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*e use of NSM FRP strengthening of concrete structures has become an attractive option to retrofit the existing structures against
shear and flexure. *is paper reviews only the utilization of NSM for shear in previous review articles. A database of tests of NSM
strengthened beams in shear is presented to evaluate the existing design formulations of calculating the NSM contribution in
shear. *ese formulations were in agreement with the experimental results in the database. Further research topics are also
identified such as the shape of NSM FRP bars, combined effects of existing steel stirrups, and NSM FRP reinforcement and
analytical formulations.

1. Introduction

Sudden failure because of low resistance to shear is some-
thing required to be avoided. *us, one of the priorities of
researchers is to find an appropriate strengthening technique
that can be employed to enhance RC beams when they are
deficiently reinforced in shear, when they fall under higher
loads, or when the shear capacity of beam is below the
flexural capacity due to flexural strengthening for example.
Employment of composite materials in strengthening/ret-
rofitting concrete elements is one of these techniques. Ex-
ternally bonded (EB) Carbon Fiber Reinforced Polymer
(CFRP) is one of the earlier systems used in strengthening
concrete elements in the case of using composite materials
[1–7]. However, recently, using near surface mounted
(NSM) with CFRP becomes one of the most investigated
techniques in flexural [8–14] and shear strengthening
[15–21] (see Figure 1) because of its advantages over ex-
ternally bonded EB-CFRP reinforcement [18, 22]:

(1) *e previous experimental studies have demon-
strated that the NSM strengthening technique can
provide higher strengthening effectiveness compared
to EBR due to higher bonded area-to-cross-sectional
area of the CFRP element ratio. For this reason, the
NSM technique is less prone to debonding failure.

(2) *e amount of site installation work needed in the
case of the NSM technique is less than that required
in EBR technique.

(3) In the case of intending of use prestressed CFRP
reinforcements, NSM bars can easily be used.

(4) *e NSM strengthening technique reduces the
probability of harm resulting from accidental im-
pact, mechanical damage, vandalism, and fire be-
cause the NSM bars are protected by the concrete
cover.

(5) *e appearance of structural member is uninflu-
enced with using the NSM strengthening technique.
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*ere is a growing body of literature that recognizes the
importance of using the NSM strengthening technique
because of the above listed advantages. Several review studies
had been found in the literature [18,23–25]. However, to the
best of the authors’ knowledge, there is no one that has
reviewed the research of shear contribution of NSM CFRP
strengthening technique. *is paper focuses on research
studies that investigated the shear strengthening of RC
beams with CFRP NSM technique. In addition, some aspects
regarding the bond strength and the factors affecting the
bond performance are also discussed. Finally, the design
rules for prediction of the CFRP contribution of the NSM
shear strengthening systems are evaluated.

2. NSM Strengthening Technique

In order to install the CFRP laminates using NSM system,
grooves with a desired depth, width, inclination, and spacing
were opened on the concrete cover by using saw-cutting
[16, 26–28] or diamond cutter [29]. *ese grooves were then
cleaned by compressed air [16, 26–29] and compressed water in
some cases [30]. *en, the grooves were filled with the adhesive
material. Finally, the CFRP laminates were inserted into the slits
of the beam, and the excess adhesive material was removed.

2.1. FRP Reinforcement. FRP bars can be produced in a
variety of shapes. Two different cross-sectional shapes were
used in the previous research studies that conducted the
strengthening of RC beam in shear, which are round bars
and thin narrow strips (simply referred as “strips” hereafter).
*e selection of the cross-sectional shape depends on many
factors such as the depth of the concrete cover, the cost of a
particular type of bar, and the availability of this type. For
instance, strips need a thicker concrete cover for a specific
cross-sectional area, but they have better performance
compared with round bars of equivalent cross-sectional area

due to maximizing bond surface and hence reduce the risk of
debonding failures in beams strengthened with NSM FRP
strips [11].

*e surface texture of FRP bars reinforcement was also
varied to improve bond properties. In some cases, these bars
were coated with epoxy paste and then sprinkled with 0.2/
0.3mm of surface sanding materials [31]. In other cases, the
surface of the round bars was spirally wounded with a fiber
tow and coated with sand [26].

2.2. Groove Geometry. It mainly depends on the FRP cross
section and bars surface treatment. *e choice of groove
dimensions can influence the bond performance, and hence,
it can cause premature debonding failure. *e rectangular,
square, or round bars are commonly used.

*e square and rectangular bars have several merits over
round bars, such that they provide a uniform adhesive
thickness in their vertical and parallel sides. Moreover, the
ratio of surface to cross section area of square and rectan-
gular bars is higher than that of round bars. *is can
minimize the bond stresses for the same tensile force in the
FRP, which may split the groove filling cover. Another
advantage of using rectangular bars is related to the sim-
plicity of opening the grooves. *e main disadvantage of
rectangular bars is the need for a deeper groove to provide
the same reinforcement area [18, 32].

