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Abstract:

The utilization of Carbon Fiber Reinforced Polymers (CFRP) has exhibited promising results in enhancing the
shear capacity of reinforced concrete (RC) beams. The effectiveness of CFRP is contingent upon its bonding
properties with the concrete substrate. The Embedded Through-Section (ETS) technique is distinct from the
Externally Bonded (EB) and Near Surface Mounted (NSM) techniques, as the latter two employ CFRP sheets or
plates that are attached to the concrete cover of RC beams. The ETS method utilizes CFRP bars that rely on the
concrete core of the RC beam. The application of this technique yields a heightened level of confinement, thereby
leading to improved bonding efficiency. Furthermore, it can be observed that the ETS technique requires
comparatively less concrete preparation in contrast to the EB and NSM techniques. Within this context, an
experimental program was implemented to examine the viability of utilizing the ETS technique as a substitute for
the EB and NSM techniques to improve the shear strength of twelve concrete beams that exhibited insufficiency
in shear. These beams possessed varying shear span-to-depth ratios of 1.50, 2.25, and 3.00. The results suggest
that the utilization of the ETS method demonstrates significantly superior efficacy when contrasted with the EB
and NSM methods. The specimens reinforced with EB-CFRP sheets, NSM-CFRP plates, and ETS-CFRP bars
exhibited an average increase in shear capacity of 30%, 55%, and 83%, respectively, in a comprehensive manner.
In addition, it was observed that the ETS method demonstrated a significantly higher level of strengthening
efficiency in comparison to the EB and NSM methods, with mean efficiency ratios of 2.8 and 1.4, correspondingly.
Keyword: Shear-deficient beams; Strengthening; Carbon Fiber Reinforced Polymer (CFRP); Embedded
Through-Section (ETS); Externally Bonded (EB); Near Surface Mounted (NSM); ETS system's efficiency.
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. Introduction

Concrete is the most widely used man-made construction material owing to its high durability and fire
resistance [1]. Besides, reinforced concrete (RC) structures are vastly applied in civil engineering structures,
including housing and social infrastructure facilities [2-4]. Nevertheless, RC structures require strengthening since
such buildings' performance is deteriorated due to several issues (e.g., increased loads due to a change in building
use, removal of structural elements due to architectural changes, and calculation errors). Consequently, the
strengthening of RC members has arisen as a critical issue for research among structural engineering academics
and practitioners [5-7]. Numerous studies have been conducted on the flexural [8-11] and shear [12-15]
strengthening of RC beams owing to the fact that an RC beam may possibly collapse under flexural or shear
stresses. Shear failure, also known as brittle failure, may occur suddenly and without warning [16,17]. Therefore,
the shear failure should be avoided. This has led to the development of a wide variety of strengthening techniques
[18-20] that may be used to improve the shear resistance of RC structures. Additional RC or steel components
were traditionally used in shear-strengthening deficient RC members. To increase the shear capacity of RC
members, it is common practice to (a) add reinforcement around the cross-section and pour concrete around it
(also known as a concrete jacket) [21], (b) use fiber reinforced concrete, and (c) mount steel plates on the beam
web, also known as a steel jacket [22-24]. Over the past two decades, there has been a growing interest in the field
of engineering in the use of fiber reinforced polymer (FRP) for the purpose of improving the capacity of RC
elements. Fiber reinforced polymers (FRPs) are made up of a polymer matrix reinforced with continuous fibers
often made of carbon (CFRP), glass (GFRP), basalt (BFRP), or aramid (AFRP) [25-27]. FRP offers a variety of
benefits as a construction material, including a high tensile strength-to-weight ratio, superior resistance to
corrosion and chemicals, ease of handling, and speedy implementation [28-31]. Epoxy external bonding to the
substrate concrete surface is a common and widely used technique for utilizing various types of FRP in the process
of strengthening RC structures (for example, strips, sheets, and plates) [32-34]. Previous research on the
application of externally bonded FRP (EB-FRP) has shown that the efficiency of this technique is dependent on
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(a) the quality of the concrete strata, (b) surface preparation, and (c) the bond performance of the concrete-
adhesive-FRP interfaces [35,36]. One of the major limitations of the EB method is its thickness, which becomes
especially problematic when a large volume of FRP is required. The probability of an unconventional debonding
failure is thereby increased [37]. As a result, researchers have spent a considerable amount of time looking for
other methods that enable better bonding and a greater degree of interaction between the FRP and the substrate
concrete [38,39]. In addition, studies have shown that adding of a mechanical anchor to the end of the FRP may
prevent or at least postpone the debonding of the FRP from the concrete, which results in an increase in the
member's ability to resist the external loads [40-43].

