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1. Introduction

In recent years, the application of near-surface-mounted (NSM) fiber-reinforced poly-
mer (FRP) reinforcement has gained widespread recognition as a highly effective technique
for strengthening reinforced concrete (RC) structures [1], [2]. The NSM method involves cut-
ting longitudinal slits or grooves into the concrete cover on the tension side of the structural
member to be strengthened [3], [4], [5]. These prepared grooves are then filled with an epoxy
adhesive, into which FRP bars, strips, or laminates are embedded [6], [7]. This configuration
ensures a more integrated and efficient load transfer between the FRP reinforcement and the
surrounding concrete [8], [9].

Compared with the conventional externally bonded (EB) FRP technique, the NSM ap-
proach offers several distinct advantages, including a significantly improved bond perfor-
mance due to the larger contact surface and the surrounding concrete confinement, reduced
installation time, the ability to anchor the FRP reinforcement directly into adjacent structural
members, and inherent protection of the FRP from mechanical damage, fire, and vandalism
because it is embedded within the concrete cover rather than exposed on the surface [10],
[11]. Despite these superior bond characteristics, however, the possibility of debonding fail-
ures is not entirely eliminated [12], [13]. Such failures typically manifest in two primary
forms: intermediate crack-induced debonding (ICID), which initiates from a flexural or flex-
ural-shear crack and propagates along the FRP-concrete interface, and concrete cover sepa-
ration (CCS), which occurs along a failure plane located approximately at the level of the
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internal tension steel reinforcement [14], [15]. Among these two failure modes, CCS is con-
siderably more common and often governs the ultimate behavior of NSM FRP-strengthened
beams [16], [17].

To control and delay the occurrence of CCS, various anchoring solutions have been pro-
posed and investigated in the literature. Among these, CFRP U-wraps have been utilized as an
external transverse anchoring system [18], [19], [20]. Experimental evidence has shown that
such transverse anchoring is highly effective in enhancing the ultimate flexural capacity of RC
beams strengthened with NSM FRP. This improvement is achieved either by postponing the
onset and propagation of CCS [21] or by altering the failure mode entirely, shifting it from a
sudden debonding failure to a more ductile failure such as concrete crushing in compression
or rupture of the CFRP wrap [22], [23]. In a series of comprehensive studies, Sharaky et al.
[2], [11], [24] investigated the bond and flexural behavior of RC beams strengthened with
NSM FRP reinforcements. Their experimental program considered multiple critical parame-
ters, including different FRP material types (such as carbon, glass, and basalt), variations in
epoxy adhesive properties, different sizes and diameters of NSM bars, and varying numbers
of NSM bars per groove [8], [25]. To further delay the onset of CCS, mechanical end anchors
were developed and applied. This mechanical anchoring system was created by drilling ver-
tical holes into the concrete, each with a diameter of 10 mm and a depth of 200 mm, into
which steel bars were inserted. These steel bars were subsequently connected to a specially
designed assembly consisting of a steel plate with a steel tube welded to it. The FRP reinforce-
ment was then anchored to the concrete by bonding its end inside the steel tube. The experi-
mental results obtained from this system demonstrated that mechanical end anchoring suc-
cessfully postponed the occurrence of CCS and simultaneously improved the structural per-
formance of the tested beams, as evidenced by increased stiffness, higher yield load, and
greater ultimate load-carrying capacity compared to beams without such anchoring.

In addition to the extensive body of experimental work reported in the literature, many
researchers have also employed three-dimensional finite element (3D-FE) numerical anal-
yses to evaluate the influence of various parameters on the behavior of NSM FRP-strength-
ened RC beams [8-14]. These parameters include FRP type and reinforcement ratio, groove
dimensions, adhesive properties, concrete strength, and bond length, among others. How-
ever, it has been widely recognized that the simplified assumption of perfect bonding—i.e.,
assuming no slip and no gap at the bar-epoxy and epoxy-concrete interfaces—is inherently
incapable of accurately predicting FRP debonding failure. In fact, such an idealization signifi-
cantly overestimates both the ultimate load and the corresponding deflection at failure [8, 9,
14]. Therefore, it is essential to explicitly incorporate the debonding behavior into the finite
element modeling (FEM) of NSM FRP-strengthened beams in order to develop accurate sim-
ulations that can reliably capture the actual structural response, including the onset and
propagation of debonding, the load-deflection curve, and the final failure mode.

