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Abstract

This study undertakes a comprehensive investigation of the shear behavior of
reinforced concrete (RC) beams strengthened by near surface mounted (NSM)
carbon fiber reinforced polymer (CFRP) laminates. Different strengthening
configurations were employed by varying the length and inclination angle of
the CFRP laminates. Results indicated that NSM-CFRP strengthening
increased the load-carrying capacity, ductility, stiffness, and toughness from
8% to 41%, 9% to 78%, 24% to 159%, and 22% to 254%, respectively. Results also
confirmed that as the CFRP laminate length decreases, the efficacy of the
strengthening process increases, where the load-carrying capacity, ductility,
stiffness, and toughness improved from 8% to 19%, 10% to 21%, 8% to 68%, and
26% to 119%, respectively. Also, the comparative results revealed that speci-
mens strengthened with 45°-inclined CFRP laminates versus those strength-
ened with vertical laminates had higher load-carrying capacity (2%-10%),
ductility (1%-35%), stiffness (24%-40%), and toughness (13%-32%). Two analyt-
ical formulations to predict the contribution of the possible distinct NSM-
CFRP shear strengthening configurations for the shear resistance of RC beams
were considered. Results indicated an agreement between the experimental
and the analytical results for both formulas, where the average values for the
safety factor, k, (k=V"/V;*?) were 0.80 and 0.73, with corresponding values
of standard deviation of 0.195 and 0.125, respectively.
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1 | INTRODUCTION

Fiber reinforced polymer (FRP) materials have been used
for structural retrofitting since the 1990s. This may be
because of continuing reductions in the cost of these
materials and their many advantages compared with con-
ventional strengthening materials, such as steel, wood,
and concrete. These advantages include their high
strength-to-weight ratio (i.e., high modulus of elasticity
and high tensile strength), high durability (noncorrosive),
low thermal conductivity, electromagnetic neutrality,
ease of handling, rapid execution with less labor, reduced
mechanical fixing, lower installation cost and reduced
maintenance cost, excellent malleability, and unlimited
availability in size, geometry, and dimensions. Therefore,
their use for retrofitting purposes has gained considerable
popularity worldwide and can produce confident
strengthening and repairing systems for existing concrete
structures."The externally bonded reinforcement (EBR)
strengthening system is the most widespread system for
strengthening/retrofitting reinforced concrete (RC) beams.
However, the technique suffers from premature debonding
of FRP composites from concrete substrate because they
are susceptible to the risk of fire and physical damage and
vandalism as a result of a collision during the process of
stress transmission and humidity effect for being open to
atmosphere. Therefore, the EBR technique cannot develop
full FRP's strength, as the full capacity of FRP reinforce-
ments cannot be utilized.®"! The previously mentioned
disadvantages of EBR-FRP system (i.e., debonding failure)
have led the researchers to adopt another strengthening/
retrofitting system to provide the retrofitted concrete
beams better performance under harsh conditions. Near
surface mounted (NSM) system was found to be the most
appropriate alternative.

The concept of NSM method was invented from the
repair of concrete structures in the 1940s in Europe uti-
lizing insertion steel rebars into slits cut into the surface
of the concrete structures using cement mortar.'” NSM-
FRP technique is based on embedding FRP materials, of
circular, square, or rectangular -cross-section, into
grooves cut onto the surface of the beam and filled with
an appropriate adhesive, such as epoxy paste or cement
grout.'>*

It was also found that NSM technique has many
advantages over EBR counterpart; for example, it
requires no surface preparation work and requires mini-
mal installation time after cutting the thin slit. As the
NSM reinforcement is protected by the concrete cover,
this would protect the embedded FRP reinforcement
against harm resulting from vandalism, mechanical dam-
age, fire, harsh environment, and aging effects. There-
fore, NSM-FRP system tends to deliver greater bond
condition than that of EBR-FRP materials, and they are

consequently less prone to debonding from the concrete
substrate. Moreover, the appearance/aesthetic of the
strengthened element is practically unaffected by the
strengthening intervention.'>'>'°