Another technique for employing FRP, such as strips and bars, to strengthen RC elements is to embed
the FRP into the concrete cover. This approach, known as near surface mounted (NSM-FRP), entails placing the
FRP into grooves sawed into the concrete cover of the members, polishing and cleaning the grooves, and then
filling the grooves with adhesives (epoxy, cement mortar, or grout). As compared to the EB technique, the existing
experimental study indicated that the NSM-FRP offers superior composite-concrete bonding and greater
confinement produced by the surrounding concrete, which eventually results in greater shear capacity in RC
members [44-48]. Nevertheless, the primary drawbacks to this system are the time-consuming surface preparation
(groove), the labor-intensive adhesive and FRP installation, the need for sufficient substantial concrete covers,
and the limited number of strips or bars that can be inserted due to the need for spacing clearances [49].
Additionally, the predominant failure mechanisms when utilizing the NSM system are concrete fracture followed
by debonding of the FRP systems [50]. Hence, debonding of FRP is still unavoidable, and this issue is still the
primary drawback of EB- and NSM-FRP methods. The limited tensile strength of the concrete surface constrains
the bonding force between the FRP and concrete. Premature debonding of the FRP results in a significant
reduction of the maximum strain, which collapses considerably below its ultimate strain. As a consequence, the
effectiveness of the FRP strengthening techniques is also reduced [51]. Recent research has proposed an
innovative approach for shear strengthening of RC beams called embedded through-section (ETS) [52-58]. During
the ETS system's construction, steel or FRP bars are placed into drilled holes in the cross section and then fastened
to the concrete substrate using an epoxy resin. As compared to the techniques of externally bonded (EB) and near
surface mounted (NSM), the ETS system is easier to install, takes less time, and calls for a less amount of adhesive.
Moreover, it does not need any surface preparation or expert laborers. The success of the ETS system, like that of
any FRP-based strengthening technique, depends on the bond between the concrete substrate and the embedding
bars. This technigque also ensures that the embedded bars are confined by the concrete, which enhances bonding
characteristics [59-61]. Hence, the ETS system may be a practical and cost-effective alternative when the bonding
between the composite and the concrete cover of the element is insufficient to ensure the desired strengthening
efficiency for the EB or NSM techniques. Furthermore, the ETS method is appropriate in situations where the
concrete cover has corroded or deteriorated to the point where it cannot accommodate other types of FRP
strengthening methods, such as EB or NSM.

As presented above, many studies utilized alternative techniques for assessing the shear behavior of RC
beams strengthened with FRP (EB, NSM, and ETS). However, to the authors' knowledge, there have been
relatively few experimental studies comparing these techniques to one another. So, the purpose of this study is to
contribute to a more in-depth knowledge of the behavior of the various CFRP techniques for shear strengthening
of RC beams as well as their susceptibility under varied span-to-depth ratios (a/d). In this context, twelve
reinforced concrete specimens were fabricated and tested to evaluate the efficiency of various CFRP strengthening
techniques with regard to ultimate load capacity, initial stiffness, and energy absorption. A comprehensive
description of the experimental program is provided, after which the relevant results are given and discussed.

I1.  Experimental Program

Test Specimens

The test matrix, as indicated in Table 1, is made up of twelve identical reinforced concrete beams. Shear
strengthening technique (EB-CFRP sheets, NSM-CFRP plates, or ETS-CFRP bars) and shear span-to-depth ratio
(a/d = 1.50, 2.25, or 3.00) are the main variables in this study. To facilitate distinguishing between the tested
specimens, the letter B, stands for specimens that haven't been strengthened in any way. While the specimens that
have been strengthened with externally bonded CFRP sheets, near surface mounted CFRP plates, or embedded
through-section CFRP bars are labeled Beg, Bnswm, Or Bers, respectively. The concrete's dimensions and the
arrangement of the longitudinal steel reinforcements were the same across the test program. The cross-section was
in the shape of a rectangle, measuring 150 millimeters in width and 350 millimeters in total depth; hence, the
effective depth (d) was equal to 300 millimeters. The overall center-to-center span of all of the specimens was
2400 mm, whereas the total span of all of the specimens was 2700 mm. The shear span, marked by the symbol a,
varied from 450 mm to 900 mm. As a consequence, there were three various shear span-to-depth ratios, which are
represented by the symbol's a/d = 1.50, 2.25, and 3.00, respectively. The reinforcement schemes were designed in
accordance with ACI 318-19 [62], with the utilization of a high percentage of longitudinal reinforcement (ps =
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2.90%) being taken into consideration. This was done because it was anticipated that the test specimens would
fail in shear, while the flexural capacity would probably be secured. Each specimen had two layers of steel, the
lower layer, tension reinforcement, consisting of four deformed steel bars measuring 22 millimeters in diameter
and the upper layer, compression reinforcement, consisting of two bars measuring 16 millimeters in diameter.
Each specimen also has a shear defect in one of the two spans. Hence, except for the left side shear span, the
stirrups were smooth 8 mm steel bars and spaced every 75 mm as shown in Fig. 1. For reader information's, (1)
To ensure that the vertical stirrups did not affect the shear resistance of any of the test specimens, the left-hand
shear span was left unreinforced and (2) The effectiveness of the different techniques was also evaluated
considering that all strengthening systems (EB-CFRP sheets, NSM-CFRP plates, or ETS-CFRP bars) were
quantified in order to provide the same tensile force.

