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Abstract

Shear strengthening of reinforced concrete beams using near-surface mounting (NSM) method with fiber-rein-
forced polymer (FRP) strips is more effective because of improved bond strength, better fire resistance and high
maintainability. However, the surface preparation for NSM method is a difficult process where the beam-slab cor-
ner is not accessible by the rotary blade of the groove-making equipment. Consequently, the application of NSM
method becomes more difficult to apply. Therefore, in this study, the effect of reducing in NSM length on the shear
strength has been investigated by reinforcing only a part of the height, not the entire web of beam, referred to as the
partial-length NSM method (PLNSM). Half scaled five RC T-beams were made and tested under symmetrical four-
point static loading system. All except one was strengthened in shear in which the effect of reduced NSM length
was balanced by inclining the partial-length NSM strips (IPLNSM). Furthermore, to mitigate the detrimental effect

of reduced lengths of NSM strips, the retrofitting was enhanced by additional externally bonded reinforcement (EBR)
method using CFRP sheets. The results showed that there was no significant negative effect of reduced NSM length
on the strength of the strengthened specimens, and by providing inclined NSM strips, significant improvement

in the strength was observed. Additionally, the hybrid approach combining the inclined partial length NSM (IPLNSM)
and EBR method showed improvement in strength and deflection capacity. Lastly, when compared with the currently

approach, RC beams

available design procedures, it was found that the available formulation can predict the design strength of PLNSM
and IPLNSM reinforcement, thus making them a viable option for retrofitting reinforced concrete beams.

Keywords Shear strengthening, Near-surface-mounted (NSM), Partial length NSM (PLNSM), T-beams, Hybrid

1 Introduction

Reinforced concrete (RC) structures are constantly
exposed to unprecedented harsh environments which
degrade these structures over time. Additionally, with
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the more research and development, the serviceabil-
ity requirements of the structures have become more
stringent. Consequently, the structures are retrofitted
using fiber-reinforced polymer (FRP) reinforcement to
meet the additional strength and serviceability require-
ments. Generally, three types of materials are used for
retrofitting, such as carbon, aramid and glass. Two
commonly used methods in structural strengthening
are by using externally bonded reinforcement (EBR)
and near-surface-mounting (NSM) methods. The for-
mer involves laying the FRP sheet on the concrete sur-
face using epoxy resin and the latter involves making
grooves or slits on the concrete surface and embedding
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the FRP materials inside the grooves. EBR method
has shown strength improvement in flexure as well as
shear (Al-Amery & Al-Mahaidi, 2006). In shear retro-
fit, anchoring the FRP material substantially increases
the shear strength but at the cost of using intrusive
methods (Arslan et al., 2022; Bae & Belarbi, 2013; Bar-
ris et al,, 2018; Dias et al., 2021, 2021; El-Maaddawy &
Chekfeh, 2012; Godat et al., 2020; Mhanna et al., 2021;
Moradi et al., 2020; Oller et al., 2019; Tanarslan et al,,
2021). NSM method, on the other hand, is more effec-
tive in terms of application. It has been shown experi-
mentally that the NSM method utilizes the complete
strength of the FRP material. In addition, the NSM
strengthening method provides higher durability since
the FRP material is embedded in concrete and epoxy
which protects it from external effects while preserving
the original physical appearance of the structure (Has-
san & Rizkalla, 2004; Hong et al., 2011; Seo et al., 2013,
2016a, 2016b; Sharaky et al., 2014).

