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Abstract: Corrosion of conventional steel reinforcement is responsible for numerous structurally
deficient bridges, which is a multi-billion-dollar challenge that creates a vicious cycle of maintenance,
repair, and replacement of infrastructure. Repair of existing structures with fiber-reinforced polymer
(FRP) has become widespread due to multiple advantages. Carbon FRP’s superior tensile strength
and stiffness make it particularly effective in shear and flexural strengthening of reinforced concrete
(RC) beams. This experimental study incorporates carbon fiber polymer composite bars and wraps to
study and report on the flexural behavior of RC beams. By employing a combination of CFRP bar and
wrap for strengthening RC beams, this study observed an approximate 95% improvement in flexural
load capacity relative to control RC beams without strengthening. This substantial enhancement
highlights the effectiveness of integrating CFRP in structural applications. Nevertheless, the key
observation is the failure mode due to this combination providing significant insights into the changes
facilitated by this combination approach.

Keywords: near-surface mounting (NSM); U-wrap; fiber-reinforced polymer (FRP); carbon
fiber-reinforced polymer (CFRP); strengthening; reinforced concrete

1. Introduction

The American Society of Civil Engineers (ASCE) 2021 report card for infrastructure
scored a C-, which indicates a mediocre condition with signs of deterioration and deficien-
cies in condition and functionality. Reinforced and prestressed concrete infrastructure built
in the 60s and 70s is now observing severe deterioration, and action is needed to ensure
the structural performance is adequate for the demands imposed. Infrastructure from the
60s–70s is now reaching the end of its service life, with marked deterioration becoming
increasingly evident. Quantitative studies reveal that up to 60% of bridges constructed in
temperate climates during this era exhibit significant structural decline, primarily due to
corrosion of steel reinforcement, with most showing severe deterioration after surpassing
the 50 year mark. This widespread degradation underlines the urgency for rehabilitation
methods that can extend the lifespan of these critical structures [1]. Corrosion of conven-
tional steel reinforcement is responsible for numerous structurally deficient bridges, which
is a multi-billion-dollar challenge that creates a vicious cycle of maintenance, repair, and
replacement of infrastructure. This presents a higher risk for future closure or weight
restrictions and requires substantial investment. Repair and strengthening techniques can
provide a cost-effective means to extend the service lives of bridges efficiently and safely.
This is necessary to accommodate rising traffic volumes and to comply with contemporary
design standards [2,3].

In recent years, fiber-reinforced polymers (FRPs) have garnered considerable inter-
est from the engineering community, resulting in the widespread adoption of composite
structures by the construction industry [4]. FRPs have been adopted for the repair and
strengthening of infrastructure. Its usage spans a range of geographic regions from the
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harsh climates of Northern Europe and North America to the tropical environments of
Southeast Asia, illustrating its versatility and reliability in diverse conditions. Economi-
cally, despite higher initial costs compared to traditional materials, FRP offers significant
long-term benefits through reduced maintenance and repair costs, supporting its cost-
effectiveness and extensive use in both developed and developing economies [5]. The
progress in FRP composites, particularly in aerospace applications, has underscored their
potential for civil engineering uses [6]. FRP’s resistance to corrosion contributes significantly
to enhancing strength and durability in various applications [7]. FRP’s corrosion-resistant
properties are critical in its role in prolonging the structural integrity of retrofitted steel
columns, making it an invaluable material in the rehabilitation of aging infrastructure
plagued by corrosion-related deterioration [8]. FRP is composed of a polymer matrix with
different types of fibers. The specific type of FRP is defined based on the kind of fiber
employed [5]. Diverse fibers such as glass, carbon, aramid, and basalt are utilized in FRP
due to their high strength, stiffness, and low-density characteristics [9]. In the field of
construction, carbon-fiber-reinforced polymers (CFRP) and glass-fiber-reinforced polymers
(GFRP) are widely used due to their robust properties [10,11]. Yet their application is limited
in environments requiring high fire resistance standards due to the vulnerability of CFRP
composites to degradation at elevated temperatures. Compared to steel, CFRP can offer
five times the strength of steel. Although CFRP’s initial costs are higher than those of steel,
its maintenance-free properties and lighter weight provide significant long-term economic
and structural benefits, making it a valuable alternative depending on project-specific de-
mands. CFRP and GFRP are both used for structural strengthening but differ significantly
in their mechanical properties. CFRP exhibits tensile strengths of 3500 to 6000 MPa and
an elastic modulus of 230,000 to 250,000 MPa, making it ideal for high-stress applications.
In contrast, GFRP has tensile strengths of 1500 to 2500 MPa and an elastic modulus of
70,000 to 90,000 MPa [12]. This enables CFRP to be more effective in reducing deformations
in reinforced concrete (RC) structures [13]. CFRP’s superior tensile strength and stiffness
make it particularly effective in shear and flexural strengthening of RC beams, offering
improved ability of RC beams to resist mechanical stresses and maintain structural integrity
under increased loads [14].