Materials
Concrete

All the test specimens were made using the same identical procedures, starting with casting using ready-
mixed concrete in plywood molds and ending with curing using burlap. Crushed limestone with a maximum
nominal size of 20 millimeters was used as the coarse aggregate, which had a weight of 1200 kilograms per cubic
meter. In addition, there were 800 kilograms per cubic meter of natural sand, 350 kilograms per cubic meter of
ordinary Portland cement (OPC type 1), and 160 kilograms per cubic meter of water in the mixture. On the day
that the specimens were being tested (approximately 28 days later), the concrete's compressive strength was
determined by carrying out direct compression tests on cylinder specimens with a diameter of 150 mm and a
height of 300 mm in accordance with the ASTM standard [63]. The compressive strengths ranged between 29.7
and 32.4 MPa, with values of 29.7, 30.1, 30.9, 31.5, 31.8, and 32.4. Based on statistics, we can conclude that the
mean compressive strength was 31.1 MPa, with a standard deviation of 1.03 MPa and a coefficient of variation of
3.3%.

Table 1 Details of the test matrix.

Strengthening Specimen | Characteristics
technique
Reference Bec-150 Control specimen with a/d of 1.50
Bc22s Control specimen with a/d of 2.25
Bc-3.00 Control specimen with a/d of 3.00
Externally Bonded Bes-150 Strengthened specimen using two plies of EB-CFRP sheets with a/d of 1.50
(EB)

Bep-2.25 Strengthened specimen using two plies of EB-CFRP sheets with a/d of 2.25

Beg-s.00 Strengthened specimen using two plies of EB-CFRP sheets with a/d of 3.00

Near Surface Mounted Bnswm-1.50 Strengthened specimen using NSM-CFRP plates with a/d of 1.50
(NSM)

Bnsm-2.25 Strengthened specimen using NSM-CFRP plates with a/d of 2.25

Bnsm-3.00 Strengthened specimen using NSM-CFRP plates with a/d of 3.00
Embedded Through- Bets150 Strengthened specimen using ETS-CFRP bars with a/d of 1.50
Section (ETS) Bers-2.2s Strengthened specimen using ETS-CFRP bars with a/d of 2.25
Betss.00 Strengthened specimen using ETS-CFRP bars with a/d of 3.00
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(a) Specimens with shear span to depth ratio (a/d) = 1.50
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(c) Specimens with shear span to depth ratio (a/d) = 3.00
Fig. 1. Geometry and internal steel reinforcements of the tested specimens (All dimensions in mm).

Reinforcing steel

High-strength steel bars with diameters of 22 and 16 millimeters were used for the longitudinal flexural
reinforcement of the tested specimens. Nevertheless, for the vertical shear reinforcement, normal-mild steel bars
with 8 millimeters in diameter were chosen. Uniaxial tensile tests, conducted per the standards set out by the
American Society for Testing and Materials (ASTM) [64], were used to estimate the yield and ultimate tensile
strengths. Results showed that steel bars had average yield strengths of 431 (gy = 2155 pe), 452 (gy = 2260 pe),
and 248 (ey = 1240 pe) MPa and average ultimate tensile strengths of 605, 619, and 382 MPa for diameters of 22,
16, and 8 millimeters, respectively.

CFRP sheets

As part of the strengthening program, a sheet made of unidirectional carbon fiber reinforced polymer (25
mm width) was used for the externally bonded technique. It was applied continuously across the shear-deficient
zone as a U-shaped wrapping around the web. The sheet of carbon fiber reinforced polymer, known commercially
as SikaWrap 600C, was adhered to the concrete using an adhesive that is composed of resin and hardener. Both
components of the adhesive are specifically designed for structural purposes and provided by the supplier of the
CFRP. Table 2 lists the manufacturers' descriptions of the CFRP fabric's mechanical and elastic properties.

CFRP plates

Table 2 details the characteristics of the Sika CarboDur 1214 pultruded plates (20 mm width) used in the
near surface mounted technique at room temperature, according to the manufacturer. According to the data shown
in this table, the plate has a nominal thickness of 1.20 millimeters. In addition, the tensile strength is 2800 MPa,
the modulus of elasticity is 160 GPa, and the ultimate elongation is 1.69%, respectively.

CFRP bars

The technique of strengthening ETS involved the utilization of bars made of carbon fibre reinforced
polymer. The aforementioned bars possessed a nominal diameter measuring 8.0 mm and a cross-sectional area of
50.3 mm?, The testing approach outlined in ACI 440.3R-04 [65] was employed to determine the tensile strength
and modulus of elasticity of the CFRP bars. The tensile strength and modulus of elasticity of the CFRP bars were
found to be 2800 MPa and 155 GPa, correspondingly.

Epoxy adhesive

For the different strengthening techniques (EB-CFRP sheets, NSM-CFRP plates, and ETS-CFRP bars),
a paste made of epoxy resin that is available for purchase was utilized (Sikadur-330). According to the
manufacturer's specifications, its mechanical characteristics are as follows: bond strength of 20.0 MPa, elongation
at break of 1.0%, compressive strength of 75.0 MPa, and compressive modulus of 3600 MPa.
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Table 2 Mechanical Properties of the used CFRP sheets, plates, and bars.

