear stresses involving the
FRP and the concrete surface at the strengthened reinforcement curtailment position exhib-
ited several difficulties for the EBR method [16,17]. Moreover, the NSM technique offers
several potential benefits outlined in previous studies, including enhanced safeguarding
of FRP counter to external forces, applicability for reinforcing areas with detrimental mo-
ments, and minimal impact on the aesthetic appearance of the structural members [18-20].
The bond between the concrete matrix and reinforcing rebars was a crucial factor that
determined whether or not such modification material might be exploited in structural
strengthening [21,22].

Numerous experimental studies [23-25] have revealed that the NSM technique exhibits
superior strengthening efficacy compared to the EBR technique employing FRP systems.
This superiority slows from the enhanced FRP-concrete bond performance, characterized by
a greater anchoring capacity to the FRP, achievable through the NSM approach. By delaying
FRP debonding and, in certain cases, even achieving FRP tensile rupture, the NSM method
allows for more efficient utilization of reinforcement material, resulting in an increased
proportion of FRP strain at rupture to its peak strain. Additionally, the NSM technique offers
the added benefit of significantly reducing the likelihood of damage caused by vandalism,
mechanical impacts, and aging consequences, as the FRP is shielded by the concrete cover.
Moreover, once employing the NSM approach, the aesthetic manifestation of a structurally
RC component remains largely unchanged by the strengthening involvement [26,27].

Sharaky et al. [28] assessed the flexural performance of RC beams rehabilitated with
NSM using both carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer
(GFRP) rebars. In all cases, the strengthened beam specimens failed owing to debonding.
Notably, amongst the beams upgraded with double grooves, those reinforced with CFRP
showed separation of concrete cover, whereas those upgraded with GFRP experienced
concrete splitting.

Al-Mahmoud, F, et al. [29] computed the bending responses of RC beam samples
strengthened by the NSM-CFRP system. The bending strength was improved regardless of
the different groove packing glue and concrete grade. The withdrawal with splitting and
peeling-off types of debonding failure modes was exhibited for strengthened beams.

Tang, W. C,, et al. [30] explored the flexural attributes of normal beam specimens and
lightweight beam specimens (through polystyrene aggregate) strengthened with NSM-
GFRP rods. The debonding failure pattern occurred for strengthened beam specimens due
to shear through the splitting of the adhesive or NSM-GFRP bars rupture.

Bilotta, A., et al. [31] computed the efficiency for flexurally strengthened RC beam
specimens employing NSM and EBR methods using CFRP. The modes of collapse of the
strengthened beams were premature, such as crack debonding, critical diagonal debonding,
end debonding, and split concrete covering.

Hosen, M. A., et al. [32] introduced the SNSM strengthening method as a solution
to address the drawbacks of the NSM system, utilizing both steel and CFRP rebars. The
SNSM approach encompasses creating grooves in the concrete cover on two longitudinal
sides (tension face) of the beam sample utilizing a specialized concrete saw, followed by
the insertion of CFRP rebars with adhesive engagement. According to the experimental
findings, the SNSM strengthening system profoundly enhanced the initial cracking, yield,
and maximum load-carrying capabilities of the beam samples, increasing them by approxi-
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mately 3.17, 2.0, and 2.38 times, respectively, assessed with the unstrengthened specimens.
Additionally, it outstandingly improved the breakdown modes of the beam samples.

Furthermore, Hosen, M. A., et al. [33] examined the viability of intensifying the flexu-
ral strength of lightweight RC beam samples with pre-cracked and without pre-cracked,
using the new S-EBR technique employing CFRP fabric. Eight full-scale RC samples were
constructed, strengthened, and exposed to a four-point bend loading until breakdown. The
study considered various parameters, including internal main reinforcement percentage,
the proportion of pre-cracking loads, and the impact of extreme loads on rupture func-
tioning. The application of the S-EBR strengthening method utilizing CFRP fabric notably
improved the rupture strength of pre-cracked and non-pre-cracked lightweight RC samples
assessed with the reference sample. Furthermore, the analytical model’s predictions of
flexural capacity aligned reasonably well with the experimental findings.