In flexural strengthening of RC beams with the usage of FRP, two approaches are
suggested by the American Concrete Institute (ACI) 440-2R [15]: near-surface-mounted
(NSM) FRP and externally bonded (EB) FRP [16,17]. EB-FRP involves attaching an FRP
laminate to the beam’s tension side using epoxy, allowing the laminate to serve as extra
reinforcement and boost the beam’s flexural strength [16]. NSM-FRP entails creating a
groove on the beam’s tension side, partially filling it with epoxy, inserting an FRP bar or
strips, and then completely sealing it with epoxy [17]. The primary benefit of the NSM-FRP
method is its bonding efficiency with the concrete [18]. The bonding efficacy is crucial for
NSM-FRP’s performance, as demonstrated in Figure 1.
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For flexural strengthening using NSM-FRP for RC beams, CFRP is often preferred over
GFRP. CFRP is often the material of choice due to its superior axial stiffness and tensile
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strength [19]. This allows for a reduction in the necessary concrete cover area for NSM-FRP,
optimizing the use of space and materials in construction projects [20]. The failure modes
for RC beams incorporating the NSM-FRP technique typically include FRP rupture or
debonding post tension steel yield [21]. Research by Hassan and Rizkalla [5] suggests that
FRP rupture is unlikely in NSM-FRP with an adequate length of NSM-FRP bars. This is
because the FRP bar generally only reaches about 60–70% of its maximum tensile capacity,
indicating a lower risk of rupture under normal conditions. Therefore, in the context
of NSM-FRP-strengthened RC beams, debonding is often the primary mode of failure.
Often, U-wrap shear strengthening is performed on RC beams in combination with NSM
flexural strengthening to meet both demands. The U-wrapping method, utilizing wet layup,
involves saturating FRP fabric in epoxy and adhering it to concrete surfaces in the direction
of shear reinforcement [22]. This method has been implemented in various configurations,
including complete U-wraps, three-sided U-wraps, and two-sided U-wraps [23]. Extensive
research has examined the impact of different wrapping schemes on the efficiency of shear
strengthening in beams and columns [24–26]. The application of externally bonded systems
employing an inorganic matrix, such as fabric-reinforced cementitious matrix (FRCM)
composites, has been recognized for its enhanced thermal resistance and structural integrity
in elevated temperature environments [27]. Studies have shown that combining U-wrap
FRP with NSM steel significantly enhances flexural load capacity, effectively preventing
premature failures in RC beams reinforced solely with NSM steel [28].

The primary focus of this study was to comprehensively evaluate the flexural response
of 20 laboratory scale RC beams strengthened with NSM-CFRP and U-wrap CFRP individ-
ually and as a combination. The load displacement behaviors of each beam were carefully
recorded in addition to data from strain gauges at multiple locations in the beam. Visual
inspection of failure modes was performed. Emphasis was also placed on optimizing sur-
face preparation techniques for both methods to enhance the efficacy of the strengthening
systems. The findings aim to provide insightful recommendations for the application of
CFRP systems for strengthening RC beams, potentially informing future updates to design
codes and engineering practices.