Several studies [33–36] showed that FRP rectangular
bars, which have a large height-to-thickness ratio, are su-
perior to NSM FRP bars of other shapes. *is is due to a
larger embedment depth and a higher perimeter/cross-
sectional area ratio than those FRP bars of other shapes,
which consequently leads to a higher utilization capacity of
FRP. *e deeper FRP in the web provided higher shear
strengthening, and the inclined FRP gave a more ductile
behavior after peak load for the beams that were shear
strengthened with NSM [37–39].
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Figure 1: NSM FRP strengthening of beams in flexure and shear.
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2.3. Groove Filler. *e role of groove filler adhesive is to
transfer the stresses between the FRP reinforcement and
concrete. Two types of adhesive can be epoxy or cement
based. *e most relevant mechanical properties of groove
filler are tensile and shear strengths. *e tensile strength is
especially important in case of round bars, which induce
high circumferential tensile stresses in the epoxy [40]. *e
shear strength is especially important when the bond is
controlled by cohesive shear failure of the epoxy.*e cement
based adhesive has some advantages vs. epoxy as follows: it is
cheaper, presents reduced hazard to workers and environ-
ment, allows bonding to wet surfaces, has a better behavior at
elevated temperatures, and is compatible with the concrete
substrate. *e main disadvantage is the low tensile strength
compared to epoxy, and during hardening of the mortar,
adequate wetting should be assured. Bond and flexural tests
identified some limitations of cement mortar as grove filler
[41]. *e performance of the specimens with epoxy-filled
grooves was almost similar and provided higher pull-out
loads compared to the specimens with cement mortar ad-
hesives [42]. *e cementitious matrix with NSM strength-
ening system has generally improved the deformational
characteristics of the strengthened specimens [39].*e NSM
CFRP bar repair resulted in only a slight increase in stiffness
and a slight decrease in strength due to the debonding of the
vertical FRP in the web at the epoxy/mortar interface [43].

3. Bond Behavior

A key issue of the structural performance of the NSM
technique is the bond behavior as for the EBR one, since the
debonding of the FRP reinforcement can be a very common
failure mode. Failure modes of the beams strengthened by
the NSM technique were not brittle as those observed in the
beams strengthened by the EBR technique [29].

Direct pull-out tests (DPT) including single or double-
lap shear tests and beam pull-out tests (BPT) are commonly
used to investigate the bond between NSM CFRP and
concrete [18], which are described in more details elsewhere
[24]. *e above test methods have been used to investigate a
wide range of parameters affecting the bond mechanism
including: FRP fiber type and external surface
[32, 33, 44–50], FRP axial stiffness [44, 47–53], FRP cross
section geometry [32, 33, 46, 49, 51, 54–58], groove surface
[44, 47, 59, 60], groove’s geometry [48, 50, 51, 54, 58, 61, 62],
concrete strength [33, 45, 46, 50, 52], and adhesive material
type and bonded length [32, 45, 46, 52, 53, 57, 63].

Different types of failure have been recorded in pull-out
tests. However, in some cases, the authors of experimental
works analysis tend to report more than one failure mode for
the same specimen. Either this was a combination of several
failure mechanisms or two failures may occur in sequence. It
is thought by others [18] that any specimen should have one
governing failure model and reporting more than one failure
mode for a specific specimen may be caused by: (a) the
occurrence of a sudden failure during the tests, hiding the
possibility of observing the real failure mode, (b) in the case
of BPT specimens, the test configuration itself could lead to
erroneous identification of failure modes (the BPT are

performed with test region (face where the FRP is applied)
downwards, being more difficult to observe the development
of the failure mechanism).

In this section, the locations of main failure modes that
occurred in bond between NSM FRP-concrete substrate are
summarized, as follows (see Figure 2).

3.1. Failure in FRPMaterial (FRPRupture). It is simpler than
other failure modes to recognize, and it occurs in NSM
specimens with adequate bond length [32, 45, 64].

3.2. Failure at Interface FRP/Adhesive. *is failure occurred
when a clean FRP bar/strip without adhesive attached de-
tached from adhesive layer. In fact, mechanical interlock
between FRP and the surrounding adhesive, in addition to
chemical adhesion and friction between FRP and adhesive, is
responsible to have an efficient bond. *is kind of failure is
observed in NSM specimens with inadequate bonded length
or bad FRP surface cleaning, and some cases may occur as a
result of low tensile strength of the used adhesive
[25, 32, 65–67].

3.3. Cohesive Failure. *is kind of failure occurs mainly as a
result of the normal stresses developing together with
longitudinal stresses during the test. When the normal stress
reaches adhesive tensile strength, the cohesive failure then
happens. *e low tensile strength of adhesive material and
the small NSM groove depth are of the common reasons that
cause this failure [25, 40, 67, 68].

3.4. Failure at Interface Adhesive/Concrete. *e failure be-
tween adhesive and concrete substrate is similar to that
occurring between FRP bar and adhesive, and the reason of
this failure may also be caused by the low tensile strength of
adhesive material and inadequate bonded lengths
[40, 41, 45, 50, 64, 69, 70].

3.5. Concrete Fracture. *e failure in concrete substrate is
mainly caused by the low strength of concrete, so the failure
is shifted to the weakest material in joints.*is type of failure
is commonly observed when adequate bonded lengths and
the grooves geometry are well designed [32, 58, 64].

In addition, when NSM FRP strengthening technique
used in flexure a side-groove may be the choice to improve
the bond strength, in this case, the system can be called (side
NSM) SNSM FRP strengthening technique. Several studies
showed that the SNSM FRP technique can prove the same
contribution when compared to the one used in the bottom
of beams [71]. It also showed that SNSM can overcome the
issue of concrete fracture since a wider area of concrete can
prevent such king of failure.