Considering the advantages of NSM method, shear
strengthening using this method has been extensively
researched in the past. It has been found that NSM ret-
rofitting offers greater shear strengthen compared to the
EBR method (Al Rjoub et al., 2019; Barros & Dias, 2006;
Dias & Barros, 2010, 2013, 2017; Jalali et al., 2012; Lor-
enzis & Nanni, 2001; Mostofinejad et al., 2019; Nanni
et al,, 2004; Rizzo & De Lorenzis, 2009). Fig. 1 compares
three shear strength improvements using vertical EB FRP
(EBR-V), 45-degree NSM FRP (NSM-45), and vertical
NSM FRP (NSM-V). It can be seen that the vertical NSM
method increases the strength substantially more than
the EBR method and further increases the strength when
they are inclined at an angle. However, the groove prepa-
ration is generally carried out using a rotary blade which
cannot access the beam—slab corner, indicated as an inac-
cessible region in Fig. 2. From a practical point of view,

Improved load (%)
8

|l ]

EBR-V NSM-45 NSM-V
Retrofitting method
BSpacing 114mm

OSpacing 180mm

Fig. 1 Strength improvement corresponding to shear strengthening
method (Dias & Barros, 2010)
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#.2 Preparation of grooves for shear retrofit using NSM method

making groove in this region complicates the retrofitting
process.

As one way, it is possible to consider partial length
NSM ERPs in the shear strengthening. Regarding the
study for partial length FRP, Al Rjoub et al. (2019) con-
ducted a test and revealed that the shear strength of RC
beams using PLNSM was found to be inversely pro-
portional to length reduction. And reducing the CFRP
lengths affected the failure mode due to cracks spreading
outside the retrofitted area. Therefore, the cracks were
not completely intercepted by NSM FRP in case of short
partial length. It means that the way to intercept cracks
by FRP need to be developed when the PLNSM is applied
for shear strengthening. So, it can be said that more stud-
ies are necessary to obtain useful results for finding an
effective way in the application of partial length NSM
FRP for shear strengthening.

Therefore, this research experimentally investigated the
performance of shear retrofit using partial-length NSM
strips and inclined partial-length NSM strips, referred
to as PLNSM and IPLNSM hereafter, respectively. Fur-
thermore, to mitigate the detrimental effect of reduced
lengths of NSM strips, the retrofitting was enhanced by
additional EBR retrofit using CFRP sheets. Finally, the
strength of PLNSM was estimated using the available
design formulations.

2 Experimental Investigation

2.1 Test Specimens

To achieve the research objectives, five T-shaped RC
beams with identical geometric and material proper-
ties were fabricated in accordance with ACI 318-19
(2019). Each specimen was planned to be half-scale and
reinforced with four D13 and three D13 rebars for ten-
sion and compression, respectively. Shear reinforcement
was provided using D10 rebar at 130-mm spacing. All
specimens were retrofitted for flexure using the par-
tially debonded NSM method (Seo et al., 2016a, 2016b)
to increase the flexural capacity of the specimens and
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evaluate the effect of shear cracks occurred at the
anchorage zone on the flexural strength. Shear strength-
ening was carried out on the specimens using PLNSM,
IPLNSM and hybrid IPLNSM-EBR methods, as summa-
rized in Table 1.

The material properties of concrete, rebar and FRP can
be found in Table 2.The CERP strip used for flexural rein-
forcement was a carbon fiber-based strip with a thickness
of 3.6 mm and a width of 15 mm, with a total length of
1600 mm. After forming a groove on the surface of the
specimen with a depth of 17 mm and a width of 8 mm to
place the CFRP strip, epoxy mortar (SIKADUR 31) was
filled with 500 mm at both ends to bond the CFRP strip,
and the central part of 600 mm was left in a non-adhesive
state. Additionally, the material properties of the retrofit-
ting materials are summarized in Table 3. The geometric,

Table 1 List of specimens

reinforcement and flexural retrofit details are depicted in
Fig. 3.

2.2 Shear Strengthening
For shear strengthening, CFRP strips measuring 1.2 mm
in thickness and 15 mm in width were employed as NSM
shear reinforcement. The reduction in NSM length, kept
at 60% of the web height as 120 mm, was the primary
variable in this research. This value was chosen regarding
practical application using a rotary blade and to ensure
the quality of the groove at the bottom of slab. Additional
variables considered in this research included using
IPLNSM and combining the IPLNSM with EBR method
using U-wrap CFRP sheets.