2. Materials and Methods
2.1. Materials

This study utilized 20 RC beams divided into five groups to evaluate the impact of
different FRP strengthening systems: control group (‘C’), U-wrap group (‘U’), NSM group
(‘N’), NSM and U-wrap group (‘NU’) and NSM and shear zone U-wrap group (‘NSU’). C
beams were used to establish a baseline performance. To isolate the effects of U-wrap and
NSM, U and NU groups were used. For the combination of NSM and U-wrap, full U-wrap
and shear zone U-wrap were considered to obtain two types of confinement effects.

The concrete employed featured a maximum nominal aggregate size of 12.7 mm, with
an observed slump measuring 10 ± 1.2 cm. The slump test was performed using the
ASTM C143 [29]. The chosen maximum nominal aggregate size of 12.7 mm improves the
concrete mix by enhancing workability, reducing shrinkage, and optimizing mechanical
strength. Larger aggregates help achieve a better void ratio, decrease cement paste use, and
consequently enhance the structural and economic efficiency of the concrete. To assess the
mechanical characteristics of the selected mix design, three distinct experimental tests were
conducted. The unconfined compression tests were carried out in accordance with ASTM
C39 [30] on samples after 7 and 28 days of curing. Furthermore, for a comparative analysis,
the compressive strength of samples subjected to heat curing was evaluated at the age of
7 days. Also, the split tensile strength of specimens was evaluated at the age of 28 days
based on ASTM C496 [31]. Moreover, the elastic modulus of the specimens was assessed
following the ASTM 469 [32]. At 28 days, the average compressive strength of the concrete
was 53.09 MPa with a standard deviation of 1.78 MPa. The split tensile strength recorded
was 3.49 MPa with a standard deviation of 0.16 MPa. Additionally, the elastic modulus was
determined to be 27,636 MPa. Each test result is a mean value of three tested specimens.
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No. 3 (10 mm) NSM bars were acquired from RenewWrap®, as shown in Figure 2.
The NSM strengthening systems involved using a specialized 2 part epoxy resin NSM
gel, produced by the RenewWrap®. The guaranteed tensile strength provided by the
manufacturer was 2171.85 MPa, and the tensile modulus of elasticity was 124.11 GPa with
1.75% ultimate strain. The U-wrap strengthening system technique was carried out using
a unidirectional CFRP fabric, which was 1 mm thick, applied via a wet-layup method.
Both the epoxy and the CFRP fabric used in this method were supplied by FyfeFRP, LLC.
Specifically, unidirectional carbon fabric with the Tyfo S-330 epoxy was used in this study,
as shown in Figure 2a. After 3 days of curing, the epoxy material properties as listed by the
manufacturer had a tensile strength of 72.39 MPa, a tensile modulus of 3178 MPa, elongation
of 5% and a minimum adhesion strength to concrete of 2.76 MPa. The composite’s gross
laminate properties as provided by the manufacturer included an ultimate tensile strength
of 965.27 MPa, a tensile modulus of 93.08 GPa and elongation at break of 1%.
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2.2. Methods

The beam groups were subjected to a displacement controlled static four-point bending
test (2 loading points and 2 supports) until failure at a rate of 1 mm/min. The test was
conducted using an MTS 810 with a 55 kip load cell and a data acquisition system. The
load cell captured the resistance from the beams and machine displacement was recorded.
Failure was defined when the load was reduced to more than 30% of the peak load. The
loading points were spaced 152.4 mm apart and 660.4 mm between supports. In this study,
flexural load capacity reported is defined as the maximum load a beam can support before
failure when subjected to bending. The beams had a square cross-section, each with a
depth of 152.4 mm. The beams were reinforced with four No. 3 (10 mm diameter) steel bars.
Within these, two bars were allocated for compression reinforcement while the remaining
two were used for tension reinforcement. The top cover was maintained at 29.5 mm and
the bottom cover at 25.4 mm. This configuration was integral to the structural setup of
each beam. For shear reinforcement, No. 3 stirrups, also 10 mm in nominal diameter, were
spaced at intervals of 76 mm. After the concrete beams were cast, they were placed in heat
curing for 7 days.