Moreover, many research studies have found that the
NSM-FRP-strengthened beams have shown better perfor-
mance, in terms of shear capacity and maximum strain,
than those strengthened with EBR-FRP materials. For
instance, Dias and Barros'*!” concluded that the NSM
technique is much more efficient than EBR, since it pro-
vides a larger increase in maximum load, load-carrying
capacity after shear crack formation, and maximum
strains in the CFRP materials. Moreover, NSM is simpler
and faster to apply than EBR. Rizzo and De Leronzis,**
results exhibited that the increase in shear capacity was
about 16% for the beam strengthened with externally
bonded (EB) U-wrapped laminate and ranged between
22% and 44% for the beams strengthened with NSM rein-
forcement. It was also verified that the use of NSM rein-
forcement was more effective in terms of exploitation of
the FRP tensile strength due to early debonding of the
EB laminate. The EB-FRP-strengthened beam failed by
debonding the CFRP laminate, while separation of the
side concrete covers of the internal steel stirrups was the
governing mode of failure for the NSM-FRP-strengthened
specimens. Dias and Barros'® found that the NSM-CFRP
technique was more efficient than the EBR-CFRP coun-
terpart. This efficacy was not only in terms of the beam
load-carrying capacity, but also in terms of the deforma-
tion capacity at beam failure. The beams strengthened by
EBR and NSM techniques showed an average increase of
54% and 83% load-carrying capacity, respectively, com-
pared with the unreinforced beams. The same observa-
tions were recorded by Barros and Dias,'® but they also
found that the beams strengthened by EBR and NSM
techniques showed increments in deflection of 77% and
307%, respectively, compared with the unreinforced
beams, indicating that the efficacy of the NSM was more
pronounced in terms of deformability index. The failure
modes of the beams strengthened by the NSM technique
were not as brittle as the ones observed in the beams
strengthened by the EBR technique. It was also con-
firmed that the NSM shear strengthening technique was
easier and faster to apply than the EBR technique. From
the obtained results of the test conducted by Dias and
Barros,? it could be concluded that NSM technique was
more effective than EBR, because NSM provided a higher
increase, not only in terms of beam's load-carrying capac-
ity but also in terms of stiffness after shear crack forma-
tion. The values of load-carrying capacity and stiffness
after the shear crack formation of the EBR beams were
34% and 59% of the values obtained in the NSM beams.
NSM also provided higher values of maximum strains
measured in the CFRP. When compared with the
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homologous conventionally shear reinforced beam (refer-
ence beam), the NSM-shear strengthened beams pres-
ented 90% of the maximum load of the reference beam
and higher stiffness, mainly after shear crack initiation.
In comparison, the EBR-shear strengthened beam had a max-
imum load that was 79% of the maximum load of the refer-
ence beam and similar stiffness up to the initiation of the
debonding process of the wet lay-up CFRP strips of the sheet.

Other research studies have confirmed the efficiency
of using NSM-FRP materials for the shear strengthening
of RC beams. For example, De Leronzis and Nanni*'
reported that the use of NSM-FRP rods is an effective
technique to enhance the shear capacity of RC beams.
Dias and Barros* found that NSM technique with CFRP
laminates provided a significant contribution to the shear
resistance of RC T-beams. Mofidi et al.*®> reported that
the near-surface mounted method greatly enhanced the
overall behavior of RC beams. It was found in another
study that the CFRP shear strengthening configurations
provided an increase not only in terms of maximum load
but also in terms of load-carrying capacity after shear
crack formation.* Further investigation showed that the
NSM-CFRP shear strengthening systems significantly
increased the shear resistance of concrete beams.'® It was
indicated by other research that all CFRP reinforcement
applications increased the strength and behavior of the
shear deficient specimens in a different manner.>* The
NSM-CFRP rods effectively strengthen RC beams in
shear, as shown in.'"* The load-carrying capacity of
reinforced concrete beams can be significantly increased
using the NSM-CFRP shear strengthening systems.’

It is noteworthy that the shear strengthening of RC
beams with NSM-FRP materials is affected by several
parameters, such as the length and inclination of the
NSM-FRP reinforcement bonded to the concrete sub-
strate. While research studies have investigated the effect
of inclination and concluded that the NSM-CFRP lami-
nates inclined at 45° with the beam axis were more effec-
tive in terms of shear capacity and stiffness of the
strengthened beams than the vertical laminates (posi-
tioned at 90°),>'*'771%2! the influence of the bonded
length of NSM-CFRP laminates has not been studied yet.
This study is dedicated to investigating the combined
effect of the length and inclination of NSM-CFRP lami-
nates on the shear strengthening of RC beams in terms of
load-carrying capacity, maximum deflection, and stiffness
and toughness through experimental tests. Analytical for-
mulas are also used to validate the experimental results.

Moreover, it was reported that the efficiency of NSM-
FRP strengthening system is related to the groove size.*?
It was also confirmed that increasing the groove width
would increase the resistance to concrete split failure.
Another investigation showed that groove dimensions of

Jibl—

5 mm width by 25 mm could accommodate CFRP lami-
nates with a nominal width of 50 mm and a total thick-
ness of 1.2 mm, which are adequate to prevent splitting
of the epoxy cover.>® Furthermore, it was observed that
increasing the groove size would lead to a higher bond
strength, ultimate load, and fracture energy of the NSM
joints, and offer a higher resistance to splitting of the epoxy
cover, because that reduces the state of stress in the concrete
adjacent to the groove sides and hence delays its cracking
phenomena.>**® However, it was found by Soliman et al.*
that increasing the groove size for specimens with epoxy
adhesive did not have a significant influence on the failure
load, but it decreased failure load for specimens with cement
adhesive. Also, Gémez et al.* found that the failure loads
and the bond strength were slightly higher for specimens
with narrower grooves. The failure modes were changed
from FRP-adhesive interface failure in specimens with the
wider grooves to failure in resin-concrete interface in case of
the narrower grooves. Al-Mahmoud et al.*' noticed that the
ultimate pull-out loads were significantly lower in the case
of rectangular grooves (20 x 50 mm) than in square grooves
(20 x 20 mm and 30 x 30 mm).