Therefore, in an effort to address the drawbacks associated with existing EBR and NSM
techniques, the current investigation aims to introduce the innovative side hybrid (SH)
technique, which combines aspects of SNSM and S-EBR methods. The objective is to assess
the potentiality of the SH technique for enhancing the flexural load-bearing capabilities
and improving the serviceability of RC structural elements. This study examines the
structural attributes of RC beam elements strengthened by applying the SH technique with
CFRP composites. The strengthened beam specimens undergo experiments in four-point
bending conditions. Varying bonded lengths of SNSM bars and S-EBR plates are utilized
for the SH technique to strengthen the RC beams. The analysis of load-carrying capability,
deflection, and strain values aims to provide insights into the flexural stiffness, energy
absorption capacity, cracking characteristics, and failure modes exhibited by the tested
beam specimens.

2. Research Significance

The strengthening or upgrading of existing reinforced concrete (RC) infrastructures of-
fers a significant opportunity to reduce carbon footprints and advance sustainability within
the construction industry [34,35]. Currently, the rehabilitation or maintenance systems
for RC infrastructure encounter challenges, including premature failure, before reaching
their ultimate strength [36,37]. Hence, there is a pressing requirement to develop novel
techniques to strengthen and address these existing systems (especially NSM and EBR)
drawback issues. Through strategic approaches like strengthening, repairing, and adopting
advanced materials, these structures can be modernized to meet contemporary efficiency
standards while reducing the necessity for new infrastructure construction. Opting for
strengthening or upgrading instead of demolition and reconstruction can lead to notable
reductions in carbon emissions associated with material manufacturing, transportation,
and waste disposal. Additionally, incorporating sustainable practices in strengthening
existing infrastructures, such as integrating renewable energy sources, optimizing energy
efficiency, and utilizing waste-recycled materials, enhances environmental advantages.
Therefore, embracing innovative Side Hybrid (SH) strengthening approaches not only
prolongs the lifespan of existing RC infrastructures but also fosters a more sustainable built
environment, aligning with global initiatives to combat climate change.

3. Experimental Programme

The experimental inspection comprised six rectangular RC beam specimens, one of
which served as the reference beam specimen, while the other beam specimens underwent
strengthening using the SH technique. The key testing parameters included the bonded
length of the strengthening reinforcement (ranging from 1600 mm to 1900 mm) and the
width of the S-EBR plates (50 mm and 75 mm). The specific test configurations are outlined
in detail in Table 1.
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Table 1. Test matrix for strengthening configurations.

Strengthening Materials

spe‘;ill)nens Stresr;g:t}:;:ing No. of Bar/Strip Type Bar/Strip Size (mm)
Bar/Strips SNSM S-EBR SNSM S-EBR
CB Unstrengthened beam

SH1.6
SH1.7

SH1.8 Side Hybrid 2 %1;1:5 CFRP strips 8 >0
SH1.9

SH1.9W 75

3.1. Materials Properties
3.1.1. Normal Strength Concrete (NSC)

This research employed NSC for beam specimens’ fabrication. The concrete was made
using normal Portland cement, well-graded artificial sand as fine aggregate (FA), crushed
stone (with an utmost size of 20 mm) as coarse aggregate (CA), and potable tap water. The
concrete specimens exhibited compressive strength, splitting tensile strength, modulus of
rupture, and Young’s modulus of elasticity values of 60 MPa, 4.50 MPa, 5.80 MPa, and
36,500 MPa, respectively [38].

3.1.2. Reinforcing Steel Rebars

10 mm and 12 mm diameter high-strength deformed steel rebars were utilized as the
major longitudinal reinforcement and hanger reinforcement in constructing the RC beam
specimens’ casing. Transverse reinforcement was provided by mild steel rebars with a
diameter of 6 mm. Tensile strength tests were conducted utilizing an Instron Universal
Machine to compute the mechanical characteristics of the reinforcement. The experimental
results revealed yield strengths of 550 MPa, 520 MPa, and 300 MPa for the 12 mm, 10 mm,
and 6 mm diameter rebars, respectively. Additionally, the Young’s modulus of elasticity for
the reinforcement was found to be 200,000 MPa [39].