To facilitate strain readings, strain gauges were attached in four locations: concrete
compression surface, steel compression surface, steel tension surface, and CFRP bar surface.
To ensure the strain gauges were well attached, steps were adopted sequentially (1). Surface
preparation: Initially, the surface underwent grinding using various grinders, selected
based on the material. Subsequently, the surface was thoroughly cleaned, rendering it
prepared for the subsequent steps. (2). Surface cleaning: to eliminate any dust and oily
residues from the specimens’ surfaces, a combination of three cleaning agents—acetone,
a water-based acidic surface cleaner, and a water-based alkaline surface cleaner—was
employed. (3). Strain gauge attachment: following the meticulous cleaning and preparation
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of the material surfaces, strain gauges were affixed using either super glue or epoxy.
(4). Surface finishing: To safeguard the strain gauges during the concrete casting process
and subsequent phases, a protective surface finishing was implemented. Super 88 Scotch
tape was applied to shield the wires, Silicone RTV adhesive sealant was utilized to guard
against water exposure, and Nashua 367-17 foil mastic sealant was employed for protection
against aggregates. Figure 3 shows the strain gauges attached to different materials.
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2.2.1. U-Wrap Shear Strengthening (U Type)

Three side U-wrapping is a technique employed for shear strengthening of concrete
beams. Beams U, NU and NSU were strengthened using this CFRP wrapping technique.
The concrete surface was prepared to a minimum concrete surface profile as defined by
the CFRP fabric manufacturer’s guidelines, ACI 440-2R and ICRI surface profile. Abrasive
grinding was performed on flat concrete surfaces and for wrapping around edges using
a 1.2 cm radius rounded grinder. The prepared surface was cleaned using a water jet
and compressed air. The beams were allowed to air dry for twenty-four hours to remove
moisture on the surface of the beams. Surface preparation is shown in Figure 4.

Part A and Part B mixed resin was initially applied as a prime coat on the concrete
surface using a soft roller. Mix ratio of Tyfo S-330 according to the manufacturer was
100A:34.5B by weight. For U and NU beams, the CFRP fabric was cut to specified dimen-
sions: 406 mm along the two sides and the bottom of the beam in the direction of the fibers,
and a length of 660 mm opposite to the fiber direction, equal to the length between the
two supports for the beam. For the NSU beams, the U-wrap was only applied in the shear
area. After cutting the fabric, the CFRP fabric was saturated in epoxy. Saturated fabric was
wrapped around the beam and a hard roller was employed to eliminate any trapped air and
ensure even layup as illustrated in the figures below. Wrapped beams were allowed to cure
for 14 days at room temperature to enable complete hardening of the wrapping and have
composite action with the beams. Figures 4–7 show the steps of U-wrapping technique.

2.2.2. NSM Flexural Strengthening (N Type)

In the beam series labeled ‘N’, ‘NU’, and ‘NSU’, which underwent NSM-CFRP flexural
reinforcement, each was constructed with an integrated groove on the tension face. To
facilitate the creation of the groove on the tension side of the beam, a plastic piece, measur-
ing 25.4 mm in width and depth, was affixed to the concrete form using a double-sided
adhesive tape. Twenty-four hours after casting, specimens were demolded and the plastic
piece was removed, and they were subjected to heat curing for a period of 7 days. Following
a 7 day heat curing process, the surface underwent a grinding process using a wire brush,
followed by cleaning with a water jet, as shown in Figure 8. The prepared surface was then
left to air dry for a day to eliminate any lingering moisture from the surface of the groove.
To ensure the NSM groove was devoid of dust and unwanted materials, compressed air was
used to remove any remaining particles. These meticulous steps were taken to guarantee
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the cleanliness of the NSM groove, free from dust, moisture, and unwanted substances.
Special attention was given to surface preparation to achieve a rough surface, ensuring a
strong mechanical bond between the NSM gel and the concrete, thereby preventing any
potential failure between the two materials.
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with a nominal diameter of 10 mm and NSM gel. Figure 9 illustrates the different steps of
flexural strengthening of the beams using the NSM-CFRP technique.
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Figure 9. Steps of NSM-CFRP strengthening: (a) plastic form used at the bottom of the beam to create
groove before casting, (b) beam after fabrication and hardening, (c) beam after removing plastic form,
(d) dispensing NSM gel in the groove, (e) beam after performing surface preparation and NSM-CFRP
flexural strengthening.