In the present research, the authors proposed and investigated a novel bar configuration
featuring 90° bent ends as a means to delay CCS failure in RC beams strengthened with NSM
FRP. Additionally, the effect of varying the FRP cross-sectional area on the structural behavior
of the strengthened beams was systematically examined. Beyond the experimental investiga-
tion, a comprehensive numerical study was also carried out using the ANSYS® finite element
analysis program. The developed FE models were carefully calibrated and validated against
the experimental results. Importantly, these models incorporated the bond behavior specifi-
cally at the epoxy-concrete interface, thereby allowing realistic simulation of debonding
mechanisms. A detailed comparison between the numerical predictions and the experimental
measurements was conducted in terms of the full load-deflection response, including initial
stiffness, cracking load, yield behavior, post-yield response, and ultimate load, as well as the
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observed failure modes. This comparison served to validate the accuracy and reliability of the 94

proposed FE modeling approach. 95
96
1.1. Research Significance 97

The strengthening of reinforced concrete (RC) structures using near-surface-mounted 98
(NSM) fiber-reinforced polymer (FRP) reinforcement has gained considerable attentionasa 99
reliable and efficient retrofitting technique. While extensive research has been conducted on 100
the flexural strengthening of RC beams using NSM FRP systems, the shear flexural behavior— 101
particularly the interaction between flexural and shear mechanisms under combined loading 102
conditions—remains insufficiently explored. Most existing studies have focused either on 103
pure flexure or on separate shear strengthening configurations, with limited attention given 104
to the coupled shear-flexural response that more accurately represents real-world loading 105
scenarios in existing structures. 106

Moreover, the debonding failure modes associated with NSM FRP-strengthened beams, 107
especially concrete cover separation (CCS) and intermediate crack-induced debonding 108
(ICID), continue to pose significant challenges to the widespread adoption of this technique. 109
Although various anchoring solutions, such as CFRP U-wraps and mechanical end anchors, 110
have been proposed to delay such failures, these methods often add complexity, cost, and 111
installation difficulties. Furthermore, the effectiveness of these anchoring systems under 112
combined shear and flexural demands has not been systematically quantified. In particular, 113
the use of novel bar configurations—such as FRP bars with 90° bent ends—as a means to 114
control CCS while simultaneously enhancing shear-flexural performance has received very 115
little attention in the literature. 116

On the numerical front, many existing finite element (FE) models of NSM FRP-strength- 117
ened beams rely on the oversimplified assumption of perfect bonding at the bar-epoxy and 118
epoxy-concrete interfaces. This assumption fails to accurately predict debonding failures, 119
leading to significant overestimations of load-carrying capacity and deflection. Consequently, 120
there is a critical need for validated FE models that explicitly incorporate interface bond be- 121
havior to reliably simulate the onset and propagation of debonding under combined shear 122
and flexural loading. 123

Therefore, the significance of this research stems from its dual experimental and numer- 124
ical investigation into the shear-flexural behavior of RC beams strengthened with NSM FRP 125
systems. The study introduces a novel NSM bar configuration with 90° bent ends as a practi- 126
cal and efficient anchoring solution to delay CCS failure. In parallel, the research developsand 127
validates advanced three-dimensional FE models using ANSYS® that realistically simulate 128
bond behavior at the epoxy-concrete interface. The outcomes of this study are expected to 129
provide researchers, design engineers, and strengthening practitioners with valuable in- 130
sights into the coupled shear-flexural response of NSM FRP-strengthened beams, as well as 131
reliable predictive tools for avoiding debonding failures. Ultimately, this work aims to en- 132
hance the safety, efficiency, and reliability of NSM FRP retrofitting applications in civil engi- 133

neering practice. 134
2. Experimental Program 135
2.1 Test specimen 136

To investigate their flexural-shear behavior, four RC beams measuring 2500 mm in total 137
length and 150 x 250 mm in rectangular section were built and tested. Three beams were 138
strengthened with NSM CFRP bars, and one beam was tested without strengthening. Two de- 139
formed steel bars with a diameter of 10 mm made up the tension and compression reinforce- 140
ments. Smooth steel stirrups with a diameter of 8 mm and a regular spacing of 100 mm made 141
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up the shear reinforcement. The tested beam's geometry and reinforcing details are displayed 142
in Figure 1. 143
144