2 | EXPERIMENTAL PROGRAM

2.1 | Testspecimens

A total of seven simply supported RC beams with dimen-
sions of 15 cm x 25cm x 130 cm were constructed. All
beams had the same flexural and shear reinforcements,
designed to ensure that un-strengthened and shear-
strengthened beams would all fail in shear. The steel ten-
sion and compression reinforcement consisted of three
14 mm-diameter and two 10 mm-diameter rebars, respec-
tively, with a clear concrete cover for steel reinforcements
of 2.5cm. The shear reinforcement included 6 mm-
diameter closed double-legged stirrups at a spacing of
20 cm. General layout and reinforcement details of the test
specimens are shown in Figure 1. It must be noted that the
beams' shear span-to-effective depth (a/d) ratio is about
2.14, which is not considered very low. The a/d ratio has a
more significant influence on the shear strength of beams
without shear reinforcement. Using concrete with moder-
ate compressive strength can minimize the arch effect. So
that the arch effect on the results could be ignored.

Six beams were strengthened with carbon fiber reinforced
polymer (CFRP) laminates bonded to the beam web on both
sides, while one beam was un-strengthened to work as a con-
trol. The test variables are:

 length of the NSM-CFRP laminates. Three different
lengths were considered: laminates lying on the full-
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(type I) crushed coarse limestone aggregates with a maxi-
mum size of 12.5 mm, and a 20/80 mixture of silica sand
and fine limestone was used to prepare the concrete mix fol-
lowing the ACI 318-14 mix design procedure. The water-to-
cement ratio (w/c) was maintained at 0.47. A commercially
available super-plasticizer at ratios of 0.75%, 1.00%, and
1.25% by weight of water was used. Steel reinforcing rebars
(diameters of 14 and 10 mm, average yield stress of 464 and
424 MPa, respectively) were used as longitudinal reinforce-
ment. Steel stirrups (diameter 6 mm, yield stress of
381 MPa) were used as transverse reinforcement. Commer-

FIGURE 1 Dimensions and reinforcement details of the test specimens
TABLE 1 Retrofitting design
NSM-CFRP
laminates = Trimming of Length of
inclination NSM-CFRP NSM-CFRP
Specimen angle laminates (cm) laminates (cm)
FD-90 90 0 25
T5-90 90 3 19
Ts5-90 90 5 15
FD-45 45 0 25
Ts-45 45 3 19
Ts-45 45 5 15

beam depth, and laminates trimmed by 3 and 5cm
from both ends. It must be noted that only 3 and 5 cm
were chosen as a representative, while it is envisaged
that other length varieties could be studied in future;

« the inclination of the NSM-CFRP laminates with respect
to the axis of the beam. Two different inclinations were
selected: 90° (vertical reinforcement) and 45°.

Table 1 illustrates the test program. The control beam is
indicated by CB. The codes used for the strengthened
beams are characterized by two initial letters indicating
the trimming value of the NSM-CFRP laminates (FD for
the laminates lying on the full-beam depth, T; and Ts for
the laminates trimmed by 3 and 5cm, respectively),
followed by two digits indicating the inclination angle of
the CFRP laminates (90° or 45°). Also, Figure 2 shows
the NSM-CFRP strengthening configuration.

2.2 | Material properties

In this study, concrete with 28-day average compressive
strength of 32.2 MPa, determined on standard (100 mm
diameter x 200 mm height) concrete cylinders with a
slump of 120 mm was prepared. Ordinary Portland cement

cially available CFRP laminates (Sika CarboDur S1.525)
with 15 mm width and 2.5 mm thickness were used. Their
tensile strength and elastic modulus, as provided by the
manufacturer, are 2.8 and 165 GPa, respectively. A two-
component epoxy resin (Sikadur-30 LP), with tensile
strength and tensile elastic modulus of 14 MPa and 10 GPa,
respectively, as provided by the manufacturer, was used in
this study.

It is noteworthy that the arrangement of CFRP lami-
nates (i.e., spacing) was adopted in our study from one of
those that have been reported for the CFRP laminates, as
the spacing between CFRP laminates was not the focus
of this study. The coverage of shear zones (between loads
and supports from both sides) with CFRP laminates was
critical to be investigated regardless of spacing. Therefore,
one of the most commonly used spacing, 8 cm was used
in this study.

