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strengthening of RC beams was examined by applying an innovative manually made CFRP
bar (MMFRP) as an alternative reinforcement composite material through experimental
and numerical investigation. The experimental program consists of three inverted T-section
RC flexural-dominated beams and three rectangular section RC shear-dominated beams
involving parameters of length, anchoring of MMFRP bars, and their inclination to the
beams’ longitudinal axis. The structural performances of the tested beams and the Finite-
Element (FE) modelling approach, including modes of failure, load-deflection response, and
ultimate load capacity, were presented and discussed. Test results indicated that using the
proposed MMFRP bars significantly improved the flexural resistance and shear capacity
of deficient concrete beams. Furthermore, a reduction in the crack width along with an
increase in the quantity and propagation of new cracks was observed in strengthened beams,
compared to control beams.

(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

A large number of existing buildings and structures
require strengthening due to factors such as deteriora-
tion and construction or design faults. Recently, Fiber
Reinforced Polymer (FRP) has been used extensively
as an alternative reinforcement material to steel to
strengthen and repair existing concrete structures [1-3].
To optimize the utilization of FRP materials, Near Sur-
face Mounted (NSM) reinforcement has been recently
introduced as a promising method to strengthen the
reinforced concrete members [4,5]. Design guidelines
for this technique are currently under consideration
by the ACI Committee 440 [6]. A state-of-the-art
review of existing experimental data regarding concrete
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beams, slabs, and columns strengthened with NSM
FRP reinforcement was presented [7]. The obtained
results indicated that the NSM reinforcement improved
the ultimate load, post-cracking stiffness, and possible
failure modes of strengthened beams. Using NSM FRP
reinforcement is also effective in improving the shear
capacity of RC beams, and the NSM reinforcement
leads to an increase in shear strength which is as
high as 106% in the absence of steel stirrups; thus,
two different failure modes would be identified [8].
A series of RC T-beams were tested experimentally
with the CFRP, and steel strips were carefully aligned
and spaced [9]. A number of beams were tested to
analyze the influence of the test parameters’ structural
behaviors and failure mode and show an increase in
shear capacity ranging from 22% to 44% [10]. Anwarul
Islam [11] studied the shear strengthening of four
concrete beams with NSM CFRP bars and reported
an increase in shear capacity, ranging from 17% to
25% over the control beam. Researchers investigated
the effectiveness of shear and flexural strengthening of
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beams reinforced with NSM-CFRP strips, which were
Externally Bonded Reinforcing (EBR) with CFRP
strips.  They concluded that the NSM and EBR
strips form a good combination to resist the applied
load. Moreover, the test results revealed that shear-
deficient beams might well be strengthened by the
externally applied FRP strips [12,13]. Recently, the
efficiency of the NSM technique using MMFRP rods for
shear strengthening of RC beams was investigated [14],
revealing that the MMFRP (Manually-Made FRP)
rods effectively enhanced the shear capacity of tested
beams. Moreover, efficiency of the NSM technique
was tested on RC columns’ flexural strengthening and
reinforced concrete beams with low concrete strength,
showing that the proposed strengthening technique is
feasible and effective for improving the flexural capacity
and energy dissipation capacities [15,16].

2. Research highlights

This study evaluates the effectiveness of the proposed
Manually Made FRP bar (MMFRP) for flexural and
shear strengthening of six RC beams using the NSM
method. MMFRP bars were manually made in the
laboratory and hooked at the end for anchoring in
concrete. The effect of MMFRP bars on the behavior
of strengthened beams was examined through experi-
mental and numerical study. Using hand-made FRP
bars in lab in case of un-availability of pre-fabricated
bars particularly with made hooks is one of highlights
in this research.

3. Experimental program

To examine the general performance of the proposed
MMFRP bars in NSM strengthening technique, two ex-
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perimental groups were selected: a group of RC beams
strengthened in bending and a group of RC beams
strengthened in shear. To simulate a real strengthening
situation, flexural and shear beams should have a lim-
ited amount of longitudinal and shear reinforcement,
respectively.