3.1.3. CFRP Rebars and Plate

The RC beam specimens were strengthened in flexure by utilizing pultruded sand-
coated CFRP rebars (Figure 1a) with a diameter of 8 mm and a bulk density of 16 kN/ m?,
employing the side hybrid (SH) technique. The manufacturer provided the mechanical
properties of the CFRP rebars, which included yield strength, ultimate tensile strength, and
Young’s modulus of elasticity. The rebars exhibited yield and ultimate tensile strengths of
1250 MPa and 1860 MPa, respectively, along with a Young’s modulus of elasticity of 132,000
MPa [40].

Figure 1. Strengthening reinforcement: (a) CFRP bars; (b) CFRP plate.
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Sika Carbodur® pultruded CFRP plates (Figure 1b) were employed by the SH tech-
nique for strengthened RC beam specimens. The plates had a thickness and width of
0.0012 m and 0.10 m, respectively. The CFRP plates exhibited an average tensile strength,
Young’s modulus of elasticity, and breaking strain of 3100 MPa, 165,000 MPa, and 1.7%,
respectively [41].

3.1.4. Epoxy Adhesives

In the SH strengthening technique, Sikadur-30 structural adhesive (depicted in Figure 2)
was utilized to adhere the concrete surface to both CFRP bars and CFRP plates. It comprises
two components, white and black, with a mixing ratio of 3(B):1(A). According to the
manufacturer’s specifications, Sikadur-30 possesses shear, bond, compressive, and tensile
strengths, along with a Young’s modulus of elasticity of 19 MPa, 21 MPa, 95 MPa, 31 MPa,
and 11,200 MPa, respectively [42].

|
WA siadur-30

Figure 2. Epoxy adhesive.

3.2. Beam Specimens Preparation

The experimental phase involved six rectangular RC beam specimens measuring
125 mm x 250 mm in dimensions. The total span length of the beams was 2.3 m, with a
functioning span length of 2.0 m. The main reinforcement on the tension face encompassed
two 12 mm diameter rebars, while in the compression region, there were two 10 mm diam-
eter rebars acting as hanger reinforcement. The transverse reinforcement with a diameter
of 6 mm was placed at 50 mm intervals to promote a flexural mode of failure [43]. Figure 3
illustrates the cross-sectional configuration, arrangement of reinforcement, loading setup,
and support arrangement of the beam specimens used in these laboratory investigations.

3.3. Strengthening Procedure

The bond length of the strengthening reinforcement plays a crucial factor in enhancing
the structural responses of the structural elements in both EBR and NSM methods [44-46].
Hence, the variation of bonded length from 1600 mm to 1900 mm of the CFRP (rebars and
plates) reinforcement for strengthening RC beams was executed in this SH technique for
the evaluation of flexural responses. In the SH technique, when applying S-EBR plates,
careful preparation of the concrete surface is essential to safeguard effective gluing between
the plate and the concrete. Any oily residues, loose debris, dirt, or other extraneous
particles must be thoroughly cleaned from the gluing concrete face of the beam specimens.
Moreover, the smoothness of the concrete surface’s coarse aggregate would have to be
apparent. To achieve this, the bonding surfaces of the concrete were roughened utilizing a
scabbler machine before cutting grooves for SNSM bars. The SNSM groove dimensions
were 20 mm x 20 mm for the SH strengthening technique. At first, the CFRP rebars were
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introduced into the SNSM grooves with epoxy to ensure the proper placement of the
rebars, and the surface was flattened using a spatula. After affirming the curing time of
the specimens for the SNSM-CFRP rebars approach, the beam surface (specified area for
S-EBR) was polished and processed for the strengthening of the S-EBR technique utilizing
CFRP plates. A thin coating of epoxy adhesive was employed to the required concrete
plane, and CFRP plates were fixed with the use of a specialized roller. The specimens had
left seven days period for curing the adhesive and had attained its full strength.