23 |
setup

Specimen preparation and test

Test specimens were cast into horizontally positioned
wooden molds. Twenty-four hours after casting, the
beams were de-molded and wet cured for 28 days. After
that, the retrofitting process was applied according to the
following procedure: (a) using a diamond cutter, grooves
(of about 8 mm in width and 22.5 mm in depth) were
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FIGURE 3

NSM-CFRP strengthening process

opened into the concrete cover of the lateral faces of the
beam web; (b) the grooves were cleaned by compressed
air; (c) the CFRP laminates were cut to the desired
length; (d) epoxy adhesive pastes were obtained by
mixing component A and component B in a 3:1 weight
ratio; (e) the grooves were filled halfway with the

1 3cm

25cm
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goem |5
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(b)
Y
H
\ / .
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V)

NSM-CFRP strengthening configuration (a) FD-90, (b) T3-90, (c) Ts-90, (d) FD-45, (e) Ts-45, and (f) T5-45

adhesive; (f) a layer of adhesive was applied on the faces
of the strips; and (g) the strips were inserted into the
grooves and excess removed (see Figure 3). It's notewor-
thy that the groove size considered in this study was
taken according to ACI 440.2 R-08,%® in which a mini-
mum groove size of 3.0a, x 1.5bp, as shown in Figure 4,
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is suggested, where, a;, is the smallest bar dimension. The
same groove size, mentioned above, was considered for
all strengthened specimens, so its effect on the beam
capacity was not investigated.

All beams were tested under four-point loading using a
hydraulic testing machine with a capacity of 370 kN and a
load rate of 0.25-0.50 kN/s, which was appropriately man-
ually changed for testing. The vertical displacement at the
point of the load application was measured using linear
variable displacement transducers (LVDTSs) placed at the
mid-span of the beams. The load was gradually increased
using displacement control, and both shear and flexural
cracks were observed on the concrete surface until failure.
The load and displacement values were then recorded
using a data acquisition system, as shown in Figure 5.

3 | RESULTS AND DISCUSSION
3.1 | Failure loads and maximum
deflections

The failure loads of the tested beams and their maximum
mid-span deflections are provided in Table 2. The
strengthened beams experienced significant increases in
load-carrying capacity and deflection compared with the
control beam.

Table 3 shows the effect of varying length and inclina-
tion of CFRP laminates on the maximum loads and
deflections of strengthened specimens. As for the effect of
length of CFRP laminates, the beam T3-90 exhibited an
increase of about 8% and 10% in the maximum load and
deflection, respectively, compared with the beam FD-90.
The beam Ts-90 showed an increment in the maximum
load and deflection of about 19% and 21% compared with
the beam FD-90, and about 11% and 10%, respectively,
compared with the beam T3-90. It can be noted that the
rate of increment in maximum loads and deflections
increases with decreasing the length of CFRP laminates.

As for the effect of CFRP inclination angle, the beam
FD-45 showed an increment of about 2% and 1% in the
maximum load and deflection respectively, compared

with beam FD-90, while beam Ts3-45 exhibited an
increase of about 5% and 4% compared with beam T3-90,
while beam Ts-45 showed an increment of about 10% and
35% respectively, compared with beam Ts-90. It can be
observed that strip inclination also results in an improve-
ment in the shear resistance, as evidenced by CFRP strips
becoming normalized to the shear crack direction,
preventing the propagation of shear cracks.

In summary, the results showed that the maximum
loads and deflections of the strengthened specimens
increased as the length of CFRP laminates decreased and
the CFRP inclination angle increased. It can also be
noticed that changing CFRP length had a more signifi-
cant effect on the maximum loads and deflections than
varying the inclination angles, except in the case of the
beam strengthened with 5 cm-trimmed laminates (Ts-
45). This may confirm that using shorter CFRP laminates
may result in a more effective strengthening process.

3.2 | Failure modes

Figure 6a—g illustrates the failure modes of all tested speci-
mens. It is clear from Figure 6a that specimen CB failed
due to shear cracks, and concrete crushing which caused a
peeling-off of the side concrete cover and delamination of
the top and bottom concrete covers. This failure mode
appeared because the beam is minimally shear-reinforced
while it was properly reinforced in flexure. Many shear
cracks started appearing at 42 kN and continued until fail-
ure. However, it is noticed from Figure 6b that shear fail-
ure governed the failure mode of specimen FD-90, and
concrete crushing, which resulted in delamination of the
bottom concrete cover. A smaller number of shear cracks
appeared compared with the control specimen. This
means that the strengthening could control crack propaga-
tion. However, the first crack was at 39 kN, which is a bit
smaller than that shown in the control beam. This was
attributed to the grooves continuing to the end of the spec-
imen, which resulted in the formation of weak points by
inducing stress concentration at those zones. The shear
failure crack has crossed two CFRP laminates.