8 M@100

NSM CFRP Rebar/s

. T0M-DIA .
! 2250 |
2500
00 110 20 0 110 20
TRy ] Jan ] LT . Teo
210 M [ oA 20 m [
. A ;3 \\\ . :
. ’ L .
x = ! 1 g0
& M@200 200 |y | 10| . 20|  sMeof |* 20 b
‘a. L ' D =
I \\ 5 Jf M
2-10M 2 J - e -10M o k-
' \\ _— ’
. i e
cocdels ) P ] 7 NswceRe Rebar 2
65 20 G5n--—---
150
|
Section A-A (Case of one bar) Section A-A (Case of two bars)
145
Figure 1. Details of the tested beams 146
147
2.2 Material properties 148

A ready-mixed concrete with a 28-day compressive strength of 28 MPa was used to cast 149
all of the tested beams. Six conventional concrete cylinders (150 x 300 mm) were used to 150
measure the concrete's compressive strength in accordance with ASTM C39 [15]. ASTM A370 151
[16] was used to determine the characteristics of the reinforcing steel. The yield and ultimate 152
tensile strains were 0.0031 and 0.055, respectively, whereas the yield stress, ultimate 153
strength, and modulus of elasticity were 560 MPa, 630 MPa, and 185 GPa. In this work, 154
MBRACE-ADH 4000 (BASF) epoxy glue was utilized. The adhesive's tensile strength and mod- 155
ulus of elasticity are 32 and 4300 MPa, respectively, according to the manufacturer. The CFRP 156
bars had a nominal diameter of 10 mm and a distorted surface configuration. According to 157
ACI 440, the uniaxial tension tests yielded the tensile strength and modulus of elasticity for 158

the utilized CFRP bars.3R-12 [17] were 130 GPa and 1800 MPa, respectively. 159
160
2.3 Specimens and Strengthening Technique 161

A ready-mixed concrete with a 28-day compressive strength of 28 MPa was used to cast 162
all of the tested beams. Six conventional concrete cylinders (150 x 300 mm) were used to 163
measure the concrete's compressive strength in accordance with ASTM C39 [15]. ASTM A370 164
[16] was used to determine the characteristics of the reinforcing steel. The yield and ultimate 165
tensile strains were 0.0031 and 0.055, respectively, whereas the yield stress, ultimate 166
strength, and modulus of elasticity were 560 MPa, 630 MPa, and 185 GPa. In this work, 167
MBRACE-ADH 4000 (BASF) epoxy glue was utilized. The adhesive's tensile strength and mod- 168
ulus of elasticity are 32 and 4300 MPa, respectively, according to the manufacturer. The CFRP 169
bars had a nominal diameter of 10 mm and a distorted surface configuration. According to 170
ACI 440, the uniaxial tension tests yielded the tensile strength and modulus of elasticity for 171
the utilized CFRP bars.3R-12 [17] were 130 GPa and 1800 MPa, respectively. 172
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Horizontal and vertical foam inserts were inserted into the casting molds to pre-form
square slots with a side length of 20 mm in order to place the NSM bars. The internal surfaces
of the prefabricated grooves were meticulously roughened and then cleaned with pressured
air prior to the NSM bars being bonded to them. In accordance with the manufacturer's in-
structions, the two-component epoxy was combined in a high-speed mixer. The epoxy paste
was poured into each groove until it covered roughly two thirds of its volume. The bonding
agent was displaced by gently pressing the CFRP bar into the groove. The groove was then
fully filled with additional adhesive. After using a spatula to remove any extra epoxy, the sur-
face was meticulously polished. Before testing, the epoxy adhesive was allowed to set for a
week at room temperature.

