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Abstract
In this study, a robust three-dimensional finite element (FE) model has been developed for reinforced concrete beams 
strengthened in shear with near surface mounted (NSM) carbon fibre reinforced polymer (CFRP) rods. The FE models were 
developed and validated against existing experiments and presented various nonlinear constitutive material laws and interfa-
cial relations. A detailed parametric study was performed to investigate the effects of various parameters on the performance 
of strengthened member. It was shown that increasing the concrete compressive strength ( f

c

′ ) from 20 to 50 MPa, leads to 
an increase in the beam’s ultimate load and contribution of NSM CFRP reinforcement. While for NSM reinforcement ratio 
( �

f
 ), the ultimate load slightly increased when �

f
 is 0.14–0.22%, and then increased by 11% in average when �

f
 increased to 

0.28%. Varying the percentage of existing steel stirrups ( �
sw

 ) from 0.11 to 0.36%, leads to an increase in ultimate load from 
8 to 15% compared to the control un-strengthened specimen. However, the further increase in �

sw
 (more than 0.36%) caused 

a reduction in the contribution of NSM CFRP technique because of the changing in the failure mode. The distance between 
existing steel stirrups and NSM reinforcement does not affect the behaviour. In addition, the model predictions were used to 
evaluate several design formulas available in the literature for this technique. It was found that some theoretical equations 
were conservative as long as the governing failure mode is shear.

Keywords NSM FRP technique · Shear · Finite element method · RC beam · Debonding · Bond-slip law

1 Introduction

The use of fibre reinforced polymer (FRP) material in the 
construction industry has seen a steady growth over the last 
few decades, in various applications such as in construc-
tion of new structures or repair/upgrade of old ones. Due 

to their excellent attributes such as high tensile strength, 
corrosion resistance, good fatigue performance, and ease 
of handling and installation [1, 2], FRP composites have 
been used extensively and successfully in strengthening and 
repairing members deficient in axial, shear, bending, or tor-
sion [3–6]. Externally bonded FRP (EB FRP) reinforcement 
such as sheets or plates is used widely to retrofit concrete, 
steel and masonry structures. One of the prominent uses of 
EB FRP reinforcement is the shear strengthening of rein-
forced concrete (RC) beams/girders, which typically require 
strengthening due to insufficient shear strength or due to 
flexural upgrade [7].

EB FRP shear reinforcement can be applied to cover only 
the beam sides (side bonding); sides and bottom (U-jack-
eting); or all four faces (complete wrapping) [8]. Over the 
last two decades, shear retrofit with EB FRP has established 
a strong popularity due to extensive experimental works, 
numerical and analytical studies, field applications, and 
attention in code provisions [7–13]. Experimental tests 
have reported a significant increase of shear capacity for 
concrete beams strengthened with EB FRP ranging from 
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29 to 135% [1–12], in comparison with un-strengthened 
specimens. Governing parameters were also examined 
extensively, including number of strips, inclination angle, 
spacing between strips, adhesive type, and anchorage [7].

Another use of FRP reinforcement is in the near surface 
mounted (NSM) strengthening system, referred to for brev-
ity as NSM FRP, which gained a wide attraction and proved 
to be a viable option for retrofit of concrete structures [3, 
14, 15]. When compared to EB FRP, NSM FRP technique 
has a number of advantages including lower demands for 
surface preparation and better protection against environ-
mental exposure and damage by fire, impact, vandalism [7, 
15]. In flexural retrofits of negative moment regions, NSM 
is favoured over EB, which is typically subject to mechani-
cal and environmental damage [15]. While in shear retrofits, 
NSM is less prone to debonding failure, and can easily be 
prestressed and/or anchored to the member [3, 7].

Until the mid-2000s, shear retrofit by NSM FRP system was 
still an emerging technique [7]. However, within the few last 
years, there has been a surge in research activities, in an appar-
ent effort to establish a sound foundation for the method in both 
shear and flexural retrofits [3, 14–17]. Existing experimental 
results assertively confirmed the effectiveness of this technique 
in enhancing the shear capacity of RC beams. For instance, 
Al-Mahmoud et al. [3] tested seven RC beams, which had 
dimensions of 2000 × 150 × 200 mm (length × width × height) 
and were strengthened in shear with 6  mm sand-coated 
NSM CFRP rods, under four-point and three-point bending 
schemes. The increase in shear strength, compared to beams 
having conventional steel stirrups, was 43.6% for beams with 
epoxy resin, and 34.6% for beams with cementitious mortar. 
The effects of factors governing the behaviour of NSM CFRP 
shear strengthening, including percentage and inclination of 
NSM reinforcement, percentage of the existing steel stirrups 
and concrete compressive strength, were investigated experi-
mentally through a series of tests [18–24].