On the other hand, a major shear crack and concrete
crushing leading to delamination of the bottom concrete
cover and peeling-off of the side concrete cover caused
the failure of specimen Ts-90 (Figure 6c). The minor
shear cracks were noted to be less than those that had
appeared in the control specimen. However, the first
crack appeared at 31 kN, which is also smaller than that
appeared in the control beam. This means that, although
the grooves in this strengthening configuration did not
continue to the beam end, they failed to control the shear
cracks. There are three CFRP laminates that the shear
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FIGURE 5 Illustrative sketch of the test setup (dimensions are in cm)
TABLE 2 Maximum failure loads and deflections of specimens
Load Ductility
Load at first Ultimate Maximum strengthening improving
Specimen crack (kN) load (kN) Failure mode deflection (mm) ratio (%) ratio (%)
CB 42 192 Shear and CC* 6.89 - -
FD-90 39 207 Shear and CC 7.53 7.81 9.29
T3-90 31 223 Shear and CC 8.30 16.15 20.46
Ts-90 51 247 Shear and CC 9.10 28.65 32.08
FD-45 43 211 Flexure and CC 7.64 9.90 10.89
T3-45 50 234 Shear and CC 8.60 21.88 24.82
Ts-45 50 271 Shear and CC 12.30 41.15 78.52

CC, concrete crushing.

failure crack has crossed. The same failure mode that
appeared in beam T5-90 was the dominant in specimen
T5-90, as shown in Figure 6d, although the first crack
appeared at 51 kN. This means that the installation of the

CFRP strips at 5 cm from the beam end could delay crack

formation. This might be attributed to the fact that the

crack faced a non-grooved strong surface, which was able
to prevent the premature crack formation that had hap-
pened in the previous specimens. The shear crack at fail-
ure has intercepted only two CFRP laminates.

Interestingly, specimen FD-45 failed due to flexural

cracks and concrete crushing, which resulted in peeling-
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TABLE 3

The effect of CFRP laminates length

The effect of length and inclination of CFRP laminates on the performance of strengthened beams

Load strengthening Ductility improving Increasing in Increasing in
Specimens ratio (%) ratio (%) stiffness (%) toughness (%)
T3-90 vs. FD-90 7.73 10.23 8.34 25.82
T5-90 vs. FD-90 19.32 20.85 67.74 119.16
Ts-90 vs. T5-90 10.76 9.64 54.83 74.19
The effect of CFRP laminates inclination
FD-45 vs. FD-90 1.93 1.46 30.76 12.63
T3-45 vs. T53-90 4.93 3.61 39.63 22.88
Ts-45 vs. T5-90 9.72 35.16 24.13 32.41

off of the side concrete cover (Figure 6e). A few numbers
of shear cracks formed. This could be interpreted as the
installation of CFRP laminates normal to the shear
cracks in this configuration could prevent their propaga-
tion. The first crack appeared at 43 kN, which is almost
the same as in the control specimen. The specimen
failed at a lower load compared with those failed due to
shear cracks. This is because the formation of shear
cracks in this strengthening configuration could be
prevented. Thus, some flexural cracks in the zone of the
maximum moment were directly formed and propa-
gated, causing a quick failure at a low load. While in the
case of beams that failed in shear, the shear cracks were
able to form and propagate, and such a shear crack
forms and propagates until it faces a CFRP laminate,
which stops it; afterward, more cracks formed until fail-
ure. Thus, that took more time and therefore led those
beams to fail at higher loads.

On the other hand, in specimen Ts-45 (Figure 6f) it is
observed that shear cracks and concrete crushing caused

FIGURE 6 Failure modes:
(a) CB, (b) FD-90, (c) T5-90,
(d) Ts-90, (e) FD-45, (f) Ts-45,
and (g) Ts-45

the side concrete cover to peel-off and delamination of
the top and bottom concrete covers led to failure, in addi-
tion to CFRP laminate deterioration. Moreover, the num-
ber of shear cracks formed and propagated was much
smaller than those that had appeared in the control beam
(Figure 6f). The beam showed an ability to delay crack
formation in that the first crack appeared at 50 kN. The
mode of failure of this beam shows that the shear failure
crack has crossed all CFRP laminates.

Specimen Ts-45 showed a similar failure mode to spec-
imen T3-45 with the same load at the first crack but with
no CFRP laminate impairment, as shown in Figure 6g.
However, this specimen showed a higher ultimate load
than specimen Ts-45. This may refer to the location of
grooves that were in a farther distance from the speci-
men's end, which led the crack to face a non-grooved firm
surface that was able to prevent premature crack forma-
tion, giving the specimen more resistance to shear crack
propagation, as in the case of the beam Ts-90. The shear
crack at failure has intercepted five CFRP laminates.
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Figure 7 shows the load-deflection relations for all
tested specimens. The curves start linear until cracks
(i.e., shear cracks in the beams failed in shear and flexural
cracks in the beam failed in flexure) appear, then the non-
linearity region continues until failure. It is clear that all
strengthened specimens showed higher values of maxi-
mum deflection and failure load than the control speci-
men. In addition, the specimens strengthened with
shorter-length CFRP strips offered higher maximum
deflection and failure load values. A slighter change of
maximum deflection and failure load was observed for
specimens strengthened with inclined strips.

3.3 | Calculation of stiffness and
toughness

The stiffness and toughness values of all specimens and
the increasing percentages compared with the control
specimens are provided in Table 4.