3.1. Material properties

The average compressive strengths of concrete cylin-
ders (150 by 300 mm) while testing were approximately
22.1 MPa and 24.3 MPa for shear and flexural beams,
respectively. Table 1 shows the main properties of
the steel bars used in the experimental program. The
mechanical properties of steel bars were obtained from
the tensile test. A new type of circular CFRP bars,
called MMFRP, was manually made in the laboratory
by wrapping FRP sheets around a wooden rod and
hooking the ends to anchor the concrete. These bars
are made up of three ingredients, i.e. dry unidirectional
0.11 mm thickness carbon fiber sheet, epoxy resin,
and round 10 mm diameter special wooden bar, based
on wet lay-up technique [6] shown in Figure 1. A
special wooden bar is harder than a regular wood
and can keep FRP bars during casting and manufac-

Table 1. Mechanical properties of the steel bars.

Bar Yielding Ultimate

diameter stress stress
(mm) (MPa) (MPa)

6 190 230

8 545 575

10 335 370

14 430 470

18 480 510

()

Figure 1. Manufacturing of MMFRP bars: (a) Cutting a strip from the FRP roll, (b) placing the wooden bar on the FRP
strip, (c) uniform saturating of FRP strip by resin and wrapping around the wooden bar, (d) stirrup strip, (e) hooked

MMFRP stirrups, and (f) hooked MMFRP bars.
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turing. Moreover, the maximum tensile strength of
this wooden bar is 60 MPa tested by tension testing
machine. The manufacturer’s values of tensile strength,
elastic modulus, and ultimate tensile strain of CFRP
sheets were equal to 3550 MPa, 235 GPa, and 1.5%,
respectively. The length of the FRP strip equals to
that of the bar, and 70 mm of its width (calculated
based on the required design of cross-sectional area)
was cut from the FRP roll (Figure 1(a)) and wrapped
around the wooden bar (Figure 1(b)); then, it was
mixed and saturated with two-component low viscosity
epoxy resin (Figure 1(c)). Furthermore, it was placed
under a condition with proper temperature for five
days to be cured. The diameter of the manufactured
bars was 12 = 1 mm (around 10 mm diameter of
special wooden bar) with 8 mm? FRP cross-sectional
area. FRP strip length was calculated by adding the
anchored length to the bar length to prepare hooks
(Figure 1(d)). To prevent stress concentration, the
fibers were rounded to 10 mm radius of curvature,
as shown in Figure 1(e) and (f). It was evidenced
that the proposed manufacturing procedure is inex-
pensive, feasible, and easy to apply. The mechanical
properties of MMFRP bars were determined through
tension between the coupon test shown in Figure 2
with the procedure specified based on CSA standard
S806 [17,18]. The steel tubes were filled with specially
mixed grout consisting of epoxy resin, hardener, and
fine sand. A tension-testing machine was used for
testing three specimens, giving the average modulus

‘Wooden lid Wooden Steel tube
/ centralizer 4 Mixed
/ / FRP bar / grout

Figure 2. Details of coupon specimens: (a) Schematic
view of specimens, (b) preparation of specimens, and (c)
specimens before tensile test.

Table 2. Mechanical properties of Manually Made FRP
bars (MMFRP).

FRP cross . Diameter of
. Modulus of Tensile .
sectional . fabricated
elasticity  strength
area (GPa) (MPa) bars
(mm?) (mm)
8.0 220-230 1920 12+1

of elasticity of 225 GPa and mechanical properties as
given in Table 2.

3.2. Specimen characteristics

Geometry, reinforcement arrangements, loading, and
supporting conditions of flexural and shear specimens
are represented in Figure 3. The flexural series shown
in Figure 3(a) is composed of a total of three inverted
T-section beams with an overall length of 1800 mm,
clear span of 1600 mm, and height of 300 mm, with
diameters of 14 mm and 10 mm as longitudinal and
8 mm as stirrup steel bars. The inverted T-section
configuration was selected to represent the typical inte-
grated beam-slab construction in the negative moment
region. The beams were simply supported at both ends
and were loaded under two-point symmetrical bending.
Three shear specimens, shown in Figure 3(b), with a
rectangular section and an overall length of 1300 mm,
clear span of 1100 mm, and depth of 220 mm, were
constructed with 18, 10, and 6 mm steel bars and tested
simply by the support ends under a concentrated load
applied at the beams mid-span.

