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Shear Strengthening of RC Beams with NSM FRP — Influencing Parameters
and A Theoretical Model
Amir Mofidi, Lijuan Cheng, Omar Chaallal, Yixin Shao

Synopsis: This paper evaluates the influence of the key parameters on the shear behavior of reinforced concrete (RC)
beams retrofitted in shear using near-surface mounted (NSM) fiber-reinforced polymers (FRP) laminates and rods.
The commonly observed debonding failure is considered in the study. The principal bond related parameters are
examined, including the FRP effective bond length, the NSM FRP to concrete bond relation and the pull-off force of
NSM FRP bonded from concrete surface. It is found that unlike the beams strengthened with externally bonded (EB)
FRP, the effect of the existing transverse steel shear reinforcement on the shear contribution of FRP is not significant
and should not be considered by the design models. The existing experimental results in the open literature also show
that the internal steel shear reinforcement and the strengthening NSM FRP do not diminish each other’s contributions
to the shear resistance of the RC beam. To precisely predict the shear contribution of NSM FRP of the strengthened
RC beams corresponding to the debonding failure, a new prediction method is proposed in this study to consider the
most influencing factors on the shear contribution of NSM FRP (Vf). The accuracy of the proposed equations is verified
by comparing the predictions with the shear strength of a series of experimentally tested RC beams from the literature.
Moreover, a comparison with other existing models shows that the proposed model achieves a better correlation with
the experimental data than the other existing equations.
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INTRODUCTION
Rehabilitation of existing reinforced concrete structures using advanced composites has gained much attention among
researchers and engineers in recent decades. In addition to other strengthening methods, rehabilitation of reinforced
concrete beams using Near-Surface Mounted (NSM) Fiber-Reinforced Polymers (FRP) has received noticeable
attention. Use of NSM steel rods grouted to a bridge slab to strengthen the slab in flexure was first proposed by
Asplund [1]. Later, Nanni et al. [2] used NSM FRP rods to strengthen a highway bridge in flexure. The use of NSM
FRP reinforcement for strengthening RC beams and slabs in flexure is well established. In recent years, an outstanding
research effort has been undertaken with a view to understand the behavior of NSM FRP used for shear strengthening
of concrete structures. However, because of its complexity, the shear strengthening of RC members with NSM FRP
requires further investigation. Between 2001 and 2015, many research studies on the shear strengthening of RC beams
with NSM FRP composites were carried out [3-15]. The results of these studies led to different design equations and
analytical models to predict the shear contribution of NSM FRP. However, several major influencing parameters
related to the shear strengthening using NSM FRP have not been captured by those existing theoretical predictive
tools.
The first category of the major influencing parameters is related to the formulation of the bond behavior of NSM FRP
to concrete. In general, the bond behavior of FRP should be calculated in association with a logical and accurate bond
model between NSM FRP and concrete surface. So far, different bond models have been proposed by researchers, but
the bond models have not been incorporated into practical equations for the current design models.
The second category of key influencing parameters is related to the anchorage length of the NSM FRP. In general, the
effective anchorage length of NSM FRP is significantly longer than that of Externally Bonded (EB) FRP. Therefore,
the effective anchorage length of the NSM FRP might not be provided for all of the strengthening NSM FRP installed
in RC beams’ web. This effect has not been recognized and addressed so far in the existing studies related to shear
strengthening with NSM FRP.
The third category is related to the effect of existing shear transverse steel reinforcement (stirrups) on NSM FRP
debonding. Recent findings have highlighted the effect of shear steel reinforcement on FRP contribution in shear
strengthening with EB FRP [e.g., 16-18]. Although this effect was claimed insignificant in previous studies on RC
beams shear strengthened with NSM FRP [3, 15], these parameters are insufficiently documented. Whether or not a
quantifiable relationship exists is doubtful between the transverse steel reinforcement and NSM FRP shear
contribution.
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In this regard, after a review of the most influential parameters introduced earlier on the debonding failure mode of
RC beams strengthened with NSM FRP, a new prediction tool that considers the most effective factors on the
contribution of FRP to the shear resistance is proposed in this paper.
RESEARCH SIGNIFICANCE
Several important questions still remain unanswered regarding the bond behavior and debonding failure mode of RC
beams strengthened in shear using NSM FRP. Under the motivation of these research needs, this study aims at
evaluating the effect of influencing parameters that have not been sufficiently documented in the current literature and
design models. The possible effect due to internal transverse steel reinforcement on NSM FRP shear contribution is
also investigated. Based on the results of this study, a theoretical model with practical equations is proposed for
predicting the shear resistance of NSM FRP-strengthened RC beams. The accuracy of the proposed equations is
verified using a large set of experimental data in the literature. The proposed model is also compared with other design
models in the existing literature to demonstrate its unique advantages.
CONTRIBUTION OF NSM FRP TO SHEAR RESISTANCE
The nominal shear resistance at the ultimate limit state, Vn, of RC beams retrofitted in shear with NSM FRP is generally
calculated simply by adding the contribution of FRP to the shear resistance, Vf, to that of concrete, Vc, and of steel, Vs,