3.3.1 | Stiffness calculation

The stiffness (k) is defined as the extent to which the
element can resist deformation or deflection under the
action of an applied force. The stiffness of such a speci-
men equals the slope of the elastic portion of its load—
deflection curve. As shown in Table 4, all strengthened
specimens exhibited higher values than the control
specimen. The reason beyond that is that the NSM-
CFRP strengthening provides the specimens with
more ductility, because it delayed the formation of
shear or flexural cracks (depending on the beam's fail-
ure mode), as discussed in Section 3.1, which makes

4 5 6 7 8 9 10 11 12 13

Deflectiom (mm)

them able to resist more deformation before failure,
compared with the control beam. Moreover, it was
found that as the length of CFRP laminates decreases
and their inclination angle increases, the stiffness
increases, as shown in Table 3. These results support
what was found regarding the ultimate loads and max-
imum deflections.

3.3.2 | Toughness calculation

Toughness is referred as the capability of the material to
absorb energy and deform plastically without any frac-
ture. Mathematically, toughness relates to the area
under the load-deflection curve. There are several
methods to find the area, of which this study used the
integration approach, in which, the toughness is calcu-
lated through calculating the integration of the function
of the best-fit line of the load-deflection curve of such a
specimen along the x-axis, from 0 to its maximum
deflection value shown in Table 2. For example, if we
take specimen FD-90, the area under its curve equals
the integration of the function, as follows:

7.53

Toughness = J (0.0053x6 — 0.0946x5 + 0.5236x4

0
—1.3405x3 4+ 5.3053x2 + 15.955x) = 830.26 J

Table 4 illustrates that all strengthened specimens
showed higher toughness values than the control speci-
men. This is because the strengthening with NSM-CFRP
laminates makes the specimens more ductile. Therefore,
it resisted both shear and flexural cracks propagation, as
discussed in Section 3.1, which provides them with more
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TABLE 4 Stiffness and toughness values and strengthening ratios
Stiffness Increasing Increasing in

Specimen (KN/mm) in stiffness (%) Toughness (J) toughness (%)

CB 26.19 - 681.22 -

FD-90 32.61 24.51 830.26 21.89

T5-90 35.33 34.90 1044.60 53.34

Ts-90 54.70 108.86 1819.57 167.10

FD-45 42.64 62.81 935.16 37.28

T3-45 49.33 88.35 1283.64 88.43

Ts-45 67.90 159.26 2409.24 253.67
extended periods to absorb more energy before fracture if PVn=9 (VC Vst Vs ) @)

they are compared with the control beam. Like what hap-
pened regarding stiffness, it was also found that tough-
ness increase with decreasing the CFRP laminates length
and increasing their inclination angles, as shown in
Table 3. These results agree with what was found regard-
ing the ultimate loads and maximum deflections, as
shown in Table 2.

The results obtained from the experimental tests in
terms of the effect of inclination of CFRP laminates are
in remarkable agreement with those existing in the litera-
ture.>'*171%21 ‘Where it was found herein that the
inclined laminates provide a more efficient strengthen-
ing, in terms of maximum loads and deflections, stiffness,
and toughness, than vertical laminates. This is in agree-
ment with the literature regarding the better performance
of specimens strengthened with inclined laminates com-
pared with those with vertical laminates. As for the
bonded length of CFRP laminates, there are no studies,
to date, that have investigated the effect of this factor.

4 | ANALYTICAL INVESTIGATION

According to ACI 318-05,” the design of cross-sections
subject to shear shall be based on Equation (1):

PV, 2V, (1)

where, V, is the factored shear force at the
section considered and V,, is nominal shear strength, the
strength reduction factor ¢» = 0.85. The approach used to
calculate the nominal shear capacity of a member
strengthened using NSM bars is like that used in ACI
440.2 R-08® for the case of externally bonded FRP lami-
nates. Equation (2) is applicable for NSM systems. An
additional reduction factor wy; = 0.85 is applied to the
contribution of NSM-CFRP reinforcement to the shear
strength of the member.

where, V. is the shear contribution of the concrete,
which is calculated using Equation (3):

v —Yfexbexd ()

where, f'c is the concrete compressive strength; b,, is
the width of concrete section; and d is the effective depth
of concrete section.

Vs is the shear contribution of the steel stirrups,
which is calculated using Equation (4):

: :Av X fyxd @)
S
where, Av is the cross-sectional area of steel stirrups; fy,
is the yield stress of steel stirrups; d is the effective depth
of concrete section; and S is the spacing of steel stirrups.
To compute the contribution of NSM-FRP rein-
forcement to the shear capacity of RC beams (V)),
several analytical formulas have been proposed in the
literature.**!*>*¢2° The formulas proposed by Dias
and Barros* and Nanni et al.?® are used herein to com-
pute V, as follows.