900 P2 500 P2 900

A

71¢ g
— 2T10
2T12 v A —Stirrups: 6@ 50c/c

|
|
N o)

,—»B

JANEERN LB £

S-EBR plate
(b)
| 125 |
| 65 |
T
olg SNSM bars
NE / S-EBR plates
l_ Epoxy adhesive.
v - i
Section A-A Section B-B

Figure 3. Geometry and detailing of the beam specimens: (a) Control beam specimen; (b) Strength-
ened beam specimen.

3.4. Instrumentation and Test Setup

The experimental investigations were conducted in a massive structure laboratory
utilizing an Instron Universal Machine with a flexural loading capability of 250 kN, as
depicted in Figure 4. Both the unstrengthened reference and strengthened beam specimens
underwent testing in four-point loading under monotonic conditions, employing simply
supported ends. A displacement control procedure with an actuator controlling speed of
1.5 mm/min was maintained, and load enhancements were accurately captured by the
load cell until specimen failure. One linear variable displacement transducer (LVDT) was
affixed at the middle position of the specimens to measure displacement. Additionally, for
the data collection on the concrete compressive and tensile strain of major rebars, CFRP
rebars, and CFRP plates, one TML strain gauge of 30 mm length was fixed to the concrete
extreme fiber of the beam, two TML strain gauges of 20 mm length were secured on the
major steel rebars, two on the CFRP rebars, and two on the CFRP plates at the middle of the
beam specimens. The extension of crack width in the specimens was evaluated utilizing a
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Dino-Lite (AM4113T) digital microscope with 200 x magnification, which was attached to a
notebook. Data acquisition was facilitated by linking the strain gauges, LVDT, and a blue
hill load cell to the TDS 530 data logger.

Figure 4. Instrumentation and experimental set-up.

4. Experimental Outcomes and Discussions

The experimental results of the RC beam specimens strengthened with a side hybrid
(SH) system are demonstrated in Table 2. For the SH technique, the beam specimens were
strengthened with CFRP rebars in the SNSM grooves and CFRP plates as externally bonded
at the longitudinal tension faces. The experimental investigational parameters were the
bonding length of the strengthening reinforcements and the width of the S-EBR plate. The
outcomes are specified in terms of initial /preliminary cracking load, yield load, maximum
load-bearing capability, and failure modes of the beam specimens.

Table 2. Summary of the experimental assessment outcomes.

Ultimate
Beam ID Load (kN) Increment (%) Failure Modes
CB 68.32 - Flexural failure
SH1.6 134.86 97
SH1.7 145.15 112
SH1.8 159.03 133 Concrete cover separation
SH1.9 178.47 161
SH1.9W 179.58 163

4.1. Flexural Load Carrying Capacity

The preliminary cracking, yield, and peak loads and the increment of the tested beam
specimens are graphically presented in Figure 5. It is explicit that the RC beam specimens
strengthened with the SH method utilizing CFRP rebars and plates substantially enhance
the toughness in the pre-cracking phase. Hence, the SH technique improved the initial
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cracking load up to 4.87 times, as assessed with the reference specimen. The bonding
length from 1600 mm to 1900 mm of the SH strengthened reinforcements employing CFRP
rebars in SNSM and plates in S-EBR increased initial cracking loads of about 230% to 387%,
respectively, compared with the reference beam.