Type Description ',I\'lr?iTllrr]]ZIss/ Modulus of Ultimate Ultimate
Diameter elasticity strength elongation
(mm) (GPa) (MPa) (%)

Sheets Unidirectional woven carbon fiber sheet 0.33 283 4300 1.80

Plates Pultruded carbon fiber reinforced polymer plates 1.20 160 2800 1.69

Bars Pultruded carbon fiber reinforced polymer bars 8.0 155 2800 1.80

Strengthening procedure
Externally bonded CFRP (EB-CFRP)

As seen in Figs. 2 through 4, this research makes use of three distinct techniques for shear strengthening
concrete beams: externally bonded (EB), near surface mounted (NSM), and embedded through-section (ETS)
carbon fiber reinforced polymers. Before the EB-CFRP system was installed, the bonding surface for the EB-
CFRP was prepared by: 1) Grinding the concrete with a hand grinder to remove cement laitance, loose, and friable
materials; 2) Cleaning the surface with an air compressor to remove dust that would weaken adhesion over time;
and 3) Rounding the two corners at the bottom of the web to a minimum radius of 25 mm to prevent stress
concentration at the EB-CFRP. Following the manufacturer's instructions [66], resin (A) and hardener (B) were
combined in a mixing spindle attached to a slow-speed electric drill (300 rpm) until the mixture became smooth,
inconsistent, and evenly gray in color in order to bind the CFRP. The concrete was then coated with a first coat of
two-component epoxy resin. Lastly, two plies of CFRP were bonded to the concrete by being impregnated with
the same epoxy resin one by one. A roller was utilized to ensure complete saturation and release any trapped air
bubbles during the EB-CFRP system's installation.

Near surface embedded (NSM-CFRP)

To efficiently apply the NSM-CFRP strengthening system, it is necessary to carry out the following
procedures. The experimental procedure involved the creation of grooves on both lateral sides of the specimen,
with dimensions of 15 millimeters in width and 25 millimeters in depth. Then, these grooves were subjected to
cleaning using compressed water and air. Subsequently, the grooves were filled with 2/3 of the required volume
of epoxy adhesive, which is blended according to the supplier's recommendations. Finally, the CFRP plates were
installed into the grooves on both sides of the specimen, and any excess epoxy adhesive was removed.

Embedded through-section (ETS-CFRP)

The ETS strengthening procedure consisted of the following activities: (1) The specimen's center was
bored with 12-millimeter-diameter holes to accommodate the ETS-CFRP bars. To prevent the adhesive from
leaking out of the hole's bottom, its length was determined by leaving 20 mm of concrete cover intact on the
specimen's lower side. (2) Particles stuck to the walls of the holes were removed using a helicoidally formed steel
brush before being sucked out by a vacuum. (3) The epoxy resin was mixed according to the manufacturer's
instructions and poured gently into the holes. (4) The ETS bars were trimmed to size, washed with acetone, and
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then carefully inserted into the holes. At least two weeks after the ETS was applied, the specimens were inspected
to ensure the adhesive had fully cured.

Test setup and instrumentations

Every specimen was subjected to monotonic loading tests utilizing a four-point loading approach, which
is shown in Fig. 5. The applied load was determined with the use of a force transducer with a capacity of 750 kN
and an accuracy of 0.1%. To measure the net deflection of the test specimen, four linear variable differential
transformers (LVDTSs) were set up: two under the span's midpoint and loading point, and two above the supporting
points. In addition, two 45-degree LVDTSs (Rosette) [67] were installed in the center of the shear span to record
the diagonal crack width and associated shear strains. Electrical strain gauges (SGs) were bonded to certain points
to find out how much the tension side of internal longitudinal steel, EB-CFRP sheets, NSM-CFRP plates, and
ETS-CFRP bars strained. These points were chosen because there is a greater probability that they will give the
maximum strain values. In addition, a 100-mm-long Pi-gauge was also used to measure the concrete's
compression-side strain. A laser level was used to confirm that the axes of the load cell and the loading test
specimens were perpendicular to one another. At each loading step, the vertical mid-span deflection, Pi-gauge
readings, main steel strain, and produced tensile strain in the CFRP sheets, plates, and bars were all recorded. The
loading rate for each specimen was within the range of 0.1 to 0.2 kN/s. Over the duration of the testing, a data
logging device (model number TDS-102) was used in order to capture and save the data.
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Fig. 2. Scheme of the strengthened specimens using EB-CFRP sheets (All dimensions in mm).
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Fig. 4. Scheme of the strengthened specimens using ETS-CFRP bars (All dimensions in mm).
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I11.  Discussion of Experimental Results

The present section provides a comprehensive evaluation and analysis of the experimental outcomes
obtained from all the tested specimens. The primary objective is to compare the effectiveness of various carbon
fibre reinforced polymer techniques, namely externally bonded (EB), near surface mounted (NSM), and embedded
through-section (ETS), in enhancing the shear resistance of reinforced concrete beams. This comparative analysis
encompasses the examination of the crack pattern and failure mode, load carrying capacity, load-deflection
response, initial stiffness, energy absorption, and load-strain response. To facilitate the analysis, the experimental
outcomes have been separated into three groups based on the shear span-to-depth ratio (a/d).