Despite the large number of experimental and analyti-
cal studies on the shear strengthening of RC beams with 
CFRP NSM rods, number of FE studies is still very limited. 
A detailed search on the literature revealed only few FE 
studies on RC beams strengthened in shear with NSM FRP 
rods [25–28]. For example, the numerical study by Sabol 
and Priganc [25] included three FE models for simply sup-
ported rectangular RC beams tested in four-point bending. 
Sakar et al. [26] simulated the performance of cantilever RC 
beams under cyclic loading at the free end of the beam, by 
three-dimensional (3D) FE models. The need for FE analy-
ses stems from the unrivalled capabilities of FE models in 
providing an in-depth and unlimited examination of differ-
ent outputs (forces, stresses, strains, etc.) of the strength-
ened member, strengthening reinforcement, and the inter-
face between them. In addition, due to their low cost when 
compared with laboratory tests, FE models can be utilized 

to perform parametric studies to evaluate the effects of dif-
ferent variables and to optimize the design of the member 
or system.

The present study is aimed at expanding the available 
database on FE simulations of NSM CFRP shear strengthen-
ing and presenting FE models capable of accurately predict-
ing the behaviour of strengthened RC members. Although 
the FE models were developed and validated for the experi-
mental work conducted by De Lorenzis and Nanni [17], they 
intend to provide a comprehensive understating of the effects 
of larger number of variables that may affect the contribu-
tion of this technique. By understanding the effects of these 
parameters on the response of strengthened member, ulti-
mately a precise design guide can be established, thus allow-
ing practitioners to benefit from the considerable advantages 
of this technique. The parameters evaluated were: concrete 
compressive strength in conjunction with various CFRP per-
centages, relative distance between existing steel stirrups 
and CFRP rods, and percentage of existing steel stirrups. In 
addition, the accuracy of several available analytical formu-
las used to predict the shear capacity of NSM strengthened 
RC members is validated by comparing their predictions 
with those obtained from the FE simulations.

2  Experimental Program

The experimental study consisted of five, full-scale RC 
T-beams tested under four-point bending [17]. The test 
matrix comprised two un-strengthened beams, one with-
out internal steel stirrups and one with internal steel stir-
rups, and three beams strengthened in shear with no. 3 
(ϕ = 9.5 mm) NSM CFRP rods varying by rod spacing 
(either 127 or 178 mm) and anchorage by embedment into 
the beam flange, Table 1. Flexural reinforcement (Fig. 1) 
consisted of two no. 9 (ϕ = 28.65 mm) for tension and two 
no. 4 (ϕ = 12.7 mm) for compression, only in specimens with 
internal steel stirrups.

The reported compressive strength of concrete was 
31 MPa. The yield strength of flexural and shear steel rein-
forcements was 427 and 346 MPa, respectively. Material 
properties of the CFRP rod were 1875 MPa and 104.8 GPa, 
for the tensile strength and elastic modulus, respectively. 
Tensile and compressive strengths of adhesive material, 
which was used as a filling material for CFRP rods, were 
13.8 and 55.2 MPa, respectively. In the tests, one-half of 
each beam was intentionally over reinforced in shear to 
ensure controlled shear failure in the other half and to facili-
tate monitoring and instrumentation [17].

Obtained results were very encouraging, were the use of 
NSM FRP rods resulted in an increase of the beam’s shear 
capacity of 35% for the specimen with internal shear stir-
rups, and 106% for the specimen without shear stirrups. The 
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failure mode was either (a) debonding of one or more rods in 
conjunction with splitting of epoxy layer, or (b) separation 
of concrete cover at the longitudinal steel reinforcement.

3  Finite Element Modelling

The three-dimensional model is built using the general 
purpose FE ANSYS software [29]. To reduce computa-
tional efforts, desk space, and running time, a full-length/
half-width model was used (Fig. 1d) utilizing available 
symmetry conditions, which were only in cross-section. 
The difference between shear reinforcement in control and 
test sides prevented symmetry in the length direction, and 
required using full-length model. To accurately predict 
the peak load and post-peak response, load was applied 
in a displacement control approach via induced deflection 
at the loading points, instead of a force-control loading. 
The following sections describe various components of the 
FE model. Full Newton–Raphson integration method is 
used to solve the highly nonlinear structure, using multiple 
load steps and a convergence criterion of 4% and 8% for 
displacements and loads, respectively.