60 450
[ ®Initial Cracking Load (kN)

® Enhancement (%) 400
- 350
- 300
- 250
- 200
- 150
- 100
50
0 4 T - 0
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S W
(=] [=)
+

o
(=)
Enhancement (%)
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W
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.
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=)
] 5]
<
g 7 60 §
] =
3 £
= 50 40 =
25 20
0 T T 0
SHI1.6 SH1.7 SHI1.8 SHI1.9 SH1.9W
Speciemns
(b)
200 T 180
m Ultimate Load (kN)

175 1 Enhancement (%) 160
150 - T 140
g 125 fos
< 1 ] =
s + 100 ©
= 100 - ] E
% T8 g

k <
E 751 ; =
= T 60 5
D ]
50 1 E
¥ 40
25 - 1 20
0 A . . 1o

SHI1.6 SH1.7 SH1.8 SH1.9 SH1.9W
Specimens

(©)

Figure 5. Flexural capabilities of the SH strengthened specimens: (a) First cracking load; (b) Yield
load; (c) Ultimate load.
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The reinforced concrete specimens strengthened by a hybrid gluing method using
246.53 mm? strengthening reinforcement as steel rebars in the NSM grooves and steel
plate as an EBR at the soffit enhanced the initial cracking load up to 284% over the control
specimen [47]. Strengthened RC specimens applying EBR combined with NSM technique
utilizing CFRP rebars as NSM reinforcement and CFRP fabrics as an EBR reinforcement with
end-anchorage increased the initial cracking load up to 220% over the control specimen [48].

The SH-CFRP technique substantially increased the yield load-bearing capabilities of
RC beam specimens, as demonstrated in Figure 5b. The bonding length of CFRP rebars
and plates from 1600 mm to 1900 mm of the SH strengthened specimens increased yield
loads of about 85% to 108%, respectively, assessed with the unstrengthened specimen.

The specimens strengthened with the SH-CFRP system resulted in an efficient en-
hancement of the maximum load-bearing capability, as presented in Figure 5c. The SH
technique with a 1900 mm bonded length of the strengthened reinforcement enhanced the
ultimate load by about 161%, as evaluated with the unstrengthened specimen. Increasing
the bonded length of the SH-CFRP strengthened reinforcement from 1600 mm to 1900 mm
led to an upsurge in the maximum loads of about 97% to 161%, respectively, over the
reference specimen. However, increasing the width of the S-EBR plate in the SH1.9W
strengthened specimen from 50 mm to 75 mm enhanced the ultimate load to only 2%
compared with the SH1.9 specimen. Hence, the increment of S-EBR plate width in the SH
technique had a trivial impact on the flexural performance.

However, the soffit hybrid technique utilizing steel rebars and plate resulted in an
improved ultimate load ability of up to 65% weighed with the reference specimen [47]. The
NSM-CFRP bars and EBR-CFRP fabrics in the soffit hybrid method increased the ultimate
load up to 169%, as judged by the unstrengthened reference beam [48].

4.2. Load-Deflection Behaviour

The load-deflection correlation of the RC beam specimens strengthened with the SH
technique applying CFRP (rebars and plate) are depicted in Figure 6. From the figure, it
is seen that the load-deflection graphs demonstrate nearly tri-linear characteristics. The
first phase of the graphs of the SH strengthened specimens varied linearly and elastic with
trivial deflection up to the initiation of the first crack. The SH with CFRP bars in SNSM and
plates in S-EBR significantly contributed to the enhancement of the preliminary cracking
load. However, the SH strengthening reinforcement bond length did not significantly
influence the deflection in this stage.

00— CB
175 T SH1.6
J 4 T et SH1.7
150 | ’*,,‘:' : ----- SH1.8
’.‘: : || ----- SH1.9
2 125 ". ‘l: : “ SH1.9W
= 100 SN - Y
3 T ,," Yot \
o pd \‘:--_--------:.55- """"""
3 Wppeer==== 0 D S e e e
75 1 el NesszIIITT S Cda iy
/’l ’,I ---“x___
504 o -
(i 4
’/I P
25 N ']I:”
,I
0 - T T T T
0 10 20 30 40 50

Deflection (mm)

Figure 6. Load-deflection diagram of SH strengthened specimens.
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The second phase ranged from cracking in the concrete segment to yielding the
major reinforcing steel of the beam specimens. The SH method with CFRP (rebars and
plate) substantially intensified the stiffness of the beam specimens compared with the
unstrengthened specimen. The SH-strengthened reinforcements controlled the width of
the cracks and the initiation of the new cracks. Increasing the bonding length of the SH-
strengthened reinforcements gradually decreased the deflection at this stage. Moreover,
the deflection intensified rate was slightly higher than the previous phase.