2.2.3. Combination of Shear and Flexural Strengthening Methods (NU and NSU Type)

NSM-strengthened beams for NU and NSU types were allowed to cure for 3 days
for hardening of epoxy gel. The process described for U-wrap was adopted for the NSM-
strengthened beams for NU and NSU types. Wrapped beams were allowed to cure for
14 days at room temperature to enable complete hardening of wrapping and composite
action with the beams. Therefore, combination beams were cured after strengthening for a
total of 17 days before testing. Figures 10 and 11 show the process of U-wrapping for NU
and NSU beams.
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3. Results and Discussion

The comprehensive experimental findings for all types of the beams are systematically
detailed in Table 1. The load-deflection data for a representative beam from each group is
depicted in Figure 12. For the control group of RC beams, labeled C1 to C4, the average peak
load at failure was found to be 79.19 kN, with a standard deviation of 2.99 kN. The mean
deflection associated with this load was 8.70 mm, with a standard deviation of 8.70 mm.
The load–deflection pattern of these beams exhibited typical RC beam characteristics, with
linear elastic behavior observed up to approximately 50.5 kN, beyond which nonlinear
behavior was noted up to the point of failure. For RC beams U1 to U4, reinforced with a
CFRP U-wrap, the average peak load at failure was recorded as 94.42 kN, with a standard
deviation of 7.19. The mean deflection measured for these beams was 9.73 mm, with
a variation of ±0.84 mm. The “U” series beams showed a conventional RC beam load–
deflection profile, exhibiting linear elasticity up to an average load of 57.1 kN, after which
nonlinear behavior was demonstrated up to the failure load. The RC beams N1 to N4,
reinforced with NSM-FRP, showed an average ultimate load at failure of 144.60 kN, with
a standard deviation of 18.39 kN. The corresponding average deflection was 9.60 mm,
with a variation of ±0.91 mm. The load–deflection characteristics of these “N” series
beams differed notably from both the control “C” beams and the “U” series beams. In the
“N” series beams reinforced with NSM-FRP, the load–deflection diagram exhibits linear
elasticity up to an average load of 110 kN. Beyond this point, a slope change is noted,
maintaining relatively linear behavior up to the maximum load. Nonlinearity then becomes
obvious, and the load gradually decreases as the CFRP begins to slip, continuing until
failure occurs. The RC beams designated as NU1 to NU4, which were reinforced with
both NSM-FRP bars and U-wrap shear strengthening along their entire span, exhibited an
average peak load at failure of 157.95 kN, with a standard deviation of 4.57 kN. The average
deflection for these beams was measured at 12.86 mm, with a variation of ±2.01 mm.
Their load–deflection behavior maintains a linear behavior up the peak load. Beyond the
linear elastic portion, NU-type beams demonstrated a slight change in slope in the load
displacement behavior but continued to be linear until the first load drop, demonstrating a
bilinear behavior.
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Table 1. Load and deflection results upon test completion.