3.1  Elements Description

The concrete volume was meshed using the conventional 
concrete element (SOLID65), which has eight nodes and 
three translational degrees of freedom (DOF) per node, with 
capabilities including crushing in compression, cracking in 
tension, nonlinear stress–strain behaviour, creep, etc. The 
flexural and shear steel reinforcement and CFRP rods were 
meshed using the truss element (LINK18), which has two 
nodes and three translational DOF per node and can incor-
porate steel plasticity and FRP material failure.

The adhesive of NSM rods was modelled by the brick 
element (SOLID185), which also has eight nodes and three 
translational degrees of freedom (DOF) per node. This ele-
ment was also used to model steel plates that were utilized 
in the experiment at loading and support locations. The last 
part of the model is the interaction between the adhesive and 
concrete which was modelled using surface-to-surface contact 
elements. Following ANSYS recommendations, concrete was 
selected to be the target surface, modelled with TARGE170 
element, and adhesive chosen to be the contact surface, mod-
elled using CONTA173 element. The contact element is 
defined by four nodes, with three translational nodal DOFs. 
Further details concerning the modelling of adhesive–concrete 
interface are given in Sect. 3.3.

3.2  Material Modelling

3.2.1  Concrete

A nonlinear uniaxial stress–strain model for concrete, devel-
oped by Kent and Park [30], was used to simulate the con-
crete compressive behaviour up to the maximum strength ( fc′ ) 
(Fig. 2a). The model can be presented mathematically by the 
following equation:

where fc is the concrete compressive stress at any strain ( � ); 
�0 is the strain at maximum compressive strength fc′ , which 
can be calculated from the following equation:

 where Ec is the elastic modulus of concrete, determined 
from ACI code (ACI 318 [31]) as following:

After the compressive stress in concrete reaches fc′ , 
the concrete behaviour is assumed to be partially confined 

(1)fc = fc
�

[

2

(

�

�0

)

−

(

�

�0

)2
]

,

(2)�0 =
2fc

�

Ec

,

(3)Ec = 4700

√

fc
�.

(a) cross-section [no stirrups].               (b) cross-section [withstirrups]. 

(c) Side view. 

(d) FE model, showing different components.
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because of the lateral support from steel stirrups and/or 
NSM CFRP shear reinforcement. Chansawat et  al. [32] 
suggested a linear descending model for the post-peak 
stress–strain curve of RC beams confined by FRP sheets, 
which is adopted herein for the beams strengthened in shear 
by steel stirrups and/or NSM CFRP bars. The descending 
portion terminates at a stress of 0.3 fc′ , and its slope (Ec2) 
(Fig. 2a) can be determined from the following equation:

The concrete tensile stress–strain behaviour is modelled 
as a linear elastic prior to the start of cracking at a maximum 
tensile stress which can be obtained from ACI code [31] 
using the following equation:

Tension-stiffening effects are modelled with a linear 
descending curve ending at a strain of 6�t , where �t is the 
strain at ft (Fig. 2b). The model was defined in ANSYS by 
providing the values for ft, Ec, and stress relaxation fac-
tor (0.6ft, Fig. 2b). Ultimate strain ( 6�t ) and shape of the 
curve (i.e. linear) are software pre-set inputs which cannot 
be altered. A value of 0.3 was used for the open and closed 
shear transfer coefficients [33, 34]. The Poison’s ratio (ν) of 
concrete is assumed to be 0.2 [33, 34].

3.2.2  NSM CFRP Reinforcement

A linear elastic model is employed for the CFRP rein-
forcement (Fig. 2c). The main input values for this model 

(4)Ec2 = 0.018Ec.

(5)ft = 0.56

√

fc
�.

were listed in Sect. 2. A value of 0.35 was assumed for ν, 
following recommendation of Omran and El-Hacha [35].

3.2.3  Steel Reinforcement

In the FE models, the steel reinforcement was modelled as 
an elastic–perfectly plastic material (Fig. 2c). The elastic 
modulus (Es) and Poisson’s ratio (ν) were 200 GPa and 0.3, 
respectively [4]. Other material properties including yield 
and ultimate strength of steel are listed in Sect. 2. Linear 
elastic model was assumed for the steel plates at support 
and loading, with Es and ν, identical to the above values.