as follows:
(1)
Vn = Vc + Vs + Vf
The contributions of concrete and transverse steel are calculated using the design guidelines for non-strengthened RC
structures, assuming that the FRP strengthening does not influence the shear contribution of the concrete or of the
transverse steel reinforcement. To calculate the FRP contribution to shear resistance, most existing models [e.g., 5,
12] use the same truss analogy as that used to calculate the contribution of steel stirrups. Thus, the shear contribution
of FRP is obtained by multiplying the ultimate vertical stress in the NSM FRP by the area of the NSM FRP laminates
or rods that cross a potential shear crack. All the NSM FRP that are intersected by the selected shear crack are assumed
to contribute the same to the FRP effective strain. However, a question remains to be answered, whether the anchorage
length of all NSM FRP intersected by the crack is sufficient to effectively contribute to the shear resistance at the
ultimate? The important concept of NSM FRP effective bond length, defined as the length beyond which the bond
capacity remains constant, plays a key role to answer this particular question. In the next section, the key parameters
influencing the bonding capacity of the NSM FRP to concrete including the effective bond length of NSM FRP are
discussed. The findings will help to better understand the shear behavior of RC beams strengthened with NSM FRP
including the abovementioned key question, and to develop a rational, accurate and practical model to predict the
shear behavior of RC beams strengthened with NSM FRP laminated and rods.
IMPORTANT FACTORS INFLUENCING NSM FRP DEBONDING IN SHEAR
The debonding of FRP is reported to be the most likely governing failure mode for RC beams shear-strengthened with
NSM FRP. However, most of the existing analytical models for shear strengthening of RC beams with NSM FRP do
not use any bond models to predict the debonding of NSM from concrete. The existing analytical models still use
fixed values or empirical equations to calculate FRP strain. In order to better investigate the parameters related to
bonding of NSM FRP to concrete as well as other influencing parameters observed during the experiments, a database
of 69 RC beams shear strengthened with NSM FRP laminates and rods is selected (see Mofidi et al. [15] for the
database). The database includes most of the relevant data in the existing literature of the tested beams strengthened
with NSM FRP varying in geometric properties of the test specimens and FRP composites, the elastic and mechanical
properties of the materials used, the load at failure (Vtotal), and the contribution of the FRP to shear resistance (Vf).
Figure 1 shows the number of beam specimens using NSM FRP laminates and rods among the 69 RC beams in the
database with respect to each observed failure mode. The failure modes are abbreviated as follows: transverse concrete
cover splitting (CSF), longitudinal cover detachment or splitting (LCS), FRP debonding (DBN), FRP fracture (FFF),
diagonal tension failure (DTF), concrete crushing (CCF), and flexural failure (FLX). It can be seen that, among the
specimens using NSM FRP laminates and rods, the debonding is the most probable failure mode, i.e., 43% of the
beam specimens failed due to this type of mode. Thus, the bond characteristics of NSM FRP-concrete interface is
among the most important parameters that should be investigated but have not yet been captured by most existing
design models. It is believed that an inclusive, rational, and practical model is attainable given the body of research in
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the field. Before developing such a conceptual model, a brief review of the influencing factors is provided in this
section.
Bond model
Several researchers have proposed various bond models based on experimental studies on NSM FRP to concrete joint tests.
De Lorenzis [19] conducted valuable tests considering different FRP material, shape and groove configuration on NSM
FRP rods-to-concrete joints. She proposed different local bond stress-slip relationships for NSM FRP-to-concrete joints
for different test variables. It was concluded that a general bond-slip model that considers geometry and material property
functions should be developed [20]. Seracino et al. [21] proposed a generic analytical model to predict the debonding
resistance of adhesively bonded plate-to-concrete joint using an idealized linear-softening local interface bond-slip
relationship, which is applicable to NSM FRP-concrete joints. It should be noted that most of the existing design equations
to predict the shear contribution of NSM FRP for shear strengthened RC beams do not incorporate a logical bond model.
Effective strain
Assuming that the NSM FRP reinforcement carries only normal stresses in the principal FRP material direction, NSM
FRP may be treated by a similar analogy to the transverse steel stirrups. In this case, all FRP laminates or rods intersected
by the selected shear crack are assumed to contribute the same to the FRP effective strain (if certain anchorage length is
provided for all NSM FRP intersected by the crack). The effective strain, εfe, in the principal material direction is in general
less than the tensile strain at failure, εfu.
In recent years, researchers have proposed various equations to calculate this effective strain, εfe [e.g., 5, 10 and 11].
However, none of the existing equations incorporates a reliable bond model. In the new model proposed in this study,
taking advantage of a state-of-the-art bond model by Seracino et al. [21], the effective strain in the FRP is calculated using
the equilibrium conditions in the NSM FRP rods or laminates. Prior to debonding, the force in the FRP is equal to the
maximum bonding force between the FRP and the concrete surface (taken equal to the pull-off force, Pfb, calculated using
the model by Seracino et al. [21]). The force that can be developed in the NSM FRP on one side of the beam can be
calculated using the bond model. The effective strain corresponding to FRP debonding is calculated afterwards as follows:
Pfb = Af.Ef .εfe