It seems that the bond between NSM FRP reinforcement
and concrete substrate is well covered. However, as an ac-
curate method is needed to define and describe the failure
modes observed, in addition, the prediction of pull-out
strength of NSM FRP strips/rods, which are bonded to
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concrete block, was investigated using fuzzy logic approach
[72]. *e results of the proposed model showed good ac-
curacy against the experimental data and outperform the
published models. For this reason, this kind of approach can
also be utilized to propose methods of determining con-
tribution of NSM FRP technique in flexure or shear as will be
discussed later [72, 73].

4. Factors Affecting NSM Strengthening

*e reported research studies that carried out the behavior of
NSM CFRP strengthened RC beams in shear have investi-
gated many parameters that can change the contribution of
the NSMCFRP strengthening system in different levels. In the
following sections, these parameters are listed and discussed.

4.1. Concrete Strength. *e compressive strength of concrete
was investigated in [16, 29, 74, 75] in three different series of
experimental tests. *e values of compressive strength were
18.6, 39.7, and 59.4MPa at the age of beam tests. In each
compressive strength of concrete, different NSM CFRP
laminate inclinations (45°, 60°, and 90°), levels of CFRP
percentage (0.06%, 0.09%–0.1%, and 0.13%–0.16%) and
levels of steel stirrups percentage (0.1%, 0.16%, and 0.17%)
were investigated. *e experimental results demonstrated
that the higher the concrete compressive strength, the higher
the NSM CFRP effectiveness. *is is related to the fact that
the effective bond length is decreased with the higher
concrete strength due to the decreasing of the fracture failure
of concrete in the groove surface for the RC beams made by
higher concrete strength class. Because of that, the contri-
bution of the NSM CFRP laminates for shear resistance of
beams is increased with the higher tensile strength of the
concrete. It was also found that the NSM CFRP technique is
still effective in beams produced by the lowest structural
compressive strength of concrete.

4.2. Existing Steel Stirrups. *e ratio of the presence tension
steel reinforcement was found to be very effective when
NSM FRP strengthening technique was applied in flexure

[76–78]. In a similar way, the presence of steel stirrups has
also a clear effect on the contribution of NSM FRP
strengthening technique when it is used in shear. Several
studies have tried to investigate the effectiveness of NSM
FRP strengthening technique with different percentages of
steel shear reinforcements [29, 30, 74, 75, 79–81]. Lorenzis
and Nanni [79] tested series of RC beams with absence and
with steel stirrups. It is not possible to make a comparison
between the tested beams because of the differences in the
percentage of CFRP applied for the beams. However, it is
only possible to conclude that the contribution of the NSM
CFRP strengthening technique is still significant in the
presence of steel stirrups. Another set of experimental
studies [29, 74, 75, 80] revealed that the effectiveness of NSM
CFRP rods is more pronounced in the beams with the lower
internal steel stirrups ratio. *is conclusion was made by
investigating different percentages of steel stirrups (0.1,
0.16–0.17). In contrast, Mofidi et al. [30] claimed that the
internal steel stirrups and strengthening NSM CFRP did not
diminish each other’s influence. Furthermore, a database of
more than 69 RC beams strengthened with NSM CFRP
laminates or rods was analyzed by the same authors [30]. It
was found that the shear contribution of the NSMCFRP bars
or laminates slightly increased with the increase in the in-
ternal shear steel reinforcement. Based on the aforemen-
tioned discussions, this discipline may need more research.

*e effectiveness of NSM CFRP bars in improving the
shear capacity of concrete beams with corroded steel stirrups
was also studied [82]. Two corrosion levels were investigated
comprising 8% and 15%. It was found that the contribution
of the NSM CFRP strengthening technique was more
pronounced with the lower stirrups corrosion of 8%. *is is
thought to be caused by the heavily corroded steel stirrups
that minimized the friction resistance at the steel stirrups-
concrete interface. *is caused premature separation of the
lateral concrete cover after onset of diagonal shear cracks.
*is process may reduce the effectiveness of NSM CFRP
strengthening in shear.

*e steel fibers would be used also to increase the shear
resistance of concrete substrates. *erefore, NSM CFRP
efficiency can be improved by using the steel fibers in
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Figure 2: Possible failure modes associated with debonding mechanism [18].
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concrete mix due to its ability to control the shear failure
[83–86].

4.3. Shape of NSMCFRP Reinforcement. In the case of using
NSM CFRP strengthening technique in enhancing RC
beams in flexural capacity, it was found that using strips
instead of round bars (having the same cross-sectional area)
can improve the performance of NSM technique [11]. *is
was believed to be caused by maximizing the bond area and,
therefore, reducing the debonding risk. Even with shear
strengthening, the above conclusion can also be drawn [81].
However, this mechanism seems to be not identical with the
test results reported by Rizzo and Lorenzis [26] who tested a
series of RC concrete beams strengthened using NSM CFRP
strengthening technique in shear. *is finding cannot be
normalized for many reasons, among which are the
following:

(i) *e cross-sectional areas of the round bar and the
strip are different (50mm2 for the round bars and
32mm2 for the strips).