The final phase of the load versus deflection graphs was the yielding of the internal
reinforcing steel to the ultimate load of the specimen. The SH-strengthened specimens
revealed better enhancement of flexural load-bearing capability and stiffness. Most of the
stresses in the specimens were carried out by the strengthening reinforcement because
of the yielding of the internal reinforcing steel. The bond length of SH strengthening
reinforcements has significantly influenced the deflection in this stage, and increasing the
width of the S-EBR plate has notably decreased the deflection. The deflection growth rate
was greater than in the previous two phases, and the toughness of the specimens gradually
reduced. However, the RC specimens flexural strengthened with the soffit hybrid method
using steel rebars and plates were exposed to different configurations of load-deflection
graphs [47].

4.3. Failure Mode of the Specimens

The modes of failure for strengthened specimens with the SH technique using CFRP
are illustrated in Figure 7. The failure mode of SH-CFRP-strengthened specimens occurred
through concrete cover splitting. This is the most ordinary failure mode of the existing
EBR and NSM methods for strengthening specimens [49,50]. An inclined crack emerged
at the end of the SH-CFRP (rebars and plate), and another flexural-shear crack occurred
at a certain distance from the end. Those cracks were intersecting due to high interfacial
stresses, resulting in a concrete cover splitting breakdown mode visible along the level of
the internal reinforcing steel.

(b)

Figure 7. Cont.
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Figure 7. Failure modes of SH and S-EBR strengthened specimens: (a) SH1.6; (b) SH1.7; (c) SH1.8;
(d) SH1.9; (e) SH1.9W.

4.4. Cracking Characteristics

The functional load versus crack width of the reference unstrengthened and SH-CFRP
system-strengthened beam specimens is presented in Figure 8. The crack width of the
specimens was assessed by operating a Dino-Lite digital microscope in mid-span at several
load levels. The development of the graphs in the SH-CFRP-strengthened specimens
was steep and linear, as judged by the unstrengthened reference specimen. The crack
widths considerably progressively diminished with the increase in bonded length of the
SH-strengthened CFRP (rebars in SNSM and plate in S-EBR) reinforcements.
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Figure 8. Cracking characteristics of SH strengthened specimens.

Consequently, all the SH technique-strengthened beam specimens decreased the width
of cracks at any load level compared with the reference specimen owing to the superior
stiffness of the beams by CFRP. Therefore, the strengthening by SH-CFRP having different
bond lengths or widths in the S-EBR plate had a dominant influence on increasing the
number of cracks and decreasing the crack spread out throughout the specimens.

4.5. Flexural Stiffness

The flexural stiffness of the SH-CFRP having different bond length-strengthened
specimens at the service load level is explicitly exhibited in Figure 9. The SH technique
strengthened beam specimens, resulting in superior stiffness by CFRP compared with the
unstrengthened specimen. Expanding the bonded length from 1600 mm to 1900 mm of the
CFRP in SH-strengthened specimens enhanced the stiffness from 71% to 99%, respectively,
over the reference beam specimen. The width of the S-EBR plate in the SH technique
increased from 50 mm to 75 mm, and stiffness was enhanced from 99% to 120%, respectively,
compared with the unstrengthened reference specimen. Therefore, the SH technique of
varying the bond length and width of S-EBR plates in the strengthened CFRP extensively
enhanced the stiffness of the specimens.

18000 "
i 0,

16000 - Stiffness ™ Improvement (%)

- 120

14000 -

- 100

12000 A
10000 - 80
8000 4 L 60

6000 -
L 40

4000 -
2000 - 20
0 - - 0

SH1.6 SH1.7 SH1.8 SH1.9 SH1.9W
Specimens

Flexural Stiffness (kN/m)
Improvement (%)

Figure 9. Stiffness characteristics of SH strengthened specimens.