3.3  Interface Modelling

The word “interface” here refers to the concrete–adhesive 
interface which is the weakest joint in the NSM technique. 
This interface was modelled using contact-target element pairs 
and cohesive zone material (CZM) model, applicable for tan-
gential (shear) debonding, normal (peeling) debonding, and 
mixed-mode debonding. For the RC beams strengthened in 
shear with NSM CFRP rods, a mixed-mode debonding model 
was adopted to produce more realistic predictions if shear and 
peeling forces are both present at the interface [35].

To define the interface as a mixed-mode CZM, the follow-
ing input values should be introduced including the maximum 
normal contact stress, normal fracture energy, maximum con-
tact shear stress and shear fracture energy. Bilinear bond-slip 
curves available in ANSYS were used to represent the indi-
vidual normal and shear interfacial behaviours, Fig. 3. It can 
be seen from this figure that debonding initiates when dm = 0 
and is completed when dm = 1. The values of shear and normal 
contact stresses can be calculated as follows:

where �t and �n are the shear and normal contact stresses, 
respectively, Kt and Kn are the shear and normal contact 
stiffnesses, respectively, �t and �n are the relative move-
ment in the tangential and normal directions (slip and gap), 
respectively, and dm is the debonding parameter which can 
be obtained from the following equation:

in which Δm and � are defined as:

(6)�t = Kt�t(1 − dm),

(7)�n = Kn�n(1 − dm),

(8)dm =

(

Δm − 1

Δm

)

� ,

(9)Δm =

√

(

𝛿n

𝛿n

)

+

(

𝛿t

𝛿t

)

,

εu
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where 𝛿n and 𝛿t are the contact gap at the maximum normal 
stress and the slip at the maximum shear stress, respectively, 
�
c
n
 and �c

t
 are the contact gap and slip at the completion of 

debonding (see Fig. 3), respectively.
Numerical values needed to define the first part of the 

mixed-mode model, i.e. the shear stress–slip relation, were 
obtained from the theoretical bond-slip relation proposed by 
Seracino et al. [36] and reproduced as follows:

where �max is the maximum contact shear stress, � is the 
aspect ratio of the interface failure plane which can be calcu-
lated as in Eq. 13, fc′ is the compressive strength of concrete 
and Gct is the shear fracture energy,

On the other hand, the normal stress-gap model is 
developed by assuming that debonding in normal direc-
tion occurs when the normal stress exceeds the concrete 
tensile strength which was defined earlier in Eq. 5 [36, 37]. 

(10)𝜒 =

𝛿
c
n

𝛿c
n
− 𝛿n

=

𝛿
c
t

𝛿
c
t − 𝛿t

,

(11)�max = (0.802 + 0.078�)fc
�0.6,

(12)Gct =
0.976�0.526fc

�0.6

2
,

(13)� =
Groove depth + 1 mm

Groove width + 2 mm
.

The normal fracture energy is also assumed to be equal to 
the concrete fracture energy suggested by CEB-FIB code 
[38] (see Eq. 15),

where �max is the maximum normal contact stress, Gcn is 
the normal fracture energy and Gfo is the base value of frac-
ture energy depending on the maximum aggregate size. The 
fracture energies, Gct and Gcn, represent the areas under the 
stress–slip/gap models and can be used to determine �t

c
 and 

�
n
c
 as follows:

The CZM model was assigned to the contact-target 
elements via an ANSYS command subroutine. Table 2 
lists the numerical values used to define the CZM model, 
based on Eqs. 11–14. It should be noted that values in 
Table 2 are only applicable for the validation models of 
De Lorenzis and Nanni [17] specimens; while for the FE 
models in parametric analysis, new values are calculated 
based on the utilized material and geometric properties. To 
overcome convergence difficulties as a result of debonding 
during material softening, ANSYS introduces an artificial 
damping coefficient, which is given a value based on the 
smallest element size [29].

4  Validation of the FE Model

To validate and calibrate the FE model, numerical predic-
tions were compared to the test results in De Lorenzis 
and Nanni [17] tests in terms of load–deflection curve, 
ultimate load, failure mode and strain profile. The authors 
conducted a mesh sensitivity analysis to ensure obtain-
ing accurate results from the FE models, while using the 
minimum number of elements and nodes. It was found that 

(14)Gcn = Gfo

(

fc
�

10

)0.7

,

(15)Gct = 0.5�max�
t
c
,

(16)Gcn = 0.5�max�
n
c
.