(ii) In the test reported in this section, all samples failed
in concrete cover splitting in the region of the in-
ternal steel stirrups regardless of the strengthening
configurations. *us, the efficiency of CFRP
strengthening cannot be obtained from this sample
design.

More studies are needed to make the right selection of
the NSM reinforcement shape.

4.4. Length of NSM Reinforcement. *e length of FRP bars
also plays an important role in controlling the contribution
of this kind of strengthening technique [87]. Due to the
limited depth of RC beams, the length of CFRP reinforce-
ments was equal to the beam depth for the rectangular cross
section beams in the most experimental tests [17, 31, 88].
However, using NSM strips with the length of 1/2D or 2/3D
(D is the depth of beam) caused a noticeable improvement in
the ultimate load of beam compared to using the length of
NSM strips covering the full depth of beam [89]. *e ul-
timate load of beams strengthened with full-length NSM
strip was capable of sustaining a 144% higher load than that
having length of NSM strips 1/2D. *e propagation crack
passed directly into the end of the NSM strip in beams
strengthened with NSM strips having the length of 1/2D or
2/3D causing a high stress concentration at the end, which
accelerates the debonding. *is did not occur in the case of
using NSM CFRP strips with length equal to beam depth
since the length contributes more of a bonding area than the
other lengths.

In the case of T-beam strengthened with CFRP bars
using NSM strengthening technique, extending the CFRP
bars into the flange of the beam can increase the contri-
bution of the CFRP bars [79, 90] as shown in Figure 3(a),
whereas generally the CFRP bars or strips are installed on the
side of the beamweb as shown in Figure 3(b).*is was partly
caused by the extra CFRP material added to the beam. For

example, 33% more material as reported by Lorenzis and
Nanni [79] caused 45.5% increasing in the beam capacity.
Another reason is the extra length of CFRP bars that caused
an increase in the bonded length, and hence, it maximized
the failure load.

*ese findings were also confirmed by other researchers
[17, 28, 88] who investigated the influence of CFRP length on
rectangular cross section beams. *is was conducted by
increasing the beam depth to examine its impact on the
CFRP contribution.

4.5. Mechanical Properties of Groove Filling’s Material.
*e influence of mechanical properties of groove filling
material has widely been investigated [36, 47] to find its
effect on the bond strength. It has been found that the
change in the properties of groove filling material has a
significant effect on the bond strength and lesser extends on
the failure mode. In particular, when a stiffer adhesive
material was used as a groove filling material, the bond
strength was increased [36, 47]. However, these results are
not in agreement with those obtained by Rizzo and Lorenzis
[26] who studied the shear contribution of the NSM
strengthening technique.*ey found that, by using an epoxy
having lower elastic modulus as a groove filling material, the
NSM CFRP contribution to the shear capacity was more
than twice in comparison with that used an epoxy with
higher elastic modulus. It was believed that the epoxy with
lower modulus of elasticity leads to more ductile bond-slip
response, which can then delay the onset of debonding. *is
contrast may be related to the points listed in Section 4.3.
*is factor needs more research to be clearer.

4.6. Percentage of NSM Reinforcement. Generally, the in-
crease in the percentage of the CFRP leads to an increase in
the shear resistance of the strengthened beams
[16, 28, 29, 74, 75, 81, 88, 91]. It can be seen in Figure 4 that
the increase of the beam’s capacity as a result of increasing
the percentage of the NSM CFRP reinforcement (ρf)—
which can be calculated as in equation (1)—is sensitive to the
value of concrete compressive strength [75]. In other words,
the efficiency of NSM strengthening technique for the shear
strengthening is maximized with the higher concrete
strength. *is is related to the fact that, in the case of lower
concrete strength, the failure mode in the strengthened
beams is concrete fracture, in which the concrete adhered to
the detached laminates, while in the case of higher concrete

CFRP bars

(a)

CFRP bars

(b)

Figure 3: CFRP bars arrangements. (a) Anchorage in the flange.
(b) On the side of the beam web.
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strength, the failure mode is either the sliding of CFRP
laminate (between the CFRP and the epoxy) or the rupture
of the CFRP [75]. *us, it is expected for the lower concrete
strength that the increase in the percentage of CFRP does not
have a significant change in the efficacy of NSM technique
for the shear resistance.

ρf �
2 × Af

bw × Sf × sin θf

× 100, (1)

where Af is the area of the CFRP reinforcement (strip or
bar) cross section, bw is the width of beam web, Sf is spacing
of the CFRP reinforcement, and θf is the orientation angle
of the CFRP reinforcement with respect to the beam axis.

*ese findings seem to be incompatible with those
presented in Rizzo and Lorenzis [26], where the increase in
the percentage of the CFRP caused a decrease in the shear
capacity of the beam. It was thought that increasing the
percentage of CFRP accelerated the formation of debonding
between CFRP bar and adhered layer.