4.6. Energy Absorption Capacity

The energy absorption capacity is computed by the area of the applied load versus
deflection graphs until the breakdown of the reference and the SH technique strengthens
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the beam specimens [51-54]. The energy absorption capacity and its enrichment for the
SH-CFRP specimens are graphically exposed in Figure 10. The SH-CFRP-strengthened
specimens, by escalating the bonded length from 1600 mm to 1900 mm, superior the energy
absorption capability from 63% to 103%, respectively, as assessed with the control specimen.
However, increasing the width of the S-EBR plate in SH-strengthened specimens reduced
the energy absorption capacity owing to the acceleration of the debonding/premature
failure of the specimens. Hence, the SH technique with CFRP plates having different bond
lengths might be a better solution for heightening the flexural responses of RC structures,
considering energy absorption capacity.
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Figure 10. The energy absorption capacity of SH strengthened specimens.

4.7. Impact of Strengthening on the Compressive Strain of Concrete

The effect of the SH technique on the concrete compressive strain at the extreme fiber
of the beam samples at 20 kN, 40 kN, and 60 kN examine loads is graphically presented
in Figure 11. The compressive strain progressively decreased with the increasing bond
length of SH-CFRP due to the increasing load-bearing area provided by the larger bond
length. The compressive strain of the SH-CFRP rods and plate-strengthened specimens
decreased by 61%, 55%, and 52% at 20 kN, 40 kN, and 60 kN, respectively, assessed with
the unstrengthened reference specimen. Therefore, the SH technique was more efficient
than the existing strengthening technique [55-57].
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Figure 11. Effect on the compressive strain by SH techniques.
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4.8. Influence of Strengthening on the Tensile Strain of Internal Steel Rebars

The tensile strain in the internal reinforcing steel of the SH-strengthened beam speci-
mens at different service loads is exhibited in Figure 12. The tensile strain of reinforcing
steel in the SH-CFRP rods and plate-strengthened beam specimens decreased by 81%, 71%,
and 67% at 20 kN, 40 kN, and 60 kN, respectively, evaluated with the unstrengthened
control specimen. Hence, the internal steel tensile strains in SH-strengthened specimens
were notably diminished when assessed with the control specimen.

Tensile Strain of Rebars (ug)

3200 -

2400 A

1600 o

800 -

CB

O20kN m40kN @60 kN

SH1.6 SH1.7 SH1.8 SH1.9 SHI.9W

60 kN
40 kN

Load (kN)

Specimens

Figure 12. Influence on the tensile strain of steel owing to SH strengthening technique.

4.9. Tensile Strain of the SNSM Bars in SH Technique

The comparison of the SNSM-CFRP rebar tensile strain in the SH-strengthened beam
specimens at different service loads is presented in Figure 13. It is evident from the
diagram that the tensile strain of the SNSM rebar was meaningfully diminished with
increasing bond length of the strengthened beams at all loading points. However, the
reducing trend of tensile strain was slightly higher in SH-CFRP with a larger width of
S-EBR plate-strengthened specimens due to failure mode.

Tensile Strain of SNSM Bars (ug)

1200 -

900 A

600

300 A

SH1.6

@20 kN

E40 kN @60 kN

SH1.7

Load (kN)

SH1.8 SH1.9 SH1.9W

Specimens

Figure 13. The tensile strain of SNSM bars in SH strengthened specimens.
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4.10. Tensile Strain of the S-EBR Plate in SH Technique

Figure 14 demonstrates the comparison of the S-EBR CFRP plate tensile strain in
SH-strengthened specimens at various service load levels. Observations indicate that as the
attachment length of the strengthened beam specimens increases, the tensile strain of the
S-EBR plate in SH-strengthened specimens decreases across all load levels. However, the
tensile strain of the wider CFRP plate in S-EBR for SH-strengthened specimens exhibits a
negligible reduction trend at any load level compared to the SH-strengthened specimens.