(2)

It follows that:

ε fe =

Pfb

(3)

Af .E f

FRP effective anchorage length
Empirically, for NSM FRP with an FRP anchorage length greater than the effective bond length, the ultimate tensile force
is limited to the force corresponding to the effective anchorage length. This implies that the bond capacity does not increase
constantly and boundlessly with the bond length. This explains the rationale behind the important concept of effective
bond length, defined as the length beyond which the bond capacity remains constant.
For NSM FRP laminates, Seracino et al. [21] proposed equations based on a bi-linear fracture mechanics model to calculate
the effective bond length as follows:

Lef =

π
2λ

τ L
λ 2 = max per
δ max E f Af

(4)
(5)

where τmax and δmax are, respectively, the maximum shear stress and the maximum slip, assuming a bilinear bond-slip
relationship at the concrete-epoxy interface. The maximum shear stress and maximum slip are calculated on the basis of
an empirical equation extracted from a statistical analysis [22]. That is,
τ max = (0.802 + 0.078ϕ f ) f c′ 0.6

δ max =

(6)

0.976ϕ f 0.526
0.802 + 0.078ϕ f
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where units of Newton and millimeter are used (1 Newton is equal to 0.225 Pound-force and 1 mm is equal to 0.039 inches).
ϕf is the debonding-failure plane aspect ratio that is equal to (df )/(bf). df is the length of the failure plane perpendicular to
the concrete surface, which for NSM plates is taken to be the depth of the groove plus 1 mm (0.039 inches). bf is the length
of the failure plane parallel to the concrete surface (at the FRP-concrete interface), which for NSM laminates and rods is
taken to be the width of the groove plus 2 mm (0.078 inches). The width and depth of the groove in this study are taken as
1.5 times the rod diameter based on pull-off tests of Wiwatrojanagul et al. [13]. The other important parameter in Eq. (5)
is Lper, which is the debonding failure plane in the cross-section and is set equal to (2df + bf) under the assumption that the
effective bond length (Lef) of the FRP laminates or rods is fully available.
The maximum available FRP anchorage length, Lmax, is a parameter dependent on the RC beams size. In fact, Lmax is limited
by the concrete beam’s cross-sectional size and is equal to dv /2sinα, where dv is the effective shear depth and can be taken
as the greater of 0.72h and 0.9d as per CSA/S806 [23]. This is due to the fact that for NSM FRP laminates and rods the
bond lengths should be sought on both sides of the major crack line to ensure a successful bond. Based on the data gathered,
of all strengthened RC beams in the database, only in 17% of the beams the available anchorage length of at least one
NSM FRP is attainable (Lmax ≥ Lef) in both sides of the principle shear crack. This means that in the majority of the
specimens (83%) none of the NSM FRP laminate or rods reached the maximum bonding capacity prior to debonding since
Lmax < Lef. In the most recent design models for shear strengthening of RC beams with externally-bonded (EB) FRP fabrics,
the fibers that do not have an anchorage length longer than the effective length are disregarded in calculations of shear
contribution of EB FRP [e.g., 24-25]. However, in beams strengthened with NSM FRP, in the majority of specimens none
of the NSM FRP reached the effective anchorage length of the laminates or rods. This is due to the fact that the effective
length of NSM FRP laminates and rods are considerably longer compared to that of the EB FRP fabrics and strips. The
average calculated effective length of the NSM FRP gathered in our database is 263 mm, whereas the average effective
length of the EB FRP fabrics and strips gathered by Mofidi and Chaallal [25] is 90 mm. Therefore, it is imperative to find
a way to calculate the contribution of NSM FRP to the shear resistance when the anchorage length of the NSM FRP