4.1 | Formulas by Dias and Barros

Equation (5)* is used to compute the contribution of
CFRP laminates to the shear capacity of RC beams:

A
Vi=hy ><S—fv x € x Ey x (cota+cotfy) xsindy  (5)
f

where, h,, is the web depth of the beam (equal to the
length of vertical laminates); Ag is the cross-sectional
area of a FRP laminate; £, is the effective strain of FRP
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TABLE 5
experimental and analytical values

Comparison between the

Jib—

Dias and Barros®* Nanni et al.*®

Specimen VP (kN) V@™ (kN) kk(@o?/vi) v (kN) k(VP/vin)
FD-90 103.5 156.75 0.66 130.21 0.79
T5-90 111.5 129.93 0.86 168.85 0.66
Ts5-90 117.0 112.05 1.04 130.21 0.90
FD-45 105.5 203.04 0.52 52.93 s
T5-45 123.5 165.06 0.75 216.87 0.57
Ts-45 135.5 139.83 0.97 189.55 0.71
FIGURE 8 Comparison between Experimental values versus analytical values
the experimental and analytical values, Dias and Barros [4]
Dias and Barros* 210
~
//
190 ///
170 /
7
Z e
< 150 7~
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= 130 _~
110 _~
920 ~
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70 «
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Vi (kN)

laminates; Ey is the elastic modulus of FRP laminates; «
is the orientation of the shear failure crack; 6;is the incli-
nation of the FRP laminates with respect to the beam
axis; and sy is the spacing of laminates.

The effective strain threshold (€r) of 0.004 was
suggested by Khalifa et al.*° to maintain the shear integ-
rity of the concrete and to avoid large shear cracks that
could compromise the aggregate interlock mechanism.
Also, the slope of the shear crack (a) was assumed to be
at 45°. The values of hw were 25 cm for beams FD-90
and FD-45, 19 cm for beams T3-90 and T3-45, and 15 cm
for beams T5-90 and T5-45.

The experimental values (V™P) and the analytical
values (V3"), and the safety factor, k (k =V /V;""), are
provided in Table 5. Figure 8 also shows a comparison
between V™ and Va2,

It is noteworthy that V*** and V" represent, respec-
tively, ¢V, and V, in Equation (1). According to Equa-
tion (1), for safety purposes, ¢V, should be more than or
equal V,, or the ratio ¢V,/V, should be more than
1. Therefore, to make sure the safety condition is met, the
factor, k, was used. It was noticed that about 83% (5 out

of 6) of the specimens have k values below the unity, as
shown in Table 5. Figure 8 also shows that these speci-
mens are in the unsafe zone (below the diagonal line). In
contrast, the beam Ts-90 presented a k value above the
unity (k = 1.04). This is due to two main reasons, the first
reason is the highest load at the first crack (51 kN)
appeared in this specimen among all specimens. The
shortest length of NSM-CFRP strips among those speci-
mens with the same NSM-CFRP laminates inclination
angle (90°) also contributed to achieve that high failure
load (247 kN), which led to a high value of V***, The sec-
ond reason is the relative low value of Vy (Equation (5)).
This was due the low values of h, (15cm) and cotfy
(0) together. Therefore, the quotient (V*/V#"%) was the
largest among all specimens.

The average k value was 0.80, and the corresponding
standard deviation value was 0.195. The standard devia-
tion of 0.195 for such a small number of samples is con-
sidered a bit high. It is because of the difference of V
values due to using different values of h,, and 0y in Equa-
tion (5), while the rest terms are constant for all
specimens.
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FIGURE 9 Comparison between the experimental and analytical values, Nanni et al.*
4.2 | Formulas by Nanni et al. n

—— i<l i=l.

) [ — ) cosatsina 2 (8)

The approach adopted by Nanni et al.* to calculate the ; fo_ i<l - n ‘1lon
nominal shear capacity of a member strengthened using " cosa+sina 00 2

NSM-FRP bars is a bit different from that considered by
Dias and Barros,* in which they used the equation pro-
vided by ACI 440.2R-02*' for the case of externally
bonded FRP laminates (Equation (6)), assuming that it
applies to NSM-FRP systems.

Vi=V.+Vs+ Vs (6)
where, V. is the nominal shear strength provided by con-
crete; V; is the nominal shear strength provided by steel
reinforcement; Vyis the nominal shear strength provided
by FRP reinforcement; and V,, is the nominal shear
strength at section.

The shear strength provided by the NSM-FRP reinforce-
ment applied symmetrically on both sides of the girder web
can be determined by calculating the force resulting from
the tensile stress in the FRP bars across the assumed crack,
and it is expressed for rectangular bars by Equation (7):

Vi =4(a+Db)tpLiot (7)
where, a is the smaller dimension of a rectangular FRP bar;
b is the larger dimension of a rectangular FRP bar; and 7, is
the average bond stress of the bars crossed by a shear crack.

A conservative value of 7, = 6.9 MPa (1.0 ksi) can be
used when using an epoxy-based resin in a groove size at
least 1.5 times the bar diameter.