3.3. Strengthening layout

In flexural strengthening series, B1 beam as a control
specimen was tested without considering strength, and
B2 and B3 specimens were strengthened with two
MMFRP bars beneath the beam flange. The type of
groove filling epoxy, dimension of grooves, and NSM
reinforcement spacing were kept constant for strength-
ened specimens; however, the embedment lengths and
the MMFRP bars anchorage were considered as test
variables. Beam B2 was strengthened through the
medium of two FRP bars with embedment lengths
of 1500 mm (equal to 85% of the total length) and
enough development length for each FRP bar without
any probable debonding. If there is not enough
development length for tensile bars to decrease the bar
costs and use shorter lengths, using hook would be the
substitute alternative to provide the required bonding
strength. Therefore, beam B3 was strengthened via
two FRP bars with shorter and different embedment
lengths as well as use of hooks given in Table 3 and
shown in Figure 4(a). One bar length is 900 mm, equal
to about 50% of the total length, while the other one is
450 mm, equal to about 25% of the total length. The
hook length of MMFRP bars was 70 mm with angle
of 90°. Since only two strengthening bars are used
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Figure 3. Test setup, beam details, and cross-section of beams: (a) Flexural beams, and (b) shear beams (all dimensions

are in millimeters).

Table 3. Test specimens for flexural beams.

FRP cross Embedment
Beam Strengthening system sectional area length
(mm?) (mm)
B1 None (control beam) — —
B2 2 NSM MMFRP bar 8.0 mm? 1500
B3 2 NSM MMFRP bar 8.0 mm? 450 and 900 (hooked)

in beam B3, it appears that the beam may represent
unsymmetrical behavior; however, the overall behavior
and recorded strain gauges of steel longitudinal bars
show that there is no negative effect of this FRP bar
arrangement on beam syminetric behavior.

In shear strengthening series, beam S1, as the
control beam, was not strengthened, whereas those two
other beams, S2 and S3, were strengthened through the
medium of two MMFRP bars with a 150-mm space
on both sides of the beams. FRP cross-sectional area
of each bar was 8 mm?. The types of groove filling
epoxy and dimension of grooves were kept constant
for the strengthened specimens. The inclination of
MMFRP bars towards the beams’ longitudinal axis
was considered a variable. Two different angles were
selected: 900 and 450 for beams S2 and S3, respectively.
To enhance the bond properties, MMFRP bars were
hooked at one end with 10 mm radius of curvature and

angle of 900, and anchored on the top surface of beams.
Shear strengthening program is given in Table 4 and
shown in Figure 4(b).

As shown in Figure 5, the strengthening pro-
cedure of RC beams consists of cutting slits with a
nominal size of 18 mm into the soffit cover of flexural
beams and a two-sided cover of shear beams, cleaning
grooves by compressed air for removing debris and
dust, attaching strain gauges to bars at the critical
locations before placing them into grooves, mixing (in
a 3:1 weight ratio with resin and hardener) and pouring
two-component high viscosity epoxy components as
a mortar binder (modulus of elasticity of 12.8 GPa
and an average tensile strength of 4.0 MPa) into
the grooves, inserting the bars inside the grooves
and completely covering them with epoxy and lev-
eling surface, and finally leaving the specimens at
room temperature for at least five days to ensure
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Table 4. Test specimens for shear beams.

Angle of
FRP cross MMFRP bars to Spacing of
Beam Strengthening system sectional area  the longitudinal MMFRP bars
(mm?) axis of beam (mm)
(deg.)

S1 None (control beam) — —
S2 Hooked NSM MMFRP bar 8.0 mm? 90 150 mm
S3 Hooked NSM MMFRP bar 8.0 mm? 45 150 mm
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Figure 4. NSM Strengthening technique: (a) Flexural

RC beams, and (b) shear RC beams (dimensions in mm).

Figure 5. Cutting the groove of RC beams.

that the epoxy reaches its full mechanical proper-
ties.