intercepted by the major shear crack is smaller than the effective bond length of the NSM FRP. The newly proposed model
presented in the following section considers a solution to address this issue in beams with Lmax < Lef.
Transverse steel
Experimental tests have revealed that EB FRP composites are less effective when beams are heavily reinforced with
internal shear-steel reinforcement [26-27]. It has been clearly established that the effectiveness of the strengthening FRP
changes with the amount of internal shear-steel reinforcement. In this regard, design equations to calculate the shear
contribution of EB FRP have been proposed that incorporate the diminishing effect of the existing shear-steel
reinforcement [23-24]. A question to be answered is whether or not a similar diminishing effect by the shear-steel
reinforcement applies to the NSM FRP? In order to answer this question, the average variations in the FRP shear
contribution for NSM-strengthened RC beams in the database are plotted against the different ranges of internal steel
stirrup ratios in Figure 2. The ratio is defined as ρsv =Asv /(bw×s), where Asv and s are the total area of the cross-section and
the spacing of the transverse steel reinforcement. The specimens are categorized in four groups: RC beams with no steel
stirrups (ρsv = 0); RC beams with light transverse steel reinforcement (ρsv < 0.125); RC beams with moderate transverse
steel reinforcement (0.125 ≤ ρsv ≤ 0.175); and RC beams with heavy transverse steel reinforcement (ρsv > 0.175).
It can be seen that the average NSM FRP shear contribution increases slowly when the steel shear reinforcement ratio
increases up to 0.175. Unlike the EB FRP method, the presence of the internal steel stirrups does not seem to adversely
affect the contribution of FRP to the shear resistance in the NSM method. As opposed to what is observed in the EB FRP
method, the highly stressed areas around NSM FRP do not significantly overlap and interact with the highly stressed areas
around the existing steel stirrups. This is mainly due to the fact that the location of the NSM FRP reinforcement is generally
taken with distance away from the location of steel stirrups to avoid possible damage to the existing steel stirrups during
groove cutting for NSM FRP. Therefore, the bond quality between the NSM FRP and the concrete is not compromised by
the presence of the steel stirrup. Moreover, the presence of steel stirrups in those beams eases the stresses in the NSM FRP
laminates or rods and the adjacent concrete zones as compared to similar beams without internal stirrups. These findings
are particularly in correlation with the experimental results obtained by De Lorenzis and Nanni [3] and Mofidi et al. [15],
where the presence of the transverse steel shear reinforcement is one of the test variables.
To verify lack of considerable interaction between the internal transverse steel reinforcement and the NSM FRP used
for strengthening of RC beams in shear, experimental results of 6 beams reported in Mofidi et al. [15] are analyzed in
more depth. In this study, the control specimens not strengthened with carbon FRP rods are labeled as CON. The
specimens labeled as NR are RC T-beams with no internal transverse steel stirrups. The specimens labeled as MR
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(moderately reinforced with internal transverse steel reinforcement) and HR (heavily reinforced with internal
transverse steel reinforcement) have steel stirrups spaced at s = 3d/4 for MR and s = d/2 for HR, where d = 350 mm
is the effective depth of the beam cross-section. The specimens strengthened with NSM are labeled as NSM. The
spacing between the NSM FRP rods is 130 mm for all strengthened specimens. The experimental contributions of
transverse steel and NSM FRP reinforcement are calculated as the sum of the contributions corresponding to the