Crack pattern and failure mode

Figs. 6(a) through 6(c) depict the crack patterns observed in both un-strengthened (reference) and CFRP-
strengthened tested specimens. The observed failure mode in the critical shear span of all beams was shear failure,
characterized by a diagonal main crack without any flexural yielding of longitudinal reinforcement. The expected
mode of failure was observed, as a relatively higher tension reinforcement ratio was implemented to prevent
flexural failure. Initially, during the loading process, specimens exhibited flexural cracks in the constant moment
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region. The flexural cracking loads were found to be variable based on the a/d values. The results indicate that the
flexural cracking load displayed an increasing trend as the a/d ratio decreased. Specifically, specimens with an a/d
of 1.50 demonstrated a significantly higher flexural cracking load of approximately 49 kN compared to specimens
with a/d of 2.25, which exhibited a load of approximately 32 kN. Moreover, specimens with a/d of 3.00
demonstrated the lowest flexural cracking load of approximately 24 kN. Further loading has caused diagonal shear
cracks on the concrete substrate to start at the mid-height of the critical shear span. All techniques employed for
strengthening CFRP materials exhibited a delay in the occurrence of the initial shear crack. The first shear cracks
in the specimens strengthened with CFRP were observed appearing at higher levels of applied load when
compared with the reference beam possessing the same a/d ratio, as indicated in Table 3.

The strengthened specimens with the largest shear span-to-depth ratio (a/d = 3.00) exhibited significantly
higher shear cracking loads compared to their counterpart specimens with the smallest shear span-to-depth ratio
(a/d =1.50). It is noteworthy that specimens strengthened with EB demonstrated a higher cracking load compared
to those strengthened with NSM or ETS techniques. The aforementioned observation can be attributed to the
superior arrest capabilities of the EB technique to the dominant shear crack located at the central section, as
opposed to the NSM and ETS techniques. Finally, the main diagonal shear crack propagated along the diagonal
line connecting the loading and support points, and its width progressively increased until the point of failure. The
specimens exhibited a consistent pattern of failure based on the shear span-to-depth ratio (a/d). Specifically, a/d
values of 1.50 resulted in shear compression failure with crushed concrete in a smaller compression zone oriented
parallel to the dominant shear crack, while a/d values of 2.25 and 3.00 led to shear tension failure characterized
by diagonal tension perpendicular to the dominant shear crack. In line with the trajectory of the principal tensile
stress, the primary shear crack formed at an average inclination of 40° (a/d = 1.50) to 27° (a/d = 3.00) from the
support to the point of load application, as depicted in Fig. 6.

Regarding the CFRP strengthening technique, it was observed that the EB-strengthened specimens (Bes-
1.50, Bes-2.25, and Beg-3.00) experienced failure due to debonding of the CFRP sheets, followed by shear compression
failure in specimen Beg-1.50 Or shear tension failure in specimens Beg-2.2s and Beg-3.00. This failure occurred at the
same location as the corresponding reference specimens. During the testing of the NSM-strengthened specimens,
namely Bnsm-1.50, Bnsm-2.25, and Bnsm-a.00, an audible popping noise was observed. This noise was a sign on the
scratch of the epoxy adhesive that encased the CFRP plates. The final cause of failure was attributed to the splitting
of the concrete cover. The NSM-CFRP plates effectively prevented the propagation of shear cracks along the
surface of the reinforced concrete beam. Consequently, the NSM-CFRP plates caused the propagation of cracks
towards the concrete cover. The final collapse was initiated by the cracking of the concrete cover, leading to the
shear failure of the beam.

Regarding the ETS shear strengthening system, it has been observed that specimens Bers-1.50, Bers-2.25,
and Bers-3.00 have experienced shear failure due to debonding at the interface between the bar and epoxy adhesive.
The confinement imposed on ETS bars by the surrounding compressed concrete led to the occurrence of
debonding as the predominant failure mode in the bond length of ETS bars that were concentrated in the lower
portion of the beam's cross-sectional area. Notwithstanding the aforementioned behaviour, it was observed that
the bond performance exhibited the ability to induce significantly higher tensile strains in the CFRP bars in
comparison to those achieved through the employment of the EB or NSM techniques, which will be elaborated
upon in a later section. The detachment of the concrete cover, which is commonly observed in the NSM technique
[68-70], was not observed in the application of the ETS technique.

Ultimate loads

Table 3 provides a brief summary of the ultimate load capacity (P.) as well as gain in P, of all specimens
that were strengthened with CFRP as compared to their corresponding reference specimens. The tabulated results
show that the beams strengthened displayed a significant improvement in their ability to bear loads in comparison
to their counterpart un-strengthened specimens, particularly for a greater ratio of shear span-to-depth (a/d = 3.00).
In details, it was observed that the strengthened specimens with EB-CFRP sheets and NSM-CFRP sheets
demonstrated an average rise in their ultimate carrying capacity of approximately 30.0% and 55.0%, respectively,
as compared to the corresponding reference specimens. The utilization of the ETS strengthening system, as
opposed to the EB and NSM systems, results in a higher ultimate load gain of 82.8%.

The load carrying capacity values emphasized that ETS-CFRP is a more effective method for
strengthening RC beams in shear, as evidenced by the higher average gain compared to the other two techniques.
Additionally, the cost-effectiveness of ETS-CFRP makes it a viable option for such applications. This statement
aligns with the theoretical framework proposed by Mofidi and Chaallal [51] regarding the impact of crack patterns
on bond forces. In general, the distribution of cracking on the surface of beams that have been strengthened with
FRP is more extensive than that observed in the confined core of the beams. Once the cracks expanded beyond
the FRP fibres, the FRP bond length and, as a result, the bond force have been reduced. It follows that debonding
happens at a lower force compared with a concrete cross-section with less spread cracking pattern. Hence, the
embedded through-section (ETS) technique, which involves the incorporation of fibre reinforced polymer (FRP)
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in a concrete core that has fewer cracks, exhibits a lower susceptibility to FRP debonding failure compared to the
externally bonded (EB) and near surface mounted (NSM) techniques.