3.4. Test setup and instrumentation

Prior to beams casting, strain gauges were attached
to different positions (at maximum moment positions
and out of that point, the maximum shear position,
and the other points) on the steel reinforcement. Eight
strain gauges were used for each flexural beams, and
12 to 14 strain gauges were used for shear beams, as
shown in Figure 6. The beams were instrumented with
two LVDTs at mid-span, on both sides of the beam
soffit, to monitor the average of deflection. Loads,
displacements, and strains were all recorded by an
electronic data logger system, and cracks’ propagation
was marked.

4. Test results and discussion

4.1. Flexural beams

The load-deflection behavior of the flexural beams is
shown in Figure 7 with its summarized results given in
Table 5. After cracking and prior to the yielding points
of the internal steel tensile reinforcements (the point in
which rapid changes of curve slope occur) of B2 and
B3 beams at 130 and 125 kN, respectively, the flexural
behavior for all strengthened beams is almost similar to
the unstrengthened beam. This behavior indicates that
these bars do not contribute to increasing the stiffness
in the elastic linear range prior to concrete cracking ca-
pacity equal to 30 kN, as shown in Figure 7. However,
after yielding the tensile reinforcements, the flexural
stiffness and strength of the NSM beams, compared
to the control beam, were significantly improved. The
control beam, B1, behaves like a conventional flexural
beam and fails due to yielding tensile reinforcements
and crushing the concrete, as shown in Figure 8(a).
Beam B2 exhibited linear behavior at the point of
cracking, followed by a nonlinear behavior until yield-
ing the steel reinforcement occurred. After yielding
the steel reinforcement, an increase in the applied load
was observed up until when shear failure occurred
after debonding observed at one end of the beam at
the cutoff section of NSM MMEFRP bars, as shown in
Figure 8(b) and (c). Thereafter, the load dropped to a
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Figure 6. Strain gauge positions on FRP bars of tested specimens: (a) Flexural beam specimens, and (b) shear beam

specimens.
Table 5. Experimental results of flexural beams.
p A P A p A Increase
Beam °r °r Y v v “ Eu in Py Failure mode
(kN) (mm) (kN) (mm) (kN) (mm) (%) (%)
()
B1 30 1.7 118 12.5 124 33.0 — — Flexural failure
B2 32 1.4 130 8.5 160 20.5 1.03 29 Shear failure
B3 30 1.3 125 11.5 138 30.0 1.08 11 Shear-flexural failure
Note: P.,: Cracking load; cr: Midspan deflection at cracking load;

Py: Steel bars yielding Load;
Ppr: Steel bars ultimate failure load;

£+: Maximum tensile strain in FRP at failure.

160 /"\/

140 el \ e

r -
120 ,
/,/___‘/\
100 / B1

Z {/
< 80 /
<
S 60 ,
y
1071 7
20 1f
f
0 \" T —t T t t T —t— T t —— {
0 5 10 15 20 25 30 35

Displacement (mm)

Figure 7. Load-midspan deflection behavior of flexural
beams.

lower level, and the test stopped. Using NSM MMFRP
bars resulted in a significant reduction in the crack
widths and an increase in the quantity and propagation
of new cracks in the strengthened beams, compared to
control beam.

Ay: Midspan deflection at yielding load;
Ay Midspan deflection at failure;

Beam B3 provided an insignificant increase in
stiffness and strength due to early debonding observed
at both ends of the MMFRP bars (Figure 8(d) and (e)).
This indicated that the MMFRP bars anchorage in the
concrete flange of the beam had a negligible effect on
the ultimate load carrying the beam capacity. Beams
B2 and B3, in comparison to the control beam, with
embedment lengths of 1500, 900, and 450 mm, had
29 and 11 percent increase in the ultimate strength,
respectively. The significant increase in the ultimate
load carrying capacity of beam B2, when compared to
beam B3, was due to the longer embedment length of
MMFRP bars used in this case. In general, higher
elasticity modulus of MMFRP bars leads to a lower
deflection and restrained propagation of flexural cracks
resulting from deeper penetration into the section in
strengthened beams, in comparison with control beam.
This indicates an improvement in flexural stiffness and
a reduction in ultimate deflections. The difference
of flexural stiffness between beams B2 (with more
embedment length of MMFRP bars) and B3 was more
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Table 6. Ductility index and curvature of flexural beams.