O20kN @m40kN @60 kN

1200

1000

800
600
400
200

Tensile Strain of S-EBR Plate (ug)
Load (kN)

SH1.6 SH1.7 SH1.8 SH1.9  SH1.9W

Specimens

Figure 14. The tensile strain of the S-EBR plate in SH strengthened specimens.

4.11. Impact of Bond Length

The impact of the bonded length of the SH-CFRP strengthening reinforcement on the
maximum load-bearing capability is demonstrated in Figure 15a. The bonded length of
the CFRP (rebars and plates) strengthening reinforcement in the SH technique increased
from 1600 mm to 1900 mm, and as a result, the flexural strength improved from 97%
to 161%, respectively, assessed with the control specimen. This increment in the flexural
strength of the specimens depended on the surface area of the strengthening reinforcements.
Increasing the bonded length of the strengthened specimens enhanced the surface area of
the strengthening reinforcements, which led to the enhancement of the flexural capacity.
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Figure 15. Cont.
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Figure 15. Impact of SH-CFRP bonded length on the flexural strength: (a) Flexural load enhancement;
(b) Correlation between the load-bearing capability and bonded length of CFRP.

A linear correlation (with strong R2) between the flexural capacity and bonded length
of the CFRP (bars and plate) reinforcement in SH-strengthened beam specimens is exhibited
in Figure 15b. This linear relationship could be exercised to forecast the flexural load-
bearing capability of SH-CFRP-strengthened beam specimens using the exact bonded length
of the strengthening reinforcement. The correlation is illustrated in the following equation:

Psy = 0.1447Lgy; — 98.837 (1)

where, Psy = flexural load-bearing capability (kN), and Lsy = bonded length of the SH-
CFRP strengthening reinforcement (mm).

5. Conclusions

The following conclusions have been drawn considering the experimental investiga-
tions in this study:

O  Innovative SH techniques remarkably upgraded the initial cracking, yield, and ul-
timate load of the RC beams. Bonding length from 1600 mm to 1900 mm in the
SH technique using CFRP bars and plates strengthened specimens improved initial
cracking and yield loads of about 230% to 387% and 85% to 1088%, respectively, over
the control beam specimen.

O  Intensifying the bonded length of the strengthened reinforcement (SNSM-rebars and
S-EBR-plate) from 1600 mm to 1900 mm was controlled to enhance the ultimate
load-carrying capability of about 97% to 163%, respectively, assessed with the un-
strengthened specimen. The proposed SH technique substantially improved the
flexural responses of RC beam specimens.

O  Increasing the width of the S-EBR plate in the SH (SH1.9W) strengthened specimen
from 50 mm to 75 mm enhanced the ultimate load to only 2% compared with the 50
mm width of the S-EBR plate (SH1.9) specimen. Increasing the bonded length in the
SH-strengthened reinforcements gradually decreased the deflection at any stage of
the curves, which safeguarded the serviceability requirements.

O  SH-CFRP-strengthened specimens were steep and linear compared with the control
specimens due to premature failure of the strengthened beam specimens. SH-CFRP-
strengthened specimens failed owing to concrete cover separation, which was fol-
lowed by the crushing of extreme fiber concrete. However, it improved the failure
pattern and flexural load-carrying capability.



Buildings 2024, 14, 1919 17 of 19

O Extending the bonded length of the CFRP in SH-strengthened specimens from
1600 mm to 1900 mm enhanced the stiffness from 71% to 99%, respectively, eval-
uated with the unstrengthened reference specimen. SH-CFRP specimens, by in-
creasing the bonded length from 1600 mm to 1900 mm, are remarkably superior in
their energy absorption capability from 63% to 103%, respectively, compared with the
unstrengthened specimen.

O  In addition to its flexibility in increasing the strengthening reinforcement through
the combination of SNSM and S-EBR techniques, the proposed SH technique is
appropriate for structures facing concrete spalling, difficulty implementing existing
strengthening techniques due to lack of space beneath the beam specimens, or a
requirement to fulfill additional flexural capacity without harming the structures.
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