4.7. Inclination of NSMReinforcement. It is well known that
inclined steel stirrups are more effective in shear resistance
than the vertical stirrups because of diagonal cracking
pattern of shear failure in RC beams. *is phenomenon is
identical with that found in the case of NSM CFRP
strengthening technique [27, 29, 74, 75, 79, 81, 88, 90, 92]
(see Figure 4). *is is partly caused by the orientation of the
shear cracks that tend to be almost orthogonal to the in-
clined CFRP reinforcement [75]. In addition, the inclined
CFRP reinforcement has better total resisting bond length
than the vertical CFRP reinforcement because the inclined
laminates are longer than vertical laminates. *us, it is
expected to delay the debonding failure and hence have
higher shear resistance. It can be seen in Figure 4 that the
orientation of CFRP reinforcement at 45° was the most
effective in some cases, while the orientation of CFRP

laminate at 60° was the most effective than other orientations
in the other cases [75]. *us, more investigations about this
point are needed.

4.8. Distance between Existing Steel Stirrups and NSM
Reinforcement. *e relative position between internal steel
stirrups and applied CFRP reinforcement has a specific
contribution on the effectiveness of CFRP shear strength-
ening configuration [27]. It was found that when the applied
NSM reinforcement intercepted the existing steel stirrups,
this may cause a debonding for the NSM bars/strips. *is
reflects the importance of applying the CFRP NSM rein-
forcement with a homogenous distance with the existing
steel stirrups. Further studies are important here to find the
minimum distance (between laminates and existing steel
stirrups), in which the influence of this factor can be
neglected.

4.9. End Conditions of FRP Bars. *is kind of treatment is
very important when the governing failure mode is the
debonding of FRP bars or concrete cover separation. In these
cases, this kind of treatment can play an important role to
avoid these kinds of failures. One of the effective methods to
improve end conditions of FRP bars is bending the ends of
FRP bars with angles ranging between 45° and 90° as re-
ported by others [93]. As a result, it was found that this kind
of end condition can increase the load carrying capacity of
RC beams in flexure by 201% and 185% compared to the
reference beam. Based on that, bent ends can be also in-
vestigated in the case of shear strengthening to eliminate the
problem of premature debonding in the case of shallow
beams for instance.

4.10.ConcreteCoverDepth. *e effect of the side cover depth
was investigated by [89]. Generally, it was found that, by
increasing side concrete cover depth, the side concrete cover
separation can be delayed or even prevented [89, 94, 95].
However, increasing the side cover could have a negative
effect on the flexural response of beams since it may limit the
space provided to position the longitudinal reinforcement.
In addition, in many cases, NSM FRP strengthening tech-
nique is used for repairing or strengthening existing
structures; thus, increasing the side concrete cover may not
be an option to improve the entire contribution of this
technique.

5. Failure Modes

In the cases of evaluating the shear strengthening contri-
bution, the RC beams were designed to assure shear failure
mode.*e failure modes occurring in the case of using CFRP
NSM in shear strengthening are as follows:

(a) *e first failure mode happened when the normal
or low strength concrete is used. In this failure
mode, the laminates/bars failed by debonding (see
Figure 5). However, along the bond length, a thin
layer of concrete adhered to the laminate/bar;
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forcement with various concrete compressive strength and NSM
CFRP inclination [75].
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hence, this can be classified as a concrete fracture.
In the case of high percentage of CFRP used, a
concrete layer with a group of CFRP reinforce-
ments detaches to create a “concrete lateral wall”
that has separated from the overall volume of
concrete [75, 88]. In this bullet-point, two failure
modes are presented, which are failure at interface
between adhesive and concrete (debonding) and
cohesion failure on concrete (concrete fracture),
because, in many cases, these failure modes are
difficult to be experimentally separated.

(b) *e failure of interface between the NSM FRP re-
inforcement and the adhesive “debonding” shown in
Figure 5 can be classified as the most common failure
mode. *is failure mode occurred when a normal to
high concrete strength is used [75]. *e interface
CFRP/adhesive is the weakest point in the CFRP
NSM strengthening technique. *us, by using a high
strength adhesive material, longer CFRP reinforce-
ments, anchoring the CFRP in the flange of T-beam,
etc., this weak point can be overcome.

(c) *e rupture of CFRP can occur when a normal to
high concrete strength is used as shown in Figure 5.

(d) In some cases, when the CFRP NSM reinforcement
is applied to T-beams, shear splitting failure oc-
curred along the web-flange interface region [90].
Extending CFRP NSM reinforcement can control
this failure mode.

(e) Regarding the beams tested without internal shear
reinforcements, splitting of concrete cover of the
flexural reinforcement occurred as a result of
growing cracks along the flexural reinforcement.
*is was thought to be caused by designing the tested
beams without steel stirrups, which are responsible
for maintaining the dowel force and hence
restraining the splitting cracks.

It should be noted that there is no cohesive failure on the
adhesive observed in the experimental studies that con-
ducted the shear contribution of CFRP NSM strengthening
technique. *is is because of the higher tensile strength of
adhesive material compared to the concrete tensile strength
in all tests.