(¢) Group (111): a/d =3.00
Fig. 6. Failure mode for all tested specimens.
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Table 3 Experimental results.

Specim | Loads Deflectio Stiffness Energy Maximum strain Efficiency ratio
en (kN) ns (KN/mm) absorption (ne) (w)
(mm (KN.mm)
Per Py Capacit Ao | Ay ki Gai E, | Gai &s & & Vi Vi
y* n* n* k | (kN f%
gain % % % N) |)
Group (I): a/d = 1.50
Bciso | 178 | 214 [ -- 33 | 37 53. | -- 24 | - 106 | -- 171 - |- -
3 3 5 9 2 7 8 4
Begaso | 192 | 250 | 16.9 30 | 44 62. | 17.5 35 | 441 135 | 297 | 200 18. | 139 | 13.
4 .5 8 7 5 6 1 9 9 1 A 0
Bnsw- 187 | 276 | 29.1 28 | 53 65. | 23.9 46 | 87.9 148 | 449 | 211 31. | 131 | 23.
150 1 7 4 |2 9 4 1 5 0 2 8 |7
Bers. 180 | 311 | 453 24 | 55 75. | 41.2 54 | 122. 165 | 640 | 239 48. | 138 | 35.
150 9 3 1 8 1 6 1 3 9 3 5 1 1
Group (I): a/d = 2.25
Bc2s 118 | 151 | -- 35 |52 33. | - 23 | -- 116 | -- 198 - - -
4 0 9 6 0 4 7 4
Beg22s | 131 | 193 | 28.3 36 | 59 36. | 9.1 36 | 55.1 119 | 313 | 210 21. | 139 | 15.
5 8 5 3 0 3 3 6 5 4 1 4
Bnsw- 127 | 234 | 55.1 31| 6.6 40. | 22.1 48 | 106. 126 | 580 | 221 41. | 131 | 3L
225 3 2 6 8 3 3 4 8 1 8 6 8 6
Bers- 121 | 275 | 82.3 26 | 70 45. | 39.1 55 | 135. 147 | 811 | 231 62. | 138 | 45.
225 N 2 5 6 9 0 0 2 4 0 1 A 0
Group (I11): a/d = 3.00
Bcsow | 87. | 111 [ - 35 |53 24. | - 18 | - 113 | - | 186 - |- -
5 N 2 0 9 0 2 3
Begsoo | 100 | 163 | 46.0 37 |75 26. | 6.8 37 | 108. 121 | 393 | 200 25, | 139 | 18.
2 1 7 1 6 6 9 3 0 6 7 1 5
Bnswm- 98. 202 | 80.9 32 | 86 30. | 21.3 54 | 202. 130 | 627 | 211 45, | 131 | 34.
3.00 1 A 5 1 2 4 2 8 4 5 2 .8 3
Bers. 89. 246 | 120.9 27 191 33. | 329 65 | 264. 132 | 902 | 241 67. | 138 | 48.
3.00 3 7 0 9 1 6 4 7 5 2 5 A 9

* Calculated relative to their counterpart un-strengthened specimens
P.r = first shear cracking load; P, = ultimate load; A = deflection corresponding to the first shear cracking load; A, =deflection corresponding
to the Py; k; = initial stiffness; E, = energy absorption; & is the maximum tensile strain of main reinforcement at mid-span section; & is the
maximum developed tensile strain in the EB-CFRP sheets, NSM-CFRP plates, or ETS-CFRP bars; € is the maximum compressive strain in
concrete at mid span-section; V; is the additional capacity provided by the proposed CFRP strengthening techniques; ; V. is the rupture tensile
strength provided by the proposed CFRP strengthening systems; (i) is the strengthening's efficiency ratio.

Deformational characteristics

Fig.7 shows the net load-deflection relationships of the reference and strengthened specimens. In general,
the three methods of CFRP strengthening techniques (EB, NSM, and ETS) showed considerable improvements
over the reference specimens in terms of their responses to deflection, initial stiffness, and energy absorption.
Concerning the behavior of deflection, up to the load that causes diagonal cracking, the relationship between the
applied load and the net deflection is practically linear for all tested specimens, regardless of whether the
specimens have been strengthened or not. In general, deflection increases rapidly and departs from a straight line
as the load increases up to failure. Based on the experimental parameters, it is clear that the load-deflection
behavior of the reinforced specimens is distinct from that of the reference specimen.