δcnδn

σmax

(a)

slope=Kn

dm=1

dm=0
N

or
m

al
 st

re
ss

Contact gap

(b)

slope=Kt

dm=1

dm=0

δctδt

τmax

Sh
ea

r s
tre

ss

Contact slip

Fig. 3  a Bilinear normal stress-gap and b bilinear shear stress–slip 
models

Table 1  Beam test matrix, from [29]

Beam code Steel stirrups NSM CFRP rods

Quantity Spacing (mm) Quantity Spacing (mm) Anchor-
age in 
flange

BV – – – – –
B90-7 – – 2φ9.5 mm 178 No
B90-5 – – 2φ9.5 mm 127 No
B90-5A – – 2φ9.5 mm 127 Yes
BSV 2φ9.5 mm 356 – – –

Author's personal copy
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a 5-mm mesh size provided divergence of less than 1% 
compared to the finer mesh sizes.

Figure 4 shows the load against mid-span deflection com-
parisons between tests and FE models, for specimens BV, 
B90-7, B90-5, and B90-5A. This comparison demonstrates 
that the FE model was able to capture the load–deflec-
tion curve with an accepted level of accuracy. In addition, 
Table 3 lists the numerically obtained and experimentally 
recorded ultimate loads, the difference between these loads, 
and the failure mode from experiment or model. The table 
shows that the predicted ultimate load was in good agree-
ment compared to experimental results with a maximum 
divergence of 7%.

Regarding the failure modes, it can be seen in Table 3 
that the model was able to capture the failure modes 
reported experimentally. For example, beam B90-7 failed 
by debonding of one or more CFRP rods which is iden-
tical to what took place in the FE model as shown in 
Fig. 5a. This figure shows that the shear cracks obtained 
from FE simulation of beam B90-7 was almost similar 
to those measured in the experiment. In addition, the 
FE model was able to capture the debonding failure that 
occurred in this beam for some CFRP rods as shown in 
Fig. 6. It can be noticed from this figure that the con-
tact status for the CFRP rod (located 356 mm away from 
the beam mid-span) was sticking/no debonding (status 
no. 3, Fig. 6) from the start of loading until a load (P) 
of 310 kN. When P is increased further, contact status 
changed to sliding (status no. 2, Fig. 6) to indicate initia-
tion of debonding process. This stage continued until ulti-
mate load is reached, and debonding is completed, which 
is represented by contact status no. 1 in Fig. 6.

Furthermore, Fig. 5b illustrates the crack pattern of 
beam BSV obtained from the numerical and experimental 
results. It can be seen from this figure that the numerical 
model was able to predict the crack pattern occurred in 
the experiments with high level of accuracy.

5  Design Approach

A verified design model is required in order for the 
shear strengthening by NSM CFRP technique to become 
accepted as a reliable method that can be used in every-
day engineering practices. Hence, this section highlights 
the available design rules and compares their results with 
the experimental and numerical data obtained in the cur-
rent paper to find their applicability with a wide range of 
database.

Generally, the nominal shear strength of RC beams 
strengthened with externally bonded CFRP can be calculated 
by adding a third term to the basic equation [17] provided by 
ACI code [31], as in Eq. 17:

where � is the strength reduction factor for shear strengthen-
ing of RC elements which has a value of 0.85 as indicated 
by ACI [31]. � is an additional reduction factor for the case 
of externally bonded CFRP, with an assumed value of 0.85 
as recommended by ACI 440 committee [13]. The values of 
Vc and Vs are the contributions of concrete and steel stirrups, 
respectively—which may be computed according to stand-
ard concrete design codes. Vf represents the contribution of 
NSM CFRP reinforcement to shear.

Since the study is aimed at investigating the contribution of 
NSM CFRP strengthening technique, the focus of this section 
is on the expressions used to predict the contribution from the 
composite, while calculations concerning the contribution of 
concrete and conventional steel reinforcement can be found 
elsewhere in the literature. Two analytical formulations that are 
widely used to predict the contribution of NSM reinforcement 
will be presented in this section to compare their predictions 
with the numerical and experimental results.

5.1  Formulation by Nanni et al. [16]

Based on the formulation proposed by Nanni et al. [16], the 
value of Vf can be found as in following:

where db is the diameter of CFRP bar, �b represents the 
average bond stress of the CFRP rods—which is equal to 
6.9 MPa as recommended by De Lorenzis and Nanni [17] 
based on results obtained from bond tests, Ltot min is the mini-
mum value of the sum of effective bond lengths of each bar 
crossed by a crack, and �f is the angle of CFRP bar relative 
to the beam longitudinal axis.