6. Analytical Formulations

*e prediction of the shear capacity of RC beams is a
challenging task because shear mobilizes several complex
resisting mechanisms such as (1) shear resistance assured by
the uncracked concrete in the compression zone; (2) in-
terface shear transfer by aggregate interlocking in the
cracked concrete; and (3) the dowel action of the longitu-
dinal reinforcement [96]. Several analytical formulations
were proposed in order to predict the contribution of the
NSM CFRP laminates for the shear capacity of RC beams
[74, 75, 79, 97–108]. Some of these models were only set to
predict a certain failure mode such as Rizzo and Lorenzis

(a) Concrete fracture

(b) Failure at the Interface
CFRP/adhesive (Debonding)

(c) CFRP rupture

Figure 5: Failure modes (a, b, and c) of the RC beams shear strengthened with NSM CFP laminates [75].
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[107]. Two main analytical formulations are detailed in the
later sections. From these analytical formulations, the FRP
contribution can be calculated. However, the nominal shear
strength of RC beams strengthened with NSM FRP tech-
nique can be computed as suggested by Lorenzis and Nanni
[79] using the equation by adding a third term to the basic
equation provided by ACI code [109], as in

Vu � ϕ Vc + Vs(  + ψVf , (2)

where ϕ is the strength reduction factor for shear
strengthening of RC elements, which has a value of 0.85 as
reported by ACI [109]. ψ is an additional reduction factor for
the case of externally bonded CFRP. *e value of this re-
duction factor is 0.85 as recommended by ACI 440 com-
mittee [110].*e values of Vc andVs are the contributions of
concrete and steel stirrups, respectively, which may be
computed according to standard concrete design codes. Vf

represents the contribution of NSM FRP reinforcement to
shear. *e main output is the value of NSM FRP contri-
bution (Vf) which can be calculated as per Table 1.

7. Evaluation of the Existing Formulations

In the previous section, a brief review is presented for the
formations proposed in the literature that aimed at pre-
dicting the contribution of NSM FRP laminates in shear. In
order to evaluate these formulations, the results obtained
from them compared with the experimental results extracted
from previous experimental research studies are listed in
Tables 2 to 6. In these tables, f1

f and f2
f represent the values

of shear contribution of the NSM FRP strengthening
technique as predicted by Dias and Barros [75] and Nanni
et al. [98] equations (equations 9 and 3), respectively.

*e values of mean of f1
f/f

exp
f and f2

f/f
exp
f in Tables 2–6

have been calculated to evaluate these formations against the
experiment’s results. Since the mean values were 1.09 and
0.87 for the results using Dias and Barros [75] and Nanni
et al. [98] formulations, respectively, the strength prediction
using Dias and Barros [75] formula is closer than that
obtained by using Nanni et al. [98] formula to the experi-
mental strength. *is may be attributed to the fact that the
latter formula does not include the modulus of elasticity and
effective strain of CFRP. However, these closed predictions
do not mean that this formulation could capture the be-
havior in most cases. For instance, both formulations did not
account for the effect of epoxy type into the contribution of
NSM FRP technique as shown in Figure 6. It can be noticed

from this figure that the use of a stiffer and stronger groove
filling epoxy resulted in a lower FRP contribution to the
shear capacity. *e reason for this is related to the fact that
the stiffer bond-slip response of the joints induced larger
peak bond stresses and then accelerated the initiation of
debonding cracks in the concrete [26].

In addition, it can be seen from Figure 7 that the pre-
dictions of Dias and Barros [75] for the contribution of NSM
FRP strengthening technique in shear (V1

f) are less than the
corresponding experimental values (Vexp

f ) in most points.
However, in others, the predictions of Dias and Barros [75]
are not conservative since their predictions (V1

f) are more
than the corresponding experimental values. Furthermore,
considering the formulation suggested by Nanni et al. [98], it
seems that although this formulation provides quite con-
servative predictions, their conservatism is relatively high in
some points.

Regarding the effect of existing steel stirrups shown in
Figure 8, it seems that the later formulation did not account
for the percentage of existing steel reinforcement in their
formulations. Although the predictions of Dias and Barros
[75] include the influence of steel stirrups, their predictions
are still overestimated compared to the corresponding ex-
perimental values.*us, further modifications regarding this
point may be needed.

Generally, the accuracy of the predictions of the theo-
retical formulations discussed in this section is accepted in
many cases. However, further improvement is required to
include the effect of some parameters such as epoxy
properties, while further modifications are required to im-
prove the predictions for some parameters such as the
percentage of existing steel stirrups.

8. Numerical Modelling

It is well known that the numerical modelling is a powerful
tool that is widely used in order to provide a comprehensive
understanding to many phenomena in structural engi-
neering applications. However, the number of numerical
studies conducting the response of NSMCFRP strengthened
concrete beams in shear is still limited. Some of these studies
were only presented a simple numerical model without a
deep discussion about the materials modelling and other
numerical model characteristics [19]. Others tried to use
these models to investigate more parameters [113–115].
Some of these parameters were already experimentally
covered such as concrete compressive strength [113–115],

Table 1: Different methods to calculate the shear stresses by NSM FRP.

Expression Reference Notation

Vf � 2π db τbLtotmin sin θf

Nanni, et al.
[98]

db and τb: diameter and average bond stress of the CFRP; θf:
angle of CFRP bar to the beam longitudinal axis; and Ltotmin:

effective bond length.
Vf � hw

Afv

sf
εfeEf(cot α + cot θf)sin θf Dias and

Barros [75]

hw: web depth of the beam; Afv: area of two CFRP bars; sf:
spacing of the bars; Ef: elastic modulus of the CFRP; α:

orientation of the shear failure crack; and εfe: effective strain.
εfe � 3.76888 × e(− 0.116026θf+0.0010437θ2f)×

[(Ef × ρf + Es × ρsw)/(fcm)2/3]− 0.460679×e
(0.0351199θf−0.0003431θ2

f
)
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Table 2: Comparison between experimental results [27] and analytical results.