Beam ¢y L bu w= Pu Ay Ay — Ay
mm~') (mm™!) Py (mm) (mm) Ay
Bl 0.0021 0.0084 4.00 12.5 33 2.64
B2 0.0026 0.0075 2.88 8.5 20.5 2.41
B3 0.0022 0.0073 3.30 11.5 30 2.61

(e) ()

Figure 8. The failure modes of flexural strengthened
beams with NSM bars: (a) Flexural failure of beam B1,
(b) shear failure of beam B2, (c) concrete cover separation
failure mode of beam B2, (d) flexural-shear failure of beam
B3, (e) concrete cover separation failure mode of beam B3,
and (f) comparison of crack patterns of flexural beams.

conspicuous; beam B2 increased up to ultimate load
with the steeper slope; however, beam B3 behaved
similar to control beam with smaller deflections. The
failure mode of the beam can be supposed as shear-
flexural failure, as shown in Figure 8(d) with the crack
patterns of flexural beams shown in Figure 8(f). For
comparison purposes, the ductility indexes of beams
are calculated using Egs. (1) and (2) [§]:

be calculated at any level based on the strain values of
concrete, top and bottom longitudinal reinforcements,
and MMFRP bars, which are collected while testing,
assumption of a linear distribution of strain through
the depth of the mid-span section. Ductility results
are summarized in Table 6 where it was observed that
beams with NSM MMFRP bars experience a decrease
in both ductility index and curvature relative to the
control beams.

Moment-strain relationship for MMFRP bars is
shown in Figure 9. The maximum strains of MM-
FRP bars obtained from beams B2 and B3, prior to
debonding, were 1.03 and 1.08 percent, respectively,
indicating that the MMFRP bars tensile strength
proper utilization was achieved (Figure 9(a) and (b)).
For beams B3 where the MMFRP bars were hooked
at two ends, debonding of the NSM MMFRP bars
occurred at an early stage and the bars anchorage
did not provide more increase in the maximum tensile
stress in the MMFRP bars, especially for the bar with
an embedment length of 450 mm (Figure 9(c)).

4.2. Shear beams

The load-deflection behavior of the shear beams and
the summarized results are shown in Figure 10 and
Table 7, respectively. Prior to the ultimate load, the
behavior among all beams is almost similar, indicating
that the stiffness of the beams is not significantly af-
fected by shear MMFRP bars. As reported in Table 7,
strengthened beams S2 and S3 experienced a significant
increase in load carrying capacity over the control
beam, ranging from 33% to 47%, respectively. Beam
S3, with inclined NSM reinforcement, had more effect
on the ultimate load capacity increase when compared
to beam S2, with vertical NSM reinforcement. It was
probably due to the longer embedment length of in-

A, clined MMFRP bars. For a given load, the inclined bars

H= Ky’ (1) with longer lengths can transfer more shear stresses via
higher bond length. Moreover, with constant spacing

bu of the MMNSM bars along the longitudinal axis of
H= (;Ty’ (2) the beams, the vertical spacing among the bars in

where A, and A, are the ultimate and yield mid-
span deflections, respectively, and ¢, and ¢, are the
ultimate and yield mid-span curvatures. The corre-
sponding curvature of mid-span section is equal to ¢ =
£, where ¢, and x are the concrete strain and neutral
axis depth, respectively. The neutral axis depth can

inclined bars is shorter than that in vertical bars, thus
forming new cracks involving more bars at the same
time, probably delaying the initiation and propagation
of the cracks.

During the test, the control beam, S1, behaved
as a conventional shear beam, and diagonal shear
cracks initiated at the center of both shear spans at
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Figure 9. Strains in MMFRP bars in flexural beams: (a) Strains in beam B2, (b) strains of the longer bar of beam, and
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Table 7. Experimental results of shear beams.

p A P A Increase
Beam er er v “ Eu in Py Failure mode
(kN) (mm) (kN) (mm) (%)
(%)
S1 30 1.1 104 9.5 — — Shear failure
S2 30 1.5 138 11.0 0.44 33 Shear-flexural failure
S3 30 1.6 153 16.0 0.53 47 Flexural failure

Note: P.r: Cracking load;
Py Steel bars ultimate failure load;
&4 Maximum tensile strain in FRP at failure;
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Figure 10. Load-midspan deflection behavior of shear

beams.