5.2  Formulation by Dias and Barros [18]

The contribution of CFRP bars can be obtained as in Eq. 19, 
following the formulation suggested by Dias and Barros 
[18].

(17)Vu = �

[(

Vc + Vs

)

+ �Vf

]

,

(18)Vf = 2� db �bLtot min sin �f,

(19)Vf = hw
Afv

sf
�feEf

(

cot � + cot �f
)

sin �f,

Table 2  Input values for the contact elements

Property Value

�
max

 = Maximum contact shear stress 6.881 MPa
Gct = Shear fracture energy 3.735 N/mm
�max = Maximum normal contact stress 3.342 MPa
Gcn = Normal fracture energy 0.077 N/mm
� = Artificial damping coefficient 0.001
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where hw is the web depth of the beam, Afv is the area of two 
CFRP bars, sf is the spacing of the bars, �fe represents the 
effective strain, Ef is the elastic modulus of the CFRP and � 
represents the orientation of the shear failure crack.

6  Parametric Study

6.1  Concrete Compressive Strength

One of the most important parameters affecting the contribu-
tion of NSM shear reinforcement is the compressive strength 
of concrete ( fc′ ). Previous studies [20, 22, 24] revealed that 
the higher fc′ is, the higher NSM CFRP effectiveness gets. 
However, this conclusion was drawn by investigating a lim-
ited range of fc′ with limited CFRP percentages ( �f)—which 
can be calculated from Eq. 20. Thus, in the present study, 
a wide range of fc′ , 20–50 MPa, will be investigated for 
various CFRP percentages. In this section, beam B90-7 is 
used to study the effects of this parameter. For each value of 

fc
′ , three CFRP percentages are adopted, �f = 0.28%, 0.22% 

and 0.14%, corresponding to CFRP rod diameters of 12, 9.5 
and 6 mm, respectively. The spacing between rods was kept 
constant and equal to 178 mm.

It can be seen from Fig. 7 that increasing fc′ leads to 
increasing the ultimate load (or effectiveness of NSM rein-
forcement). This stems from the coupling effects concrete 
strength has on the total shear strength of NSM-strengthened 
RC beam, by increasing the concrete shear contribution in 
Eq. 17, and also by delaying the debonding failure of NSM 
reinforcement. The shear and normal bond strengths of the 
NSM–concrete interface and their corresponding fracture 
energies are all dependent on fc′ , as can be observed from 
Eqs. 11 to 14. Considering the effects of �f , the ultimate load 
slightly increases when �f is 0.14–0.22%. A sharp increase 
in ultimate load, in an average of 11%, is seen when �f is 
0.28%.

The comparison between the simulation results and 
predictions of the design approaches described in Sect. 5 
showed that the predictions of these equations are always 
less than the corresponding FE values as shown in Fig. 8. In 
other words, if the ratio between the ultimate load obtained 
from the FE simulations and analytical predictions consid-
ered as a factor the so-called k ( k = VFE

u
∕Vana

u
 ), the value of 

this factor is more than 1.0 for all studied cases.
Particularly, when the formulation proposed by Nanni 

et al. [16] is used, the average values of k are 1.16, 1.10 and 
1.16 for the CFRP percentages 0.14%, 0.22% and 0.28%, 
respectively, while for the Dias and Barros [18] formula-
tion the average k values are 1.49, 1.32 and 1.35 for the 
same respective CFRP percentages. It can also be seen from 
Fig. 8 that ultimate load values predicted by both design 
rules are quiet conservative regardless of the compressive 
strength and the CFRP percentage. It can be concluded from 
the above discussion that the proposed design approaches 
can conservatively predict the ultimate load of RC beams 
strengthened in shear with NSM CFRP rods.

6.2  Percentage of Existing Shear Reinforcement

Typically, NSM technique is used to strengthen/repair exist-
ing members which are expected to have various ratios of 
existing shear reinforcements, in the form of steel stirrups. 
Consequently, it is important to investigate whether the 
NSM retrofit is equally effective for all different existing 
shear reinforcement ratios ( �sw ) or not. The influence of 
�sw was studied by [18, 39]. Dias and Barros [18] found 
that the contribution of NSM CFRP technique in shear was 
reduced when the percentage of internal steel stirrups ( �sw ) 

(20)�f =
2�db

bwsf
× 100.