Symbols Sf (mm) θ° af (mm) bf (mm) Ef (GPa) V1
f (kN) f2

f (kN) f
exp
f

(kN) f1
f/f

exp
f

f2
f/f

exp
f

2S-3LV-I 267 90 1.4 10 166.6 21.6 20.4 22.2 0.97 0.91
2S-5LV-I 160 90 1.4 10 166.6 31.8 20.4 25.2 1.26 0.80
2S-8LV-I 100 90 1.4 10 166.6 41.7 40.8 48.9 0.85 0.83
2S-3LI45-I 367 45 1.4 10 166.6 43.4 14.4 29.4 1.47 0.48
2S-5LI45-I 220 45 1.4 10 166.6 47.3 28.8 41.4 1.14 0.69
2S-8LI45-I 138 45 1.4 10 166.6 63.5 28.8 40.2 1.57 0.71
2S-3LI60-I 325 60 1.4 10 166.6 28.0 17.6 35.4 0.79 0.50
2S-5LI60-I 195 60 1.4 10 166.6 37.4 22.3 46.2 0.80 0.48
2S-7LI60-I 139 60 1.4 10 166.6 50.8 35.3 54.6 0.93 0.64
2S-7LV-II 114 90 1.4 10 166.6 59.9 35.2 28.32 2.1 1.24
2S-4LI45-II 275 45 1.4 10 166.6 31.7 14.4 33.9 0.93 0.42
2S-7LI45-II 157 45 1.4 10 166.6 38.4 28.8 48.0 0.8 0.6
2S-4LI60-II 243 60 1.4 10 166.6 50.5 17.6 33.06 1.52 0.53
2S-6LI60-II 162 60 1.4 10 166.6 30.7 35.3 42.72 0.71 0.82
4S-7LV-II 114 90 1.4 10 166.6 38.2 35.2 6.9 5.53 5.10
4S-4LI45-II 275 45 1.4 10 166.6 31.7 14.4 26.04 1.21 0.55
4S-7LI45-II 157 45 1.4 10 166.6 38.4 28.8 31.56 1.21 0.91
4S-4LI60-II 243 60 1.4 10 166.6 50.5 17.6 25.08 2.013 0.70
4S-6LI60-II 162 60 1.4 10 166.6 30.7 35.3 35.1 0.87 1.00
3S-5LI45-III 275 45 1.4 10 174.3 38.2 39.9 66.1 0.57 0.60
3S-5LI45F1-III 275 45 1.4 10 174.3 93.6 39.9 85.75 1.09 0.46
3S-5LI45F2-III 275 45 1.4 10 174.3 93.6 39.9 65.35 1.43 0.61
5S-5LI45-III 275 45 1.4 10 174.3 93.6 39.9 74.9 1.24 0.53
5S-5LI45F-III 157 45 1.4 10 174.3 93.6 79.8 74.9 1.24 1.06
3S-9LI45-III 157 45 1.4 10 174.3 122.3 79.84 101.85 1.20 0.78
5S-9LI45-III 275 45 1.4 10 174.3 122.3 39.9 108.9 1.12 0.36
3S-5LI60-III 243 60 1.4 10 174.3 93.6 48.8 69 1.35 0.70
5S-5LI60-III 243 60 1.4 10 174.3 74.1 48.8 73.35 1.01 0.66
5S-5LI60F-III 243 60 1.4 10 174.3 74.1 48.8 72.55 1.02 0.67
3S-8LI60-III 162 60 1.4 10 174.3 74.1 75.7 112.3 0.65 0.67
5S-8LI60-III 162 60 1.4 10 174.3 91.8 75.7 122.45 0.74 0.61
3S-6LV-III 180 90 1.4 10 174.3 91.8 56.4 39.58 2.31 1.42
3S-10LV-III 114 90 1.4 10 174.3 40.3 71.3 83.25 0.48 0.85

Table 4: Comparison between experimental results [26] and analytical results.

Symbols Sf (mm) θ° af (mm) bf (mm) ∅f (mm) Ef (GPa) f1
f (kN) f2

f (kN) f
exp
f (kN) f1

f/f
exp
f f2

f/f
exp
f

NB90-73-a-IV 73 90 — — 8.0 145.7 58.2 80.2 54.2 1.07 1.47
NB90-73b-IV 73 90 — — 8.0 145.7 58.2 80.2 26.4 2.20 3.03
NB90-45-b-IV 45 90 — — 8.0 145.7 73.76 130.0 28.6 2.57 4.54
NB45-146-a-IV 146 45 — — 8.0 145.7 43.0 61.9 39.1 1.09 1.58
NB45-73-a-IV 73 45 — — 8.0 145.7 49.6 120.7 28 1.77 4.31
NS90-73-a-IV 73 90 2 16 121.5 48.9 49.8 50.5 0.96 0.98
NS45-146-a-IV 146 45 2 16 121.5 38.7 40.1 32.7 1.18 1.22

Table 3: Comparison between experimental results [111] and analytical results.