Acr: Mid-span deflection at cracking load;
A, Mid-span deflection at failure.

about mid-height of the beam. As the load increased,
these cracks propagated until reaching the adjacent
support and loading point, and more shear cracks
were created within the shear span. These cracks
widened and propagated until failure of beam occurred,
as shown in Figure 11(a). The stirrup crossing the
shear failure crack ruptured and the longitudinal tensile
reinforcement did not yield. The angle of shear cracks
to the longitudinal axis of the beam was close to
24° (Figure 12(a)). In beam S2, with vertical NSM
reinforcement, cracks normally started at the bottom
of the beam as flexural cracks and propagated until
the mid-height of the beam adjacent to the maximum
moment region. As the load increased, more shear-
flexural cracks appeared and the diagonal shear cracks
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Figure 11. The failure modes of shear strengthened
beams with NSM bars: (a) Shear failure of beam S1, (b)
shear- flexural failure of beam S2, (c) flexural failure of
beam S3, and (d) comparison of crack patterns of shear
beams.

became gradually visible in the shear spans. These
cracks spread and maintained a diagonal direction until
reaching the adjacent support and applied load. These
cracks widened until shear failure of beam occurred
at one of the beam shear spans (Figure 11(b)), at
an angle about 27° to the longitudinal axis of the
beam (Figure 12(b)). It is important to note that
shear failure which occurred in this beam was not as
brittle as the one observed in the control beam. As
shown in Figure 12(b), close to failure of the beam,
shear-flexural cracks spread over the shear spans; thus,
the beam failure can be considered as shear-flexural
failure.

As shown in Figure 11(c), in beam S3, with
inclined NSM reinforcement, cracks started approxi-
mately vertically adjacent to the maximum moment
region at the bottom of the beam as flexural cracks and
spread towards the mid-height of the beam. As the load
increased, more inclined shear-flexural cracks became
gradually visible. Thereafter, cracks between the two
NSM bars near the point of applied load gradually

spread up to the loading point. Finally, flexural failure
occurred in the maximum moment region by widening
vertical cracks, and then beams failed due to yielding
of tensile reinforcements and crushing of concrete. In
this beam, a few cracks were visible on the side surfaces
of the beam in the shear spans. The angle of cracks at
failure was close to 70° (Figure 12(c)).

The crack patterns of shear beams are shown in
Figure 11(d). In general, using NSM MMFRP rein-
forcement increased the cracks’ quantity and propaga-
tion, reduced the crack widths, and delayed formation
of new cracks in the strengthened beams, compared
to control beam. The comparison of crack patterns
in strengthened beams indicated that beam S3, with
inclined NSM reinforcement, became more effective
than beam S2, with vertical NSM reinforcement. This
can again be explained by the longer embedment
length of inclined MMFRP bars, probably delaying
the early formation, and propagation of internal new
cracks. Even though no visible debonding was ob-
served in these tests, based on results of shear tests
reported in previous investigations, the end anchorage
of NSM bars had a significant effect on capacity
and, particularly, on ductility of shear strengthened
beams [14].

Figure 13 shows the shear-strain relationship of
MMFRP bars of the strengthened beams. In strength-
ened beams, FRP strains became activated after the
first shear crack. Once the concrete in the shear
region cracked, the shear force was transferred to the
MMFRP bars, and a rapid increase in strain in the
MMFRP bars was observed. Strains in NSM MMFRP
reinforcement increased until failure load, indicating
that no debonding occurred. Due to constant shear
load in shear spans, the relative position of the strain
gages and major cracks exerted effects on maximum
strains in MMFRP bars. For instance, in beam S2,
the maximum strains were measured in the middle
of the second MMFRP bar after the support, close
to diagonal shear-flexural cracks in the middle of
the shear span (Figure 13(a)). In beam S3, the
maximum strains were measured at the middle of
the third MMFRP bar after the support, close to
flexural cracks under the point of applied load (see

Figure 12. Angle of the cracks to the longitudinal axis of shear beams: (a) Beam S1, (b) beam S2, and (c) beam S3.
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Figure 14. Load versus strains in steel stirrups in the shear beams: (a) Strains in the first steel stirrup after the support,

and (b) strains in the second steel stirrup after the support.