Table 3  Comparison between FE and experimental results

SC shear compression, BF bond failure, SP splitting of concrete cover

Specimens Ultimate load (kN) Failure mode

Experimental FE Difference % Experimental FE

BV 180.6 176.4 2.3 SC SC
B90-7 230.4 236.8 − 2.8 BF BF
B90-5 255.3 236.7 7.3 BF BF
B90-5A 371.4 347.9 6.3 SP SP
BSV 307.0 308.2 − 0.4 SC SC
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was increased. This observation was obtained by testing a 
series of RC beams with �sw ranging from 0.1 to 0.17%. 
However, Mofidi et al. [39] analysed a database of more than 

69 RC beams strengthened with NSM CFRP and found that 
increasing �sw led to an increase in the effectiveness of CFRP 
reinforcement, which contradicts Dias and Barros [18] find-
ings. Accordingly, further research and discussion is needed 
to clarify this parameter and its effects.

In this study, the effects of �sw were examined numeri-
cally by adopting a wide range of the percentage of exist-
ing steel reinforcement ( �sw ). In each percentage, one un-
strengthened beam and one strengthened beam with NSM 

CFRP rods, having a diameter of 9.5 mm and a spacing of 
178 were analysed. All other material and geometrical inputs 
were similar to beam B90-7, as discussed in Sect. 3. The 
following equation is used to define �sw when developing 
the numerical model:

where Asw is the cross-section of the arms of a steel stirrups, 
bw is the width of beam’s web and Sw is the spacing of the 
stirrups.

The simulation results demonstrated that the contribution 
of NSM CFRP technique was affected by �sw as shown in 
Fig. 9. It can be seen from this figure that the contribution of 
NSM technique (the vertical axis in Fig. 9 which represents 
the difference between the ultimate load of strengthened and 
un-strengthened beams for a specific �sw divided by the ulti-
mate load of the un-strengthened beam) increased from 8 to 
15% when �sw was varied from 0.11 to 0.36%.

However, further increase in �sw value caused a reduc-
tion in the contribution of NSM reinforcement. The reason 
for this reversal in behaviour is the change in failure mode. 
When �sw was ≤ 0.36%, the failure mode was debonding in 
one or more CFRP bars due to splitting of the adhesive cover 
in the grooves followed by global shear failure, as shown 
in Fig. 10a. While for �sw > 0.36%, the failure mode was 
flexure, as shown in Fig. 10b.

Figure 10a shows the slip distribution at the contact sur-
face between adhesive and concrete cover for several CFRP 
rods, at ultimate stage. It can be noticed from this figure 
that the maximum slip from the model predictions was 
1.07 mm. This value is larger than the theoretical slip of 
0.27 mm (determined from Eq. 15 and shown in Table 2) at 
completion of debonding, indicating that splitting of adhe-
sive from the concrete cover has already occurred for several 
rods (Fig. 10).

Based on the above results, the contribution of NSM 
strengthening technique can be estimated from the percent-
age of existing steel reinforcement as in Eq. 22, which was 
obtained from simple statistical analysis of Fig. 9. It should 
be noticed that Eq. 22 was derived from the results of this 
section in which the percentage of CFRP reinforcement, 
concrete compressive strength and beam dimensions were 
constant. Further research is required to generalize this equa-
tion and apply its predictions for other cases. When verified, 
Eq. 22 can be added to the previously suggested equations 
(in Sect. 5) to include the combined effects of steel stirrups 
and NSM CFRP reinforcement.

(21)�sw =

Asw

bw × Sw
× 100,

(22)
Vf% = 0.266𝜌sw

0.592
× 100% 𝜌sw ⩽ 0.36,

Vf% = 0.061𝜌sw
−1.166

× 100% 𝜌sw > 0.36.

(a) B90-7 [left: FE simulations, right: experiment] 

(b) BSV [left: FE simulations, right: experiment]
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Regarding evaluating the predictions of design formulas 
in Sect. 5, these approaches seem to be conservative for most 
�sw (Fig. 11). However, when �sw was greater than 0.36%, 
the predicted ultimate load from the formulation by Nanni 
et al. [16] was unsafe compared to FE results. This occurred 
because the failure mode of the beams with �sw ⩾ 0.36% 
was flexural. Generally, Dias and Barros [18] formulation 
provides over-conservative predictions for ultimate loads 
compared to the corresponding FE values, with an average 
value of 1.6 for k. As a future recommendation, more studies 
are required to investigate the combined effects of existing 
shear reinforcement and additional NSM reinforcement.