Fig. 4 presents strengthening detail for all specimens.
The specimen TC serves as the reference beam without

Specimen name Flexural retrofit method and  Shear retrofit
quantity
Retrofit method Quantity Height of Angle Space (mm)
embedded NSM
strip (mm, %)
TC Partially debonded NSM None - - - -
: 2
TP-3190 method, Strip 36X 15mMm?)  p| N 3 strips (1.2x 15 mm?) 120,60 90° 150
TP-3145 IPLNSM 3strips (1.2x 15 mm?) 120, 60 45° 150
T2L EBR 2 layers of CFRP sheet 200,100 - -
(0.111x300 mm?)
TP-2145-2L IPLNSM 2 strips (1.2x 15 mm?) 120, 60 45° 180
EBR 2 layers of CFRP sheet 200, 100 - -

(0.111%300 mm?)

Table 2 Material properties of the RC beam and retrofit materials

Material Yield strength Compressive strength Tensile strength Young’s modulus Maximum
(MPa) (MPa) (MPa) (GPa) strain (%)
Concrete - 26 - - 03
Rebar diameter D10 4674 - 612.8 200.0 -
D13 5479 - 652.0 200.0 -
CFRP strip 1.2 mm - - 1794 167.0 1.07
3.6 mm - - 2175 1629 1.31
CFRP sheet 0.111 mm - - 2395 148.14 161
Table 3 Material properties of epoxies given by the manufacturer
Epoxy type Tensile strength (MPa) Compressive strength (MPa) Modulus of
elasticity
(MPa)
Epoxy for CFRP strip (SIKADUR 31) 20 103 5,485
Epoxy for CFRP sheet (SIKADUR 330K—primer) 49 78 -
Epoxy for CFRP sheet (SIKADUR 330K—resin) 59 108 -
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Fig. 3 Geometric and reinforcement details of the beam specimens (unit: mm)
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any shear strengthening as shown in Fig. 4a. The Speci-
mens TP-3190 and TP-3I145 were strengthened using
NSM CERP strips with a spacing of 150 mm and incli-
nations of 90° and 45°, respectively (Fig. 4b, c). T2L
specimen was only strengthened using EBR U-wrap
CFRP-sheet (Fig. 4d), while the TP-2145-2L specimens
were strengthened initially by NSM CERP strip with a
spacing of 180 mm and inclined angles of 45°, and then
the U-wrap CFRP sheet was applied over it using EBR
method with epoxy (SIKADUR 330K); a CFRP sheet with
a thickness of 0.111 mm and a width of 300 mm was used
for the EBR retrofit as shown in Fig. 4e.

The retrofit process for the NSM method involved
placing the CFRP strips in grooves made on the web,
with a width and depth of 5 and 17 mm, respectively.
Epoxy mortar was prepared according to the manufac-
turer’s recommended procedures. The grooves were filled
with epoxy (SIKADUR 31) and then the CERP strips were
inserted into these grooves. The details of these steps

d) Finishing with epoxy fnortar

e) Applyi of Primer

are illustrated in Fig. 5a—d. The retrofitting step of EBR
method is illustrated in Fig. 5e—g. The final retrofitted
specimen can be seen in Fig. 5h.

2.3 Setup for Test

Four-point load configuration was selected for the test.
The shear span-to-depth ratio (a/d) was maintained
at 1.25 to ensure the shear mode of failure. All speci-
mens were attached with the strain gauges at the mid-
span of the CFRP flexure reinforcement denoted by FS,
and strain gauges for CFRP shear reinforcement were
attached to all specimens except TC but only activated
in TP-3145 and TP-2I45-2L. Strain gauges on CFPR strip
were attached at mid-height of each strip and additional
strain gauges on CFRP sheet were attached at the same
location as strip for specimen TP-2145-2L (S on strip and
L on sheet), as shown in Fig. 6. Three LVDTs were placed
at third points to record the vertical deflection dur-
ing the test. The testing was carried out using Universal

=t
¢) Inserting of CFRP strip

e

RES

g

g) Bonding f FRP-Sheet

Fig. 5 Strengthening process of specimens

h) Retrofitted specimens
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Fig. 6