Symbols Sf (mm) θ° ∅f (mm) Ef (GPa) f1
f (kN) f2

f (kN) f
exp
f (kN) f1

f/f
exp
f f2

f/f
exp
f

B2-FRP-V 152 90 9.0 124 47.8 67.2 44.5 1.07 1.51
B3-FRP-V 305 90 9.0 124 30.9 67.2 31 0.99 2.16
B4-FRP-V 191 90 9.0 124 44.6 67.2 35.5 1.25 1.89
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Table 6: Comparison between experimental results [90] and analytical results.

Symbols Sf (mm) θ° ∅f (mm) Ef (GPa) f1
f (kN) f2

f (kN) f
exp
f (kN) f1

f/f
exp
f f2

f/f
exp
f

B90-6a-VIII 115 90 8.0 210 70.6 92.8 58.3 1.21 1.59
B90-6b-VIII 115 90 8.0 124 67.4 92.8 55 1.22 1.68
B90-3a-VIII 230 90 8.0 210 43.0 70.6 11 3.90 6.41
B90-3b-VIII 230 90 8.0 124 45.6 70.6 6.3 7.23 11.20
B45-6a-VIII 115 45 8.0 210 56.3 171.2 74.2 0.75 2.30
B45-6b-VIII 115 45 8.0 124 66.1 171.2 98.2 0.67 1.74
B45-3a-VIII 230 45 8.0 210 55.8 72.1 40.2 1.38 1.79
B45-3b-VIII 230 45 8.0 124 48.1 72.1 81 0.59 0.89
S90-6a-VIII 115 90 8.0 210 59.6 73.9 75.8 0.78 0.97
S90-6b-VIII 115 90 8.0 124 56.9 73.9 38.9 1.46 1.89
S90-3a-VIII 230 90 8.0 210 35.1 52.7 10.5 3.34 5.01
S90-3b-VIII 230 90 8.0 124 37.2 52.7 20.4 1.82 2.58
S45-6a-VIII 115 45 8.0 210 52.8 133.1 77.1 0.68 1.72
S45-6b-VIII 115 45 8.0 124 62.0 133.1 106.4 0.58 1.25
S45-3a-VIII 230 45 8.0 210 49.6 58.4 58.1 0.85 1.00
S45-3b-VIII 230 45 8.0 124 42.8 58.4 98 0.43 0.59
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Figure 6: Effect of the elastic modulus of epoxy on the contribution of the NSM FRP shear strengthening technique (the experimental FRP
contribution gained from [26]).

Table 5: Comparison between experimental results [112] and analytical results.

Symbols Sf(mm) θ° af(mm) bf (mm) Ef(GPa) f1
f(kN) f2

f(kN) f
exp
f

(kN) f1
f/f

exp
f

f2
f/f

exp
f

VR-VII 160 90 3.46 3.46 235 26.2 23.9 33.41 0.78 0.71
IR-VII 240 45 3.46 3.46 235 30.8 16.9 53.94 0.57 0.31
VRA-VII 160 90 3.46 3.46 235 26.2 23.9 39.88 0.65 0.59
IRA-VII 240 45 3.46 3.46 235 30.8 16.9 63.82 0.48 0.26
VRA-VII 160 90 3.46 3.46 235 26.2 23.9 29.4 0.89 0.81
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while some of these were not investigated elsewhere such as
the distance between existing shear reinforcement and SNM
rods [113]. Generally, this powerful tool can more widely be
used to investigate more parameters such as the percentage

of steel stirrups against the percentage of NSM FRP rods and
optimum distribution of FRP reinforcement along the beam.
Numerical simulation is also needed to extend the parameter
ranges outside those used in the experimental works.
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Figure 7: Effect of the percentage of the FRP for different reinforcement inclination angles on the contribution of the NSM FRP shear
strengthening technique (the experimental FRP contribution gained from [27]).
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9. Conclusions

*is paper has provided a review of the current research on
CFRP strengthened concrete beams with NSM technique in
shear. Significant amounts of information and explanations
of the existing researches on the NSM FRP strengthening of
concrete beams have been provided. *e important con-
clusions drawn from the reviewed studies can be summa-
rized as follows:

(i) Although the bond between NSM FRP reinforcement
and concrete substrate is well investigated, some de-
bate is still ongoing on the selection of the real failure
mode. Some researchers tend to present several failure
modes because they look essential to the final ap-
pearance of the specimens, while others preferred to
indicate only the conditioning failure mode.

(ii) Regarding the parameters that can influence the
shear contribution of NSM FRP strengthening
technique, it seems that most of these parameters
are well covered. However, some of those still need
deep investigation to remove the debate about that,
such as the shape of NSM FRP reinforcement, in-
clination of NSM reinforcement, and percentage of
the existing steel stirrups.

(iii) *e most common failure mode of NSM FRP
strengthened RC beams is the failure at the interface
between NSM FRP reinforcement and adhesive
layer, whereas the fracture of the concrete substrate
surrounding groove is also commonly observed
when normal or low concrete is used.

(iv) *e study also considered a large number of ex-
perimental works to evaluate the contribution of

NSM strengthening in shear using formulations
found in the literature. It appealed that the formula
suggested by Dias and Barros [75] reasonably agrees
with the experimental results with 9% of
conservation.
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