6.3  Distance Between Existing Shear Reinforcement 
and NSM Rods

The relative position between internal steel stirrups and 
applied CFRP reinforcement, hereafter referred to as xnsm-st, 
may have a significant contribution to the effectiveness 
of CFRP shear configuration. It was found that when the 
applied NSM reinforcement intercepts the existing steel stir-
rups, it causes a debonding of the NSM bars/strips [24]. 
However, this observation was found by testing only two 
beams with a small clearance of 7 mm between steel stirrups 
and NSM rods, which might have promoted spalling of the 
concrete cover and debonding failure. On the other hand 
and for the current experimental work [17], the rod/stirrup 
clearance is large, at 40 mm and concrete spalling and early 
debonding are not expected.

To investigate this parameter, BSV beam is strength-
ened with three different CFRP configurations as shown in 
Fig. 12, corresponding to xnsm-st of 0, 45, and 89 mm. The 
distance between the CFRP rods is the same (178 mm) as in 
beam B90-7. The simulation results showed that the differ-
ence in ultimate load for the beams strengthened in various 
CFRP configurations is negligible when the maximum dif-
ference was less than 0.2%. This finding is not in agreement 
with those obtained by Dias and Barros [24]. The main rea-
son for this (as reported in this section) is related to the fact 
that the remaining concrete cover after cutting the grooves 
was 7 mm in the experimental work performed by Dias and 
Barros [24], while for the current simulation is 21 mm.

In addition, strain profiles in the longitudinal direction 
along the CFRP rod located 534 mm away from the beam 
centerline are plotted in Fig. 13 for various CFRP configura-
tions. This figure demonstrates that the effect of CFRP con-
figuration is trivial when the maximum difference along the 
strain profile was less than 6% for all CFRP configurations. 
This comparison reflects the minor influence of the relative 
distance between the steel stirrups and applied CFRP rods.

As a design note and given the miniature effects of 
xnsm-st, it is not recommended to apply NSM reinforcement 
directly on top of existing steel stirrups as this might cause 

disruption in the concrete between the two reinforcements 
and promotes premature debonding in NSM, particularly if 
the remaining concrete cover between the rods and stirrups 
is small.

7  Conclusions

This paper investigated the effectiveness of NSM CFRP rods 
as a shear strengthening system for RC beams, employing 
robust three-dimensional finite element models. The follow-
ing conclusions could be drawn from the results obtained:

1. The numerical model presented was capable of captur-
ing the response of the RC beams strengthened in shear 
with NSM CFRP rods, in terms of load-deflection his-
tory, ultimate load, and failure modes.

2. Increasing the concrete compressive strength ( fc′ ) from 
20 to 50 MPa led to an increase in ultimate load of 
strengthened beam. fc′ contributes twofold, by increas-
ing the shear component by concrete and by delaying 
debonding failure of NSM reinforcement.

3. Considering the effects of NSM reinforcement ratio ( �f ), 
the ultimate load slightly increases when �f is 0.14–
0.22%. A sharp increase in ultimate load, in average of 
11%, is seen when �f is 0.28%.

4. The effectiveness of NSM strengthening technique in 
shear is governed by the percentage of existing steel stir-
rups ( �sw ). When �sw is increased from 0.11 to 0.36%, 
the ultimate load increased from 8 to 15%, compared 
to the un-strengthened samples. However, when further 
increase was applied for �sw the contribution of NSM 
strengthening technique reduced to be 8%.

5. The simulation results also revealed that the contribu-
tion of the NSM technique is not dependent on the rela-
tive distance between the existing steel stirrups and the 
added CFRP bars. However, it is not recommended to 
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apply NSM reinforcement on top of the existing stirrups 
to ovoid premature debonding in case remaining cover 
is small.

6. The comparison between the ultimate load obtained 
from the FE simulations and the theoretical predictions 
confirmed the conservative nature of these theoretical 
formulations in most cases when the shear failure is 
governed. However, more effort is needed to include 
the combined effect of internal steel stirrups and NSM 
CFRP strengthening technique to make these formula-
tions more general.
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7. Based on the findings of this research, it can be con-
cluded that the NSM strengthening technique can offer a 
practical and effective solution to protecting the existing 
RC beams from shear failure.
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