Beam Type Load (kN) Deflection (mm) Failure Mode Increase (%)

Control 79.19 ± 2.99 8.70 ± 0.46 CC
U-wrap only 94.42 ± 7.19 9.73 ± 0.84 CC 19

NSM only 144.60 ± 18.39 9.60 ± 0.91 DB 83
NSM + U-wrap 157.95 ± 4.57 12.86 ± 2.01 R 99

NSM + shear U-wrap 162.17 ± 6.65 14.28 ± 2.23 R/SE 105
Notes: SE is splitting of epoxy cover, R is strength rupture of CFRP bar, DB is debonding of NSM-FRP bar with
surrounding epoxy, and CC is concrete crushing after yielding of steel.
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From observation of the load displacement graphs, large load drops are evident
after some ductile behavior. Almost all beams had a large load drop of around 18 mm
displacement with a load drop rate of 78 kN/mm. There is a noticeable stiffness change
between beams, which could be attributed to the change in effect of confinement due to
the wrapping or also due to the change in bond developed between the NSM bar and
the surrounding epoxy. Beyond the load drop, the beams continued to support the load
and observed a decrease in load of more than 50% of the peak. At this point, the test was
stopped as the test setup would not allow for any more beam deflection. The “NSU” series
beams, incorporating U-wrap in the shear span and NSM-FRP for flexural strengthening,
displayed an average ultimate load at failure of 162.17 with a variation of ±6.65 kN. The
mean deflection was 14.28 mm, with a standard deviation of 2.23 mm. Their load–deflection
pattern was largely akin to that observed in the “NU” series, but in some of the specimens,
the failure mode was different. Two of the beams experienced a sudden failure due to
the tension rupture of the CFRP. In contrast, the other two showed a progressive failure
characterized by continuous CFRP slipping and epoxy splitting until eventual failure
occurred. Two of the beams had a large load drop around an 18 mm displacement with a
load drop rate of 90 kN/mm. Large drops were not observed in the other two beams where
a gradual load decrease was seen. There was a noticeable stiffness change between one of
the beams and the rest, which could be attributed to the change in effect of confinement
due to the wrapping or also due to the change in bond developed between the NSM bar
and the surrounding epoxy.
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The data in Figure 13 clearly show that combining U-wrap shear and NSM-FRP
flexural strengthening significantly alters beam behavior. It is evident that the control
beams have the lowest peak load when compared to the N, U, NU and NSU types. It
is evident from this comparison that incorporating NSM flexural strengthening for the
control RC beams improves their flexural strength. It can be clearly observed that the
NSM-FRP has a significant strength increase in the control specimens as also observed
in previous studies [13,17]. The flexural strength is even more dominant because of the
high-strength materials, such as the CFRP, which was used to strengthen these beams.
Also, it is worth mentioning that the change in slope beyond the linear elastic portion
is marginal for N, NU and NSU beam types, which continue in a linear fashion when
compared to the C- and U-type beams. This is attributed to the NSM CFRP bar that is
highly linear to failure. None of the beams except the combination types (NU and NSU)
had significant load drops in the load displacement graphs. Figure 13 provides a summary
of these variations in load carrying capacity across the five beam groups. Performing an
analysis to compare peak load of control beams to other types of beams, it was observed
that there was a 19% increase for U-type beams compared to the control beams. This
increase in flexural performance for U-wrap beams can be attributed to the confinement
effect. An 83% increase in N-type beams, a 99% increase in NU-type beams and a 105%
increase in NSU-type beams was observed, indicating that the incorporation of the CFRP
bar as NSM improves flexural strength and even more so in combined beams. This marks a
drastic increase in flexural performance in the NSM only and combination-strengthened
beams compared to control beams. The combination-strengthened beams were 9% and 12%
higher in flexural performance compared to N-type beams, indicating that confining the
NSM only beams with the U-wrap improves confinement and bond, thus increasing the
flexural strength. In previous work [22], using GFRP NSM, the improvement in flexural
performance compared to RC beams was 47%, which is less than the improvement seen in
this study as the type of NSM used was CFRP.
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Figure 13. Mean flexural load capacity of tested beams. Percentage increase compared to control
beams shown on each bar.