The point at which each specimen's ultimate load was recorded was used to calculate the specimen's
displacement capacity, denoted by the symbol 4. This level of displacement would cause the specimen to sustain
considerable damage. Table 3 contains a listing of the matching displacement capacity values for each tested
specimen. There was a general average increase in displacement capacity (4u) of 24%, 43%, and 52% for
strengthened specimens using EB-CFRP sheets, NSM-CFRP plates, and ETS-CFRP bars, respectively, compared
to reference specimens. The analysis of the outcomes obtained from the strengthened specimens with varying a/d
ratios reveals that the ETS-strengthened specimens exhibited a significantly higher displacement capacity in
contrast to the other systems. Specifically, the ETS strengthened specimens provided an increase of 47%, 34%,
and 73% for a/d ratios of 1.50, 2.25, and 3.00, respectively, compared to their corresponding un-strengthened
specimens.
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Fig. 7. Load-deflection responses.

The initial stiffness (ki) for any specimen has been calculated by utilizing the slope of the load-deflection
curve prior to the first diagonal shear crack forming [71]. In respect to the effect of the shear span-to-depth ratio,
Table 3 demonstrates that the strengthened specimens had an initial stiffness that was higher than that of the
reference specimens. In particular, the strengthened specimens with EB-CFRP sheets and NSM-CFRP plates
exhibited an average increase in initial stiffness of 11% and 22%, respectively, compared to the un-strengthened
specimens. Utilizing ETS-CFRP bars resulted in an average gain in initial stiffness of 38%, which was notably
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higher in comparison to alternative techniques. So, it is suggested that employing ETS may prove to be a more
effective approach to enhancing the structural integrity of shear-deficient concrete beams as compared to utilizing
EB or NSM systems.

The ductility of strengthened specimens can be evaluated by means of various indicators, one of which
is energy absorption (E). This indicator is determined by calculating the area under the load-deflection curve
from the initial point to the peak point, and it provides information on the ability of the specimens to withstand
significant non-elastic deformations prior to failure [72]. In this manner, the specimen Bc3.00, Which was classified
as a reference specimen with a/d ratio of 3.00, exhibited the lowest reported energy absorption value of 180
kN.mm (see Table 3). Whereas the utilization of EB-CFRP sheets, NSM-CFRP plates, and ETS-CFRP bars for
strengthening this specimen (Bc-3.00) resulted in a significant enhancement in energy absorption, with increments
of approximately 109%, 202%, and 264%, respectively. The energy absorption capacities of the EB-strengthened
specimens with a/d = 1.50, 2.25, and 3.00 were compared to their counterpart ETS-strengthened specimens, and
it was found that the energy absorption capacities of ETS-strengthened specimens were 1.53, 1.52, and 1.74 times
greater than EB-strengthened specimens, respectively. With respect to the strengthened specimens Bnsm-1.50, Bnsw-
2.25, and Bnswm-3.00, it Was observed that the ETS-strengthened specimens Bers.1.50, Bets-2.25, and Bers-3.00 exhibited
the ability to absorb 1.18, 1.14, and 1.21 times more energy, respectively. Overall, it was evident that using the
ETS technique as a strengthening system resulted in a superior improvement in the ductility behavior when
compared to EB or NSM systems.

Strain response

As outlined in the section pertaining to test setup and instrumentations, a comprehensive arrangement of
instruments was meticulously designed to facilitate the monitoring of strain, thereby enabling the acquisition of
crucial information and data requisite for comprehending the mechanism of shear resistance involved in the
strengthened specimens, which were subjected to diverse CFRP strengthening systems. Strain gauges were
employed to quantify various strains, including the compressive strain of concrete, the tensile strain of flexural
reinforcement, and the tensile strains of the EB-CFRP sheets, NSM-CFRP plates, and ETS-CFRP bars. In cases
where an electric strain gauge exhibited irregular behaviour suggestive of reinforcement debonding before the
specimen's failure, the corresponding data points were excluded.

Compressive and tensile flexural strains

Table 3 presents the outcomes of the maximum compressive strain observed in the tested specimens. The
BeTs-1.50 exhibited the highest value (e, = 2393 pe); however, it did not attain the maximum compression
strain in flexure (., = 3000 ue) as prescribed by ACI 318-19 [62]. This ensured that the failure modes of the
specimens were controlled by shear rather than flexural failure. Furthermore, the findings of the strain analysis
demonstrate the efficiency of the proposed strengthening techniques. To clarify, the strengthened specimens
exhibited maximum tensile strains of flexural reinforcement at failure that were approximately 1.20 times greater
than those observed in the un-strengthened specimens. The aforementioned observation suggests that the proposed
strengthening techniques exhibited superior performance in terms of postponing the failure of the non-ductile
shear by enabling the flexural steel to move closer to the yield region by one step.

CFRP strains

The load-CFRP strain relationship observed in the strengthened specimens of EB-CFRP sheets, NSM-
CFRP plates, and ETS-CFRP bars displayed a bi-linear pattern, as depicted in Fig. 8. The initial stage of the load-
strain relationship is depicted by a line originating from the point of origin and extending along the vertical axis
until the appearance of the first diagonal shear crack. This phenomenon indicates that the strengthening systems
did not initially contribute to the shear capacity prior to the formation of the initial crack. After the propagation
of the cracks, the second phase was initiated by an abrupt increase in the strains, which continued until the point
of failure. The strain of CFRP exhibits a rising trend with the increase in the applied load until it reaches a specific
level, depending on the method of strengthening. For example, strengthened specimens Beg-1.50, Bnsw-1.50, and
Bers-1.50achieved maximum CFRP strains of 2979 e, 4495 pe, and 6409 pe, respectively. It is noteworthy to state
that an increase in the shear span-to-depth ratio (a/d) results in a higher degree of strain development in the
strengthening system. The reversal of the curves depicted in Fig. 8 is indicative of the preference for the ETS
system over alternative systems for the purpose of shear strengthening of reinforced concrete beams.