One beam was used as a control beam for comparison and was tested without any
strengthening. NSM CFRP bars with a maximum length of 2000 mm and two distinct end con-
ditions (straight and bent) were used to reinforce three beams (S1F, S2F, and A2F). The
height of the bent ends was 100 mm. One straight bar was used to reinforce Beam S1F. Two
straight bars were used to reinforce Beam S2F. Two bars with bent ends were used to rein-
force Beam A2F. The bent ends serve as end anchors that could postpone the CCS failure.

2.4 Test Setup and Instrumentation

The four beams underwent three-point bending tests with a concentrated load applied
at the mid-span till failure and a clear flexural span of 2250 mm. A 500 kN capacity load cell
was used to monitor the load, which was applied using a 1000 kN capacity servo-controlled
hydraulic jack. The deflection at the midspan and beneath the loading locations was meas-
ured using three linear variable displacement transducers (LVDT) with a 120 mm range. Elec-
trical resistance 120-ohm strain gauges were used to track strains at the level of the NSM
CFRP bar and main tension steel at the midspan. Additionally, two PI gauges were fastened
to one of the tested beam sides in order to measure the tensile and compressive strains in the
concrete.

3. Results and discussion

The flexural behavior of the tested beams is summarized in Table 1. The final column of
the table shows the failure mode of each tested beam. Below is a discussion of how the test
variables affecting the tested beam's flexural response. The yielding load and its accompany-
ing deflection are represented by Py and Ay in this table, the ultimate load and its associated
deflection by Pu and Au, the energy absorption (defined as the area under the (P-A) curve)
by (), and the effective pre-yield stiffness by Ke.

TABLE 1. KEY POINTS OF LOAD-DEFLECTION CURVES; COMPARISON OF TEST RESULTS WITH FE

Beam ID Results Py Ay b — L @ FM
kN mm kN mm kN/m kN.mm

Test 31.9 7.9 38.5 26.6 3112.6 2373.6 CcC

CB FE 29.8 7.1 38.7 223 31373 2179 CcC
Error (%) -6.6 -10.3 0.52 -16.2 0.79 -8.2

Test 50.3 9.7 78.8 293 4568.1 1905.4 CCS

SIF FE 48.2 9.2 84 31.9 4636 1980 CCS
Error (%) -4.2 -55 6.5 -1.1 -0.8 3.9

Test 72.7 10.6 102.5 20.6 6289.8 1386.1 CCs

S2F FE 69 9.75 106 20.4 6201.5 1311 CCs
Error (%) -5 -8 341 -1.25 1.4 -5.4

Test 70.5 10 108 24.9 6502.7 1787.3 CCs
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A2F

FE

67.8 9.75 112 233 6256.5 1701 CCS

Error (%)

-3.87 -25 3.7 -6.6 -3.7 -4.8

3.1 Failure Modes and Load-Deflection Behavior

Failure modes of the strengthened beams are presented in Fig. 2. The control beam (CB)
failed by concrete crushing after yielding of the steel reinforcement, while beams S1F, S2F,
and AZ2F failed by concrete cover separation (CCS). The CCS started in beam S1F by the for-
mation of a flexural shear crack initiated near the constant moment zone, while it started by
the formation of a shear crack near the end of the CFRP bar in the two other beams.

The load-midspan deflection (P-A) response of the tested beams is shown in Figure 4.
Generally, the beams exhibited a semi-tri-linear response defined by three stages. The first
stage corresponds to the beam behaviour before cracking. The behaviour in this stage was
linear elastic and the NSM reinforcement did not contribute to increase the stiffness. In the
second stage, the beam started to crack at the midspan section where the maximum moment
was located. Further increase of load, the cracks became wider and new flexural cracks initi-
ated. Many uniformly distributed narrow cracks, with different depths, were observed along
the whole length of the tested beam. The developed cracks did not cross the adhesive because
of its low elastic modulus. Furthermore, a nonlinear behaviour was observed up to failure. In
this stage, the NSM reinforcement significantly increased the stiffness, and decreased the
crack widths comparing with the control beam. The second stage ends with yielding of the
steel reinforcement. Comparing to the control beam (CB), the yielding load was increased by
57.70% for beam S1F, while it increased by 127.9% and 121.00% for beams S2f and A2F,
respectively.