Figure 14 illustrates the failure modes for each group of beams. It shows significant
debonding in NSM-FRP beams and abrupt CFRP rupture in beams where NSM-FRP is used
alongside U-wrap shear reinforcement. The control groups, “C” and “U”, mirrored typical
RC beam behavior, failing due to concrete crushing following steel yield. The “N” group
experienced CFRP bar and epoxy debonding from the concrete. The “NU” group, showing
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improved bond strength, failed due to CFRP bar rupture. The “NSU” group exhibited two
failure patterns: either sudden epoxy cover splitting or CFRP bar rupture, depending on
the epoxy cover’s efficacy in strain transfer. In cases where the epoxy effectively transferred
strain, CFRP bar rupture occurred. Otherwise, the failure was marked by epoxy cover
splitting. The CFRP bars in “NU” and “NSU” reached strains up to near their ultimate
capacity before failure, indicating that U-wrap confinement helps prevent debonding and
allows the bars to achieve higher strain levels. In the experimental findings, it was noted
that in the “N” group, the CFRP bar and epoxy started to slip at maximum load due to
debonding from the surrounding concrete. Nonetheless, this slippage was not observed in
the “NU” group, where CFRP U-wrap was applied along the entire span.
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For the “C” control beam group, specifically beam C3, the tension steel reached a yield
strain of 0.0021 at a load of 49.3 kN, with a midspan deflection of 4.1 mm. The strain gauge
readings ceased at a strain of 0.0052, corresponding to a load of 56.9 kN. Simultaneously,
the strain in the top compression fibers of the beam reached 0.003. At this level of strain,
the beam experienced failure due to crushing of the concrete. The load at the 0.003 strain
level was 74.05 kN, with a midspan deflection of 8.11 mm. In the “N” beam group, for the
beam N3, the tension steel reached a strain of 0.0021, while the corresponding CFRP bar
strain was 0.0055 at a load of 102.8 kN and a midspan deflection of 5.45 mm. The highest
strain recorded in the tension steel was 0.0026 at 149.88 kN load. The CFRP bar’s maximum
strain recorded was 0.013 at a load of 153.14 kN, and after that, the beam ultimately failed
at a load of 165.51 kN. In the “NU” beam group, specifically at beam NU2, the strain
in the tension steel reached 0.0021, with the CFRP bar strain at 0.0025 under a load of
80.94 kN and a midspan deflection of 5.45 mm. The maximum strain in tension steel was
0.004 at a 91.19 kN load. The beam ultimately failed at 150 kN. The failure was abrupt
due to CFRP bar rupture, with the bar’s maximum strain reaching 0.0125, which is 70%
of the bar’s ultimate tensile strain. In the “NSU” beam group, specifically for NSU4, the
tension steel reached a strain of 0.0021, with the CFRP bar strain at 0.0032 under a load of
79.3 kN and a midspan deflection of 5.14 mm. The maximum strain in the tension steel was
0.0044 at a 162.22 kN load, and the beam failed at 163.68 kN. The highest recorded concrete
compression strain was 0.00386 at 161.59 kN. Also, the peak strain in the CFRP bar was
0.0119. It is noteworthy that in the “NSU” group of beams, two out of the four experienced
failures due to CFRP bar rupture. The strain distribution of type N, NU, and NSU beams is
depicted in Figure 15.
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The failure mode of each beam group is shown in Figure 16. As noted in previ-
ous research [17], the integration of NSM-FRP flexural strengthening with U-wrap shear
strengthening not only enhances the bonding in RC beams but also maintains their deforma-
bility up to the point of failure. This combination effectively improves the overall structural
performance without compromising the beam’s ability to deform under load. However,
it should be noted that the failure mode for beams strengthened with both U-wrap and
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NSM-FRP can be quite sudden and abrupt. This highlights a critical aspect to consider
in the combined application of these strengthening techniques. The investigation reveals
that combining NSM-FRP and U-wrap shear strengthening in RC beams enhances their
load bearing capacity. However, this comes with a trade-off: the strengthened beams are
prone to sudden and abrupt failures, along with a rapid loss in capacity, primarily due to
the tension rupture of the FRP. As mentioned earlier, 50% of tested NSU beams did not
experience sudden failure. So, the investigation interestingly suggests that using U-wrap
in the shear span leads to an improved bond in FRP, which effectively enhances the beam’s
strength. This method manages to increase the bond without the associated risk of sudden
failure, a notable benefit in structural engineering applications.
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Figure 16. Various failure modes of RC beams strengthened with NSM-CFRP, (a) type NU beams,
failed by the CFRP bar rupture, (b) type NSU beams, failed by the CFRP bar rupture, (c) type NSU
beams, failed by sudden spilling of the epoxy cover.