stirrups and NSM FRP rods crossing the plane of rupture, respectively.
In order to further investigate this effect, the FRP shear contribution of each strengthened specimen with respect to
the applied shear is displayed in Figure 3. It can be seen from Figure 3 that among the strengthened beams that failed
in shear (NR-NSM and MR-NSM), the shear contribution of FRP is slightly greater in the specimen with transverse
steel reinforcement compared to that of the specimen without transverse steel reinforcement (44 kN versus 39 kN,
correspondingly). This indicates that Vf does not decrease with the addition of the steel stirrups. Therefore, it can be
concluded that the presence of the transverse steel reinforcement does not have a diminishing effect on the NSM FRP.
Figure 4 shows the transverse steel contribution to the shear capacity (Vs) with respect to the applied shear force on
the beams under 3-point static loading (slender beams). When comparing Vs of a strengthened beam with that of the
corresponding control beam, the presence of the gray zones (MR and HR zones) can be attributed to the addition of
the NSM FRP to the strengthened specimens (Figure 4). As the FRP is added to a strengthened specimen, the strain
in the transverse steel reinforcement (and hence the shear contribution of steel) is eased downed compared to that in
the corresponding control specimens. The difference in the shear contribution of the transverse steel reinforcement
between the strengthened specimen and the control specimen of each series (MR and HR series) while the applied
shear is between 100 kN to 250 kN (1 kN is equal to 0.225 kip) creates the gray zones corresponding to each beam
series (Figure 4). It is clear that the difference in the shear contribution of similar strengthened and control specimens
can be attributed to the strengthening NSM FRP material. The similarity of the two zones implies that the differences
in the ratio of transverse steel reinforcement do not affect the shear contribution of FRP significantly (Vf).
On the other hand, it is instructive to investigate whether the presence of the NSM FRP diminishes the effectiveness
of the existing steel shear reinforcement. Figure 4 reveals that Vs is greater in the control specimens when the applied
shear is between 100 kN to 250 kN. However, prior to failure, Vs is greater in the strengthened specimens compared
to their corresponding control specimens. It can be concluded that the addition of the NSM FRP does not attenuate
the shear contribution of the transverse steel reinforcement.
Based on the results of this section, a new model is proposed to calculate the shear contribution of FRP due to
debonding of NSM FRP that is independent of the existing steel shear reinforcement properties of the RC beam. This
is due to the fact that such interaction between the existing steel shear reinforcement and strengthening FRP, which
was previously observed and rationalized by researchers for RC beams strengthened with EB FRP, do not exist for
specimens strengthened in shear with NSM FRP.
PROPOSED THEORETICAL MODEL
In this section, a new theoretical model with practical equations is developed for predicting the shear contribution of
NSM FRP of RC beams strengthened in shear using NSM FRP laminates and rods. The proposed equations account
for various key parameters discussed previously. The new model proposed in this article is a modification to the model
proposed by Mofidi et al. [15] in terms of ease of use, precision of the predicted results, and calculation method of the
sum of NSM FRP that effectively contribute to the shear resistance at the ultimate debonding failure (nf).
The shear force resisted by the NSM FRP can be calculated as the sum of the forces resisted by the intersected NSM
FRP laminates and rods by the major shear crack that effectively contribute to the shear resistance at the ultimate
failure, i.e.,