The third stage starts by yielding of the steel reinforcement and ends with the failure of
the tested beams. After the steel yielding, the crack width was controlled by the NSM bar. The
global stiffness of the tested beams decreased in this stage due to yielding of the steel rein-
forcement and the weak modulus of the NSM reinforcement. The percentage increase in
strength of each beam over the control beam is illustrated in Table 1. As indicated from Table
1, using the NSM CFRP bars significantly increased the ultimate carrying capacity of the
strengthened beams compared with the un-strengthened beam. Beam S1F, strengthened
with one straight CFRP bar, failed at a load of 78.5 kN; achieving 104.70% increase in the
ultimate load over the control beam. As the failure was governed by CCS, doubling the FRP
area increased the ultimate load up to 102.50 KN for beam S2F recording 166.25% over that
of control beam. The A2F beam, strengthened with two fully bonded end-anchored bars,
failed at aload of 108 KN with 180.55% and 5.40% increases over the control and S2F beams,
respectively. Therefore, the end hooks were effective in delaying the CCS failure and subse-
quently increasing the ultimate load.

3.2 Cracking Behavior of the tested beams

Generally, cracking behavior of the tested beam is divided into two phases: the crack
formation phase and stabilized cracking phase. In the first phase, the cracks formed at ran-
dom locations according to locally weak sections. At each cracked section, the bond action
between concrete and steel was lost and the tensile stress in concrete dropped to zero. Away
from the crack, the concrete was able to pick up tensile stresses until the bond action was
again lost and a new crack started to from at a certain distance. This distance is identified as
the crack spacing, which mainly depends on the bond properties (i.e. the better bond between
concrete, steel, and NSM reinforcement, the shorter crack spacing). As the strengthened
beams were tested with the same tensile steel area, the crack spacing differed from a beam
to another according to the bond between concrete and NSM reinforcement.
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Doubling the FRP cross sectional area in beam S2F reduced the crack spacing compared
to beam S1F; this is because increasing the FRP area decreased the developed tensile force in

the CFRP bar, which enhanced the bond between concrete and NSM reinforcement.

Figure 2. Failure modes of the tested beams (a) Beam S1F, (b) Beam S2F and (c) Beam A2F
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Figure 3. Load-deflection curves for the tested beams

3.3 Load-Strain Response at the Midspan of the Tested Beams

In this section, the load-strain (P-g) response is discussed and compared for the tested
beams. The (P-¢€) responses in the CFRP bar, tension steel and extreme compression fiber of
concrete at the midspan location are shown in Fig. 4.

Generally, up to concrete cracking in tension, the strain increased in a linear manner
with the increase of the applied load. After cracking, all the tensile forces carried by concrete
were transferred to the tension steel and NSM reinforcement. As a result, the flexural stiffness
of the beam decreased causing a reduction in the slope of the (P-g) curve; however, the
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relation remained linear up to yielding of the tension steel. After yielding, the flexural stiff-
ness of the beam was significantly reduced and another decrease occurred in the slope of the
(P-g) curves.

Response was similar to the load-deflection (P-A) response. Strengthening with two
CFRP bars instead of one bar in beam S2F significantly decreased the developed CFRP strains
at the same load compared with beam S1F. Existence of the end anchors in beam A2F reduced
the developed CFRP strains compared to beam S2F. The CFRP bars reached 8702 pe and 5719
pe at the failure of beams S1F and S2F, respectively. Therefore, with respect to beam S1F,
doubling the cross-sectional area of the CFRP bars reduced the developed FRP strain at fail-
ure by 34.3%. Doubling the NSM CFRP shifted the initiation point of the CCS failure. The CFRP
bars reached 6611 pe at the failure of beam A2F achieving a 15.5% increase over beam S2F.