Figure 13(b)). The maximum strains at the failure
load for beams S2 and S3 were recorded as 0.44 and
0.53 percent, respectively, indicating that the inclined
NSM reinforcement became more effective than vertical
NSM reinforcement.

Figure 14 illustrates the shear-strain curves ob-
tained from the strain gages attached to the first and
second steel stirrups following the support in the shear
beams. Comparison of the obtained stains of the first
and second steel stirrup in strengthened beams with
control beam indicated that the cracks in the shear
span of strengthened beams were less than those in
control beam due to presence of the NSM reinforcement
and hence the stirrups close to the support had less
strains but the maximum strains measured at the
second stirrup close to cracks in the middle of the shear
span were more than those measured at the first stirrup
after the support at the end of test at higher level of
loads. As shown in Figure 14(a) and (b), the maximum
strains measured at the first and second steel stirrups
after the support in beam S3 were smaller than those
in beam S2, indicating that more shear forces were
transferred to the MMFRP bars in beam S3. Therefore,
inclined NSM bars had more effect on absorption of
shear forces than vertical NSM bars.

5. Numerical model

ANSYS Finite-Element package [19] was implemented
to model the experimental specimens and to present
some noticeable advantages and disadvantages of shear
beams, considering two major approaches: the dis-
crete crack approach and the smeared crack approach,
representing cracks in concrete structures [20]. The
smeared crack approach models cracks in a smeared
manner by applying an equivalent theory of continuum
mechanics, while the discrete crack approach models a
crack discretely as a geometrical entity. The smeared
crack approach has been widely used because of its
simplicity and availability in commercial FEA ANSYS
software [19,21], adopting an appropriate material
model to define the post-cracking tensile behavior of
concrete [21]. The bond behavior of the concrete
between both external FRP reinforcement and internal
steel reinforcement may also play a significant role [22].
Chen proposed an advanced FE model for RC beams
strengthened in shear with externally bonded FRP that
takes into account an appropriate material model to
define the post-cracking tensile behavior of concrete
as well as the interfacial behavior of FRP and steel
reinforcement [23]. Developing such advanced issues
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requires more efforts, and using simplified assumptions
in FE analysis by commercial software is still popu-
lar [24-27].

Three types of elements were adopted in the FE
modelling of experimental shear beams conducted in
this paper. Solid65 that is defined by eight nodes
with three degrees of freedom at each node, namely
translations in nodal x, ¥, and z directions, is widely
used for 3D modelling of solids with or without rebars.
This solid element is capable of modelling cracks in
tension and crushing in compression and is utilized
to model the concrete. The 3D spar Link 8 element
is a uniaxial tension-compression element with three
degrees of freedom at each node, namely translations
in nodal z, y, and z directions, and is used for modelling
both longitudinal and transverse steel bars in the con-
crete beams. The modelling of steel reinforcement was
carried out by the use of discrete model in which rebar
elements were connected to concrete mesh nodes. NSM
FRP bars are working in tension-only mode; therefore,
LINK10 was used for FRP modeling. LINK10 is a 3D
spar element having the unique feature of a bilinear
stiffness matrix resulting in a uniaxial tension-only (or
compression-only) element. For MMFRP elements, the
tension-only option was used, and the stiffness was
removed if the element went into compression. The
perfect bond was assumed in this work; therefore, the
slip between concrete and either MMFRP bars was
assumed as zero in FE model.

5.1. Material properties

Compressed concrete was considered to be linear elastic
up to about 0.3f'¢, where f'c is cylinder compressive
strength; beyond that point, it exhibits strain hard-
ening followed by a post-peak softening curve. The
model requires a biaxial state for concrete, for which
the theoretical failure surface proposed by William
and Warnke [28] was considered, as shown in Fig-
ure 15(a). Therefore, numerical expressions were used
to construct the uniaxial compressive and tensile stress-
strain curve as shown in Figure 15(b) and (c) [29].
In the William-Warnke concrete model, o,, and oy,

Ultimate compressive strength
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are the most significant non-zero principal stresses
in = and y directions, respectively. The mode of
failure is a function of the sign of principal stress in
z direction (o,,). For all shear specimens, f'c and
concrete rupture modulus, f., and Poisson’s ratio, v,
were 22 MPa, 2.6 MPa, and 0.2, respectively. A linear
elastic isotropic constitutive relation is assumed for the
FRP composite with modules of elasticity of 235 GPa.
Taking advantage of symmetry about both the mid-
span and mid-width planes, a quarter of the beam was
included in the FE model. Total applied displacement
was divided into a series of load steps.