Ly can be expressed as:

Lior = 2L

where, L; represents the length of each single NSM lami-
nate intercepted by a 45° shear crack, expressed as,

where, «a is the slope of the FRP bar with respect to the
longitudinal axis of the beam; s is the horizontal FRP bar
spacing; and ¢pe;, defined as follows:

2c
fnet = fb -
Sina

(9)
where, ¢} is the actual length of a FRP bar and c is the clear
concrete cover of the internal longitudinal reinforcement.

The  first limitation in  Equation  (3),
s.i/(cosa+sina) and ¢pe; — s.i/(cosa+sina), takes into
account bond as the controlling failure mechanism,
and represents the minimum effective length of a
FRP bar intercepted by a shear crack as a function of the
term n:

Cefr (1 4 cot
e et (1 + cota) (10)
s
where, n is rounded off to the lowest integer (e.g.,
n = 10.7 = n = 10), and Z. represents the vertical
length of £y, as follows:

Cotf = CpSina — 2c¢ (11)

The second limitation in Equation (3), ljg4, considers

the shear integrity of the concrete by limiting at 0.004 the

maximum strain in the FRP reinforcement. From the

force equilibrium condition and for rectangular bars,
lo.004 can be determined as follows:

a-b Ef

lo.004 =0.002——

— 12
a+b 1y (12)
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where, Eyrepresents the elastic modulus of the FRP bar.

The analytical values (Vi"), and the corresponding
k values are provided in Table 5. Figure 9 also shows a
comparison between V3" and V.

It is noteworthy that for beam FD-45, there were no CFRP
laminates have been intercepted by the shear cracks; there-
fore, L; (Equation (8)) is 0, so Ly is 0, and consequently, the
value of V; (Equation (7)) is 0. However, V™ is not O as
there are values for V, and V. However, as the value of
Vand for this beam is far from the values of other beams,
it is excluded from the calculation of k and not consid-
ered in Figure 9.

The average k value was 0.73 with a corresponding
value of standard deviation value of 0.125. It was noticed
that all specimens have k values below the unity, as shown
in Table 5. Figure 9 also shows that all beams are in the
unsafe zone (below the diagonal line). This indicates that
the formula proposed by Nanni et al.*® could not provide
satisfactory values of Vy and could not be conservatively
used in the shear design of the NSM-FRP-strengthened RC
beams in this study.

5 | CONCLUSIONS

The effects of length and inclination of NSM-CFRP
laminates on the shear behavior of RC beams have
been investigated in this study. The following points
summarize the main findings and conclusions of this
study.

« NSM-CFRP strengthening increased the load-carrying
capacity, ductility, stiffness, and toughness from 8% to
41%, 9% to 78%, 24% to 159%, and 22% to 254%,
respectively.

« As the CFRP laminate length decreases, the efficiency
of the strengthening process increases. This is because
the crack faces a non-grooved surface which could
delay its formation somewhat.

It can be concluded that changing the CFRP length
had a greater effect on the maximum loads and deflec-
tions than varying the inclination angles, except in
the case of the beam strengthened with 5 cm-trimmed
laminates (Ts-45). This may confirm that using
shorter CFRP laminates may result in a more effective
strengthening process.

« The specimens strengthened with inclined CFRP lami-
nates showed more increment in terms of load-
carrying capacity, maximum deflection, stiffness, and
toughness than those strengthened with vertical strips.

« Almost all the specimens failed in shear leading to
concrete crushing, which resulted in the peeling-off of
the side concrete cover and delamination of the bottom
cover. This meant that the strengthening process could

Jib—

not completely prevent shear crack formation, but it
could delay their propagation and, thereby, failure.

« No debonding failure or fracture of FRP strips occurred,
which are very common in the case of the EBR-FRP
strengthening system.

« The analytical values of V;obtained from the formula pro-
posed by Dias and Barros* has shown an unagreement
with the experimental values, as the majority of speci-
mens' safety factor (k) values were less than the unity,
which indicates that these beams are in the unsafe zone.
The average value of k was 0.80, and the corresponding
standard deviation value was 0.195. The formula proposed
by Nanni et al.*® has also exhibited unsatisfactory results,
where all the beams lay in the unsafe zone. The average
value of k was 0.73, and the corresponding standard devia-
tion value was 0.125.

« The formula proposed by Dias and Barros* provided a
higher average value of k and a higher value of stan-
dard deviation compared with those obtained when
using the formula proposed by Nanni et al.>* . That
indicates that the former offers better performance
but less accurate results regarding the shear design of
NSM-FRP-strengthened beams.

« The groove construction (dimensions) considered in
this study was taken according to ACI 440.2 R-08,%®
and the same groove dimensions were considered for
all strengthened specimens, so its effect on the beam
capacity was not investigated in this study.

« It was confirmed that the groove size plays a key role
in the performance of the NSM-FRP-strengthened con-
crete elements, in terms of the load-carrying capacity
and the corresponding bond strength between FRP
materials and concrete substrate.

« Further research studies to investigate the effect of bonded
length of NSM-CFRP laminates on the performance of
shear-strengthened RC beams are needed.
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