The measured steel strain at yielding ranged between 2932 pe and 3731 pe, which is
slightly higher than the average yield strain of 3111 pe for the tested steel bars. This is possi-
bly due to the tension stiffening effect generated at the bottom of the tested beams. It can be
seen in Fig. 4 that doubling the cross-sectional area of the CFRP bars in beam S2F significantly
decreased the measured steel strains at the same load levels compared to beam S1F. Strains
in the top compression fibers of concrete were calculated based on the linear extension of the
recorded strain readings which were measured using the PI-displacement transducers.
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Figure 4. Load-midspan strain responses of the tested beams (a) Load-CFRP strain response, (b) Load-steel strain response

and (c) Load-concrete strain response
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3.4 Finite Element Model 303
Only one quarter of the RC beam was modelled due to the symmetry of geometry and 304
loading conditions. A double symmetry case was simulated by restraining the displacements 305
in the directions perpendicular to the symmetry planes. 306
Eight-node solid brick element (SOLID65) was used to model the concrete and epoxy 307
adhesive. The crushing capability of the solid element was removed for concrete to prevent 308
the premature local failure due to stress concentration under loading plates. The steel rein- 309
forcement and NSM CFRP bars were modelled using 3D 2-Node structural bar element 310
(LINK180). The perfect bond (No slip occurrence) was considered between the steel rein- 311
forcement and concrete as well as between the NSM bar and epoxy. Eight-node solid brick 312
element (SOLID185) was used to model the loading and supporting apparatus. The element 313
is defined by eight nodes having three degrees of freedom at each node, translations in nodal 314
%, ¥, and z, with the capability of considering nonlinearity and large deformations. 315
A multi-linear plastic damage model along with the William and Warnke model were 316
employed to define the failure of concrete. The non-linear plastic behavior of concrete under 317
uniaxial compression was obtained from the Hognestad model. The tensile stress-strain re- 318
sponse of concrete is shown in Figure 5 319
320

Stress (MPa)

£l

06f, |-fo |

Strain

!

Et 6 Et 321
Figure 5. Constitutive model of concrete in tension 322

323

The steel reinforcement was assumed to have an elastic-perfectly plastic response with 324

a poison's ratio of 0.30. The Von-Misses failure criterion was used to define yielding of the 325
steel reinforcement. The steel loading and supporting apparatus were modelled as rigid elas- 326
tic material with a modulus of elasticity and poison's ratio of 200 GPa and 0.30, respectively. 327
The CFRP material was considered to be linear elastic up to failure. A multi-linear elasto-plas- 328
tic diagram was used to define the adhesive behaviour along with the same concrete cracking 329
model, but without considering the tension softening phenomenon. A Poison's ratio of 0.35 330

and 0.37 was assumed for the CFRP and epoxy adhesive, respectively. 331
332
3.5 Epoxy-Concrete Interaction 333

Debonding at the epoxy-concrete interface is analyzed by using cohesive zone material 334
(CZM) model and fracture mechanics. Both, contact and interface elements, with zero and 335
finite thickness, respectively, can use the CZM traction-separation constitutive model in AN- 336
SYS®. The contact elements were used for the FE models of the non-anchored NSM systems 337
(in S1F and S2F beams), while the interface elements were used for the FE models of the 338
anchored NSM systems (in the A2ZF beam). A mixed-mode bilinear CZM model, predefined in 339
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ANSYS®, was used to simulate the interface debonding. In such a model, the interface sepa-
ration occurs under a combination of three traction modes (mode I: opening, mode II: shear,
and mode III: tearing); therefore, this type of debonding is controlled by both shear-slip (T-
6) and tension-gap (6-u) behaviours. The bilinear shear-slip and tension-gap behaviours are
presented in Fig.6.

The ultimate tensile stress (6max) and tensile fracture energy (Gen) were limited to the
tensile strength (ft) and fracture energy of concrete (Gft). The tensile fracture energy of con-
crete was using Eq. 1, which is proposed by CEB-FIP model code. The contact gap at comple-
tion of debonding (uf) was obtained using Eq. 2, which was derived by equating the tensile
fracture energy of the interface with the tensile fracture energy of concrete. To obtain the
maximum interfacial shear stress (I'max), Eq. 3 which was proposed by Hassan and Rizkalla
was used. An extensive parametric study was conducted to determine the contact slip at com-
pletion of debonding (6f). The value of 6f was taken as 0.35 and 0.25 for beams strengthened
with one and two CFRP bars, respectively. The separations values (uu and 6u) were assumed
to be one quarter of the failure separation values (uf and &f).