5.2. Results and discussion

Figure 16 shows and compares the load versus mid-
span deflection curves of shear beams obtained from
numerical and experimental results, as shown in Ta-
ble 8. Numerical models predicted reasonable values
for maximum load bearing capacity of beams as well
as shape of the general load deflection curves; however,
failure modes were not clear to achieve. The crack
patterns in S2 and S3 beams at failure, obtained from
numerical and experimental studies, are compared and
shown in Figure 16. Strain magnitudes in mesh ele-
ments revealed the maximum widening areas on shear
failure. Figure 17 depicts areas with the largest strains
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Figure 17. Comparison of crack patterns in numerical and experimental tests.

Table 8. Comparison of numerical and experimental results; maximum applied load.

Maximum applied load (kIN)

Specimen
. . Load ratio
Numerical Experimental
(Nnum/Eexp)
S1 117.15 104 1.13
S2 136.15 138 0.99
S3 154.8 153 1.01

Table 9. Comparison of numerical and experimental results; maximum strain value in MMFRP.

. Maximum strain value (x10~%) Numerical/
Strain .
S2 S3 experimental
gauge no.

Numerical Experimental Numerical Experimental S2 S3

1 2146 2400 2340 1590 0.89 1.47
3179 4387 3441 3900 0.72 0.88

1996 2900 2038 5300 0.69 0.38

on beams. For S2 and S3 specimens, perpendicular and
inclined meshes were implemented, respectively. The
numerical model presented a crack band, whereas, in
experimental condition, an individual crack appeared
at failure. Moreover, the location of maximum crack
width was not identical in experimental tests and FE
models.

The maximum strain values in MMFRP bars,
calculated by the FEA (from points that were very close
to the real position of strain gauge at the experimental
specimen) and obtained from experimental results, are
compared in Table 9 and depicted in Figure 18. Good
agreement exists between numerical and experimental
findings in Beam S3; however, unfavorable agreement
exists between numerical and experimental findings
in Beam S2. The FEA modeling approach generally
predicted the overall load-displacement response of the

shear-strengthened beams with reasonable accuracys;
however, this approach was unable to predict the failure
modes accurately. Other researchers have reported
some of the above mentioned results [30,31].

6. Conclusions

In this research, the behavior of RC beams strength-
ened in shear and flexure using NSM technique with
innovative MMFRP bars was investigated by exper-
imental and numerical approaches. The following
conclusions can be drawn from the outcomes of this
research:

- The beams strengthened in flexure with NSM MM-
FRP bars revealed an improvement in flexural stiff-
ness and bending capacity up to 29 percent and an
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Figure 18. Shear load-strain distribution curves in MMFRP rods: (a) Beam S2, and (b) beam S3.

increase in quantity and propagation of new cracks
over the control beam;

Maximum strains of MMFRP bars obtained prior
to debonding were 1.03 and 1.08 percent, indicating
that proper utilization of the tensile strength of the
MMFRP bars was achieved;

The use of MMFRP bars, particularly with inclined
situation, increased the shear capacity of the defi-
cient beams up to 47 percent over the control beam;

The maximum strains of vertical and inclined bars at
the failure were recorded up to 0.44 and 0.53 percent,
indicating that inclined MMFRP bars became more
effective than vertical bars;

Failure shear mode of the beams strengthened with
these bars was not as brittle as the control beam,
changing from shear failure in control beam to shear-
flexural or flexural failure in strengthened beams;

The proposed bars significantly enhanced the ductil-
ity of the shear specimens;

The FEA modelling approach can predict the
overall load-displacement response of the shear-
strengthened beams with reasonable accuracy, yet
was unable to predict the failure modes accurately.
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