DOI: 10.9790/1684-2003032138 www.iosrjournals.org 34 |Page



Shear Strengthening of Reinforced Concrete Beams using Various CFRP Techniques

350
—
300
O ol
MM""
250 P
~ M
§, 200
o]
S 150 |
100 —+— BEB-1.50
—e— BNSM-1.50
50
—<— BEST-1.50
0 ‘ ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Strain (pe)
(@) Group (1): a/d =1.50
300
WW%
250
—o——°
200 ¢ o
e
< 150
e]
5+
3
100 —— BEB-2.25
50 —e— BNSM-2.25
—— BEST-2.25
0 ‘ ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Strain (pe)
(b) Group (II): a/d =2.25
300
250 «
OGO
M
200 —e
= e oo
< 150 Mfﬁf
g e il
100
—+— BEB-3.00
50 —e— BNSM-3.00
—«— BEST-3.00
0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Strain (pe)

(c) Group (111): a/d =3.00
Fig. 8. Load-CFRP strain responses.

The ETS system's efficiency

The strengthened specimens exhibited greater shear capacities compared to the reference specimens,
despite the fact that the CFRP system did not attain its maximum tensile strength. This was due to the predominant
failure mode being debonding. So, in order to assess the efficiency of the strengthening technique, the CFRP
efficiency ratio (1) was computed for every strengthened specimen and is listed in Table 3. The efficiency ratio
can be mathematically expressed as the ratio of the shear resistance contribution of carbon fiber reinforced
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polymers (V) to their rupture tensile strength (V/). The shear capacity of a strengthened specimen can be
determined using the principle of simple superposition, which involves the summation of two distinct
contributions. These contributions include the shear capacity provided by the concrete (V) and the additional
capacity provided by the proposed CFRP strengthening systems (Vi). Thus, the contribution of the CFRP
strengthening system (Vs = Vy— V¢) may be evaluated experimentally as the difference in ultimate shear load (Vy)
between a strengthened specimen and the reference specimen. Table 3 displays the efficiency of the three types
of CFRP strengthening techniques for every specimen. The results indicate that the ETS-CFRP exhibits superior
efficiency compared to the EB-CFRP and NSM-CFRP techniques, with average ratios of 2.8 and 1.4 for all shear
span-to-depth ratios, respectively. This suggests that the ETS-CFRP strengthening techniques exhibit a higher
degree of cost-effectiveness in comparison to alternative methods.

IV.  Summary and Conclusion
The purpose of this study is to report the results of a research investigation that examines the efficiency
of the Embedded Through-Section (ETS) technique in comparison to alternative techniques, namely Externally
Bonded (EB) and Near Surface Mounted (NSM). Based on the discussions presented in the current study, the
following conclusions have been derived:

e The utilization of different CFRP strengthening techniques, specifically ETS, has the potential to significantly
improve the shear capacity of reinforced concrete beams, even in cases where transverse steel reinforcement
is not present. The results indicate that the beam strengthened with EB-CFRP sheets, NSM-CFRP plates, and
ETS-CFRP bars exhibited an average increase in shear capacity of 30%, 55%, and 83%, respectively.

e The comparative analysis of the shear strengthening effectiveness achieved through the use of externally
bonded (EB) and near surface mounted (NSM) techniques with that of embedded through-section (ETS)
revealed that the latter is more efficacious. The relatively high maximum tensile strain of CFRP bars was
achieved, particularly with a/d = 3.00, owing to the favorable confinement introduced by the concrete core of
the beams, which ensured good bond conditions of ETS bars.

e The ETS technique outperformed the FRP-based EB and NSM shear strengthening techniques across all shear
span-to-depth ratios. The ETS technique demonstrated a significantly higher level of strengthening efficiency
compared to the EB and NSM techniques, with respective efficiency ratios of 2.8 and 1.4, on average.

® The energy absorption capacity of specimens strengthened with ETS-CFRP bars was found to be significantly
higher than those strengthened with EB-CFRP sheets and NSM-CFRP plates. The magnitude of this increase
was notably greater in the reinforced specimens featuring a high ratio of shear span-to-depth. Regarding the
ratio of a/d being 3.00, it was noted that ETS strengthened specimens demonstrated a higher capacity to absorb
energy, with an increase of 1.7 and 1.2 times compared to the specimens strengthened with EB or NSM,
respectively.

e Based on the results of the conducted experimental program, which showed a significant increase in shear
strengthening effectiveness at a/d = 1.50, it can be concluded that the use of ETS can effectively prevent brittle
failure in reinforced concrete beams that are susceptible to sudden debonding of either EB or NSM systems,
and instead promote a ductile shear failure mode. In addition, the ETS method presents a cost-effective and
environmentally sustainable approach for shear strengthening. As it exhibits a lower susceptibility to the
adverse impact of elevated temperatures compared to the utilization of external systems.
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