5 1e\0.70
Gy = (0.0469 Da® —0.5 Da +26) (%) Eq. 1
0.2
u- “—(0.0469 D7 - 0.5 D, + 26) Eq.2
' 1
I, max (epoxy-concrete) — ﬁ Eq 3

O'max

[

Normal stress (MPa)

Where Da is the maximum aggregate size and p is the epoxy-concrete friction coefficient;
avalue of p = 1 was used [2].

Shear stress (MPa)

Fmax

Shear slip (mm)

Uy

@

Normal gap (mm)

0 O or

(b)

Figure 6. Bilinear Normal-gap and shear-slip models, (a) Normal-gap model and (b) Shear-slip model

3.6 Non-Linear Analysis

The non-linear solution was operated using a force control mode with a 10 N load incre-
ment. In contrast with the displacement control mode, the force control mode consumes a
little time in solving such complex models; however, it cannot track the post-peak behaviour
of the modelled specimen. The FE models were developed with refined mesh applied at the
locally high stressed zones. Fig. 7 shows the used mesh in the developed models.
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Figure 7. Mesh of the developed FE models

Failure of the developed FE models was defined according to two mechanisms: (a)
crushing of the concrete after yielding of the steel reinforcement and (b) concrete cover sep-
aration. The modelled specimen is considered to be failed by concrete crushing if the com-
pressive strain reaches the value of 0.003. The concrete cover separation was detected by the
examination of the equivalent plastic strain of concrete at the level of the failure plane which
was experimentally observed. The modelled RC beam was assumed to fail by CCS when the
effective plastic tensile strain at the level of the tension steel exceeds the rapture strain of
concrete.

3.7 Finite Element Results
3.7.1 Validation of the FE results

Fig. 8 shows a comparison between the experimental and numerical load-deflection
curves for all the tested RC beams. At yielding stage, the differences between the experi-
mental and FE values are negligible. However, the obtained ultimate loads from the FE mod-
els are slightly higher than those obtained from the experimental records. This in fact is due
to ignoring the radial stresses transferred from the tension steel and NSM bars to the concrete
in the developed FE models. The comparison details are enlisted in Table 1.

The comparison indicates that there is a good correlation between the developed mod-
els and the recorded experimental results at all stages of loading up to failure. The FE load-
CFRP strain response at the midspan was compared to that obtained from the experimental
results in Fig. 9. Generally, the slight differences between the analytical and experimental re-
sults can be related to the CFRP modulus, which is not absolutely constant and could be
slightly smaller or greater than the specified value. Based on the compared load-deflection
behaviour, load-CFRP strain response, and failure modes, both validity of the developed FE
models and reliability of the FE simulation are confirmed.
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Figure 7. Comparison between the experimental and numerical load-CFRP strain curves

4. Conclusions

The following key conclusion can be made in light of the given experimental and numer-

ical results:

1. Flexural strength and stiffness can be greatly increased by strengthening with NSM

CFRP bars. The NSM strengthening system reduced the deflections and crack widths

at various loading stages and enhanced the tested beams' load-deflection response.

The most common mode of failure for all the strengthened beams was the separation

of the concrete cover.
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2. Compared to a beam strengthened by a single straight bar, it is evident that doubling
the FRP cross area results in a very large improvement in the final carrying capacity
and stiffness, scoring 29.6% and 37.7%, respectively.

3. Compared to straight CFRP bars, strengthening using end-anchored CFRP bars en-
hanced the ultimate load and postponed the CCS failure.

4. The flexural behavior of RC beams reinforced with NSM anchored and non-anchored
CFRP bars was accurately reproduced by the established FE models. The established
FE models' cracking behavior might be replicated by the strain-based failure criteria
utilized to predict the CCS failure mode.
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