V f = 2∑ Af f f =2nf Af Ef εef

(8)

where Af is the cross-sectional area of the laminates or rods; ff is the ultimate vertical tensile stress in the NSM FRP
laminates or rods at the crack; and Ef is the modulus of elastic of the NSM FRP.
As mentioned earlier the effective strain of NSM FRP laminates and rods with anchorage length greater than the
effective length can be calculated using the pull-off force (Pfb) of the NSM FRP proposed by Seracino et al. [21] bond
model as follows:
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Pfb = 0.85ϕ f 0.25 ⋅ f c′ 0.33 Lper E f Af

(9)

Hence, substituting the above equation in Eq. (3), the effective strain in the effectively bonded NSM FRP laminates
and rods (minimum anchorage length is equal to Lef) can be calculated using the following equation:

ε ef =

0.4ϕ f 0.25 ⋅ f c′ 0.33 Lper
E f Af

(10)

As suggested by Seracino et al. [21], the pull-off force of the NSM FRP is a linear function of the smaller bond length
of NSM FRP laminates or rods, where the effective bond length represents the upper bound of FRP bond length. The
calculated pull-off force by Eq. (9) is valid under the assumption that the effective bond length (Lef) of the FRP
laminates or rods is fully available. As discussed earlier, for RC beams strengthened in shear with NSM FRP in the
database, the effective length of the FRP was only physically available for 17% of the specimens (depending on the
geometry of the concrete cross-section and the inclination of the NSM FRP). Considering the physical availability of
the effective anchorage length, it is important to know the number of the NSM FRP laminates and rods that effectively
contribute to the shear resistance at the ultimate failure for the following two cases:
(1) If

dv
≥ Lef :
2sinα

In the case where Lmax ≥ Lef, the maximum FRP stress occurs in those NSM FRP that have a bond length at least equal
to the effective bond length. After a major shear crack propagates through a beam’s cross section, only the NSM FRP
that have an anchorage length greater than the FRP effective length remain adequately anchored. Therefore, a certain
number of the NSM FRP laminates or rods (nf) reach their maximum bonding capacity. These NSM FRP laminates
or rods are the only strengthening NSM FRP that contribute to the shear resistance until the ultimate failure due to
debonding. The other NSM FRP laminate or rods that are not anchored at least as long as the effective bond length
will debond prior to the ultimate failure. The later NSM FRP should not be considered in the calculation of the shear
contribution of FRP, regardless of the fact that they intersect the major shear crack. On the other hand, for NSM FRP
with anchorage lengths greater than Lef, nf is calculated from the following equation which calculates the total number
of the NSM FRP intercepted by the major shear crack subtracted by the number of NSM FRP with anchorage length
smaller than Lef as follows:
nf = 1+

d v − ( Lef sin α )

(11)

sf

where (dv – Lef /sinα)/sf is the number of spacings between the NSM FRP that effectively contribute to the shear
resistance at the ultimate.
(2) If

dv
< Lef
2sinα

In the case where Lmax < Lef, the anchorage length of none of the NSM FRP are as long as the effective bonding length.
However, FRP stresses still develop in the NSM FRP intersected by the major shear crack. The amount of the NSM
FRP stresses are in direct relation with the smaller anchorage length of the NSM FRP with respect to the shear crack
intersection point. On each side of the major shear crack, one NSM FRP contributes to the shear resistance with the
longest anchorage length compared to the other NSM FRP until the ultimate debonding failure occurs. At the ultimate
failure only the NSM FRP with the longest anchorage length at each side of the crack will effectively contribute to
the shear resistance. The developed FRP stress at ultimate in the two NSM FRP (one NSM FRP each side of the major
shear crack) is a ratio of the maximum FRP stresses calculated by the Seracino et al. [21] model. The later ratio is
equal to total length of NSM FRP with longer anchorage lengths on each side of the major shear crack (dv/sinα-kpsf)
divided by effective bond length of the FRP. Therefore, the equivalate number of the NSM FRP that can reach
maximum FRP strain (Eq. 3) can be calculated as follows:

nf =

dv

− k ps f
sinα
Lef
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where kp is an empirical coefficient regarding the spacing between the NSM FRP with the longest anchorage length
on each side of the principle shear crack based on the available test results in our database of RC beams strengthened
in shear with NSM FRP which is equal to 0.9 and 0.5 for NSM FRP laminates and rods, respectively.
VALIDATION OF THE PROPOSED MODEL
In this section, the predicted Vf by the proposed model for the specimens in the database are compared with the
experimental results. Certain specimens are not considered in the comparison for the following reasons: 1) the NSM
FRP did not contribute considerably to shear resistance; 2) the specimens failed due to unrelated failure modes to the
shear failure; and 3) the specimens benefited from a special anchorage of NSM FRP.
The accuracy of the proposed model to calculate Vf is demonstrated by the comparison with that of the existing design
models by De Lorenzis and Nanni [3], Dias and Barros [10], and Anwarul Islam [11] (Table 1). It should be noted
that the model by De Lorenzis and Nanni [3] can only predict results of RC beams strengthened with NSM FRP rods.
The model proposed by Dias and Barros [10] can only predict results for RC beams strengthened with NSM FRP
laminates. For more details on the comparison of calculated results by De Lorenzis and Nanni [3], Dias and Barros
[10], and Anwarul Islam [11] with experimental results see Mofidi et al. [15]. Figures 5 to 7 compare the predicted
values of shear contribution of NSM FRP using the proposed model (Vf cal) with the experimental results (Vf exp) of all
strengthened specimens for NSM laminates and NSM rods, respectively. It can be seen that the proposed model’s
accuracy is superior to the existing design models (overall R2 = 0.64). When the FRP laminate and rod cases are
considered separately, the proposed model predicts Vf for strengthened beams with R2 = 0.67 and R2 = 0.65 for beams
with laminates and rods, respectively.
SUMMARY AND CONCLUDING REMARKS
The major parameters affecting the shear contribution of NSM FRP and the role of these parameters in the shear behavior
of RC beams strengthened with NSM are evaluated in this paper. The assessment using the existing experimental results
in the database shows that parameters such as effective bond length and effective strain of NSM FRP play a key role to
predict the behavior of shear-strengthened RC beams with NSM FRP. A logical bond model, which is currently lacked in
most existing design models, is found to be a necessity to predict the shear contribution of NSM FRP. On the basis of this
effort, a new design model is proposed for predicting the shear contribution of NSM FRP, using a state-of-the-art bond
model proposed by Seracino et al [21]. The effectiveness of the proposed method is demonstrated using the experimental
results available in the literature. The proposed model showed a superior correlation with experimental results in
comparison with other existing models. From this study, the following conclusions can be drawn:
•

The influence of conventional transverse-steel shear reinforcement on the contribution of NSM FRP to shear
resistance is proved to be insignificant. The experimental results by the authors and analysis of the results in
the database shows that, unlike what it was observed for RC beam strengthened with EB FRP, the interaction
between the existing shear steel reinforcement and NSM FRP hardly exists;

•

A new approach in predicting the NSM FRP shear contribution is proposed, where only the NSM FRP
laminates and rods that effectively contribute to the shear resistance at the ultimate are considered; and