4. Key Discussion

Based on the strain data of the NSM-CFRP bar, a 33.3% increase was observed for
the NU beam series over N beam seriesshowing the improvement in bond between the
NSM-FRP bar and surrounding epoxy as a result of U-wraps. However, they were ac-
companied by bar rupture. U-wrap FRP provides significant external confinement to the
concrete, which helps in uniformly distributing the stresses across the concrete section. This
confinement effect is particularly beneficial in regions susceptible to high shear stresses
and where bending moments induce tensile stresses at the concrete surface. By doing so,
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U-wrap effectively delays the initiation and propagation of cracks. From this study, it is
evident that special care should be taken in designing RC strengthening combining NSM
and U-wrap FRP strengthening.

5. Conclusions

In this study, a total of 20 RC beams were organized into five groups. These beams were
all subjected to static load testing. The aim of this study was to assess the effects of employ-
ing NSM-CFRP for flexural strengthening along with U-wrap CFRP for shear strengthening
in concrete structures. This evaluation sought to understand how these methods affect the
structural performance concrete beams. Here are some significant conclusions.

1. The obtained results indicated that RC beams reinforced with NSM-FRP exhibited
a significant increase in flexural strength, showing an 82% enhancement compared
to the control beams. The primary mode of failure observed in these beams was the
debonding of the FRP bar and epoxy from the surrounding concrete.

2. The research demonstrated that integrating NSM-FRP for flexural enhancement with
full-span U-wrap in RC beams led to an increase in flexural load capacity by approxi-
mately 9% compared to beams reinforced only with NSM-FRP. The U-wrap effectively
prevented crack growth in the epoxy, improving the bond between NSM-FRP and
concrete. This combination altered the failure mode from debonding of the CFRP bar
to its rupture at peak tensile strength.

3. The research revealed that applying U-wrap shear strengthening in combination with
NSM-FRP flexural strengthening solely in the shear area led to a 12.1% increase in
flexural load capacity, compared to beams with NSM-FRP. Among the four beams
tested, two failed due to CFRP bar rupture, while the other two experienced sudden
epoxy cover splitting. Despite these varying failure modes, strain measurements
confirmed that the CFRP bars reached their full tensile capacity, indicating improved
bond performance. Both observed failure modes (CFRP rupture and epoxy splitting)
were abrupt, impacting the beams’ ductility.

4. The integration of U-wrap shear strengthening with NSM-FRP flexural strengthen-
ing has shown a marked enhancement in bond performance, increasing the overall
flexural load capacity of RC beams. Nevertheless, this combination also led to a
shift in failure modes. While NSM-FRP flexural-strengthened beams alone exhibited
relatively ductile failure, the addition of full U-wraps, which enhances bond perfor-
mance through confinement, resulted in more sudden and less ductile failure modes,
primarily through bar rupture.

5. The structural design of components is based on a ‘fail-safe’ concept, necessitatingele-
ments to give a warning prior to failure to prevent catastrophes. In infrastructure
applications, nonlinear behavior of structural components is important to avoid brittle
(catastrophic) failure, which is required by most design codes worldwide. From this
study, it is evident that special care should be taken in designing RC strengthening
combining NSM and U-wrap FRP strengthening.

6. Future work can be performed with a larger matrix and large-scale beams for further
understanding. Positioning LVDTs for the NSM bars can provide information on
slippage during testing.
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