•

In the proposed model, only NSM FRP laminates or rods that are anchored with minimum effective bond
length of NSM FRP are considered. If based on the geometry of the RC beam none of NSM FRP are
anchored with minimum Lef, only one NSM FRP on each side of the principle crack with the longest
anchorage length is considered in predicting the Vf.
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LIST OF NOTATIONS
The following symbols are used in this paper:
= cross-sectional area of NSM FRP;
Af
= cross-sectional area of steel stirrups;
Asv
= the length of the failure plane parallel to the concrete surface (at the FRP/concrete interface);
bf
d
= effective depth of the RC beam’s cross-section;
= the length of the failure plane perpendicular to the concrete surface;
df
= the greater of 0.72h and 0.9d;
dv
= modulus of elasticity of NSM FRP;
Ef
= ultimate vertical tensile stress in NSM FRP;
ff
h
= RC beam’s cross-sectional height;
= empirical coefficient regarding the spacing between effective NSM FRP when Lmax < Lef ;
kp
= effective length of NSM FRP;
Lef
= maximum available anchorage length;
Lmax
= the debonding failure plane in the cross-section;
Lper
= number of NSM FRP effectively contributing to the shear resistance at the ultimate failure;
nf
= pull-off force of NSM FRP bonded to concrete;
Pfb
s
= the spacing of the transverse steel reinforcement;
= the shear contribution of concrete;
Vc
= the shear contribution of NSM FRP;
Vf
= calculated shear contribution of NSM FRP;
Vf cal
= experimental shear contribution of NSM FRP;
Vf exp
= nominal shear resistance at the ultimate limit state;
Vn
= the shear contribution of existing steel shear reinforcement;
Vs
= the shear contribution of NSM FRP;
Vtotal
α
= NSM FRP inclination;
δmax
= maximum slip assuming a bilinear bond-slip relationship at concrete/epoxy interface;
= NSM FRP effective strain;
εfe
= ultimate strain of FRP
εfu
ϕf
= debonding-failure plane aspect ratio;
= Asv /(bw×s);
ρsv
τmax
= maximum shear stress assuming a bilinear bond-slip relationship at concrete/epoxy interface.
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Table Captions
Table 1 Accuracy of the predicted Vf of the existing models when compared to the existing experimental results.

Figure Captions
Figure 1 Number of tested specimens in the database versus failure modes with regards to cross-sectional shape of
FRP NSM reinforcement
Figure 2 Average FRP shear contribution of specimens with regards to the internal steel stirrup reinforcement ratios
Figure 3 Shear contribution of NSM FRP (Vf) versus the applied shear
Figure 4 Shear contribution of transverse steel reinforcement (Vs) versus the applied shear
Figure 5 Calculated results using the proposed model versus experimental results considering all strengthened
specimens with NSM FRP laminates and rods
Figure 6 Calculated results using the proposed model versus experimental results considering strengthened
specimens with NSM FRP laminates only
Figure 7 Calculated results using the proposed model versus experimental results considering strengthened
specimens with NSM FRP rods only
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Table 1— Accuracy of the predicted Vf of the existing models when compared to the existing experimental results.

Proposed model
De Lorenzis and
Nanni (2001)
Dias and Barros
(2013)
Anwarul Islam
(2009)
1:
2:

R2 (all specimens)

R2 (NSM Laminates)

R2 (NSM Rods)

Vfcal / Vfexp

0.64

0.67

0.65

0.80

-

-1

0.34

0.90

-

0.44

-2

1.17

< 0.10

< 0.10

< 0.10

1.91

De Lorenzis and Nanni (2001) model can only predict Vf for beam strengthened with NSM FRP rods.
Dias and Barros (2013) model can only predict Vf for beam strengthened with NSM FRP laminates.
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Figure 1 — Number of tested specimens in the database versus failure modes with regards to cross-sectional shape
of FRP NSM reinforcement.
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Figure 2 — Average FRP shear contribution of specimens with regards to the internal steel stirrup reinforcement
ratios (1 kN is equal to 0.225 kip).
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Figure 3 — Shear contribution of NSM FRP (Vf) versus the applied shear (1 kN is equal to 0.225 kip).

Figure 4 — Shear contribution of transverse steel reinforcement (Vs) versus the applied shear (1 kN is equal to 0.225
kip).
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Figure 5 — Calculated results using the proposed model versus experimental results considering all strengthened
specimens with NSM FRP laminates and rods (1 kN is equal to 0.225 kip).
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Figure 6 — Calculated results using the proposed model versus experimental results considering strengthened
specimens with NSM FRP laminates only (1 kN is equal to 0.225 kip).
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Figure 7 — Calculated results using the proposed model versus experimental results considering strengthened
specimens with NSM FRP rods only (1 kN is equal to 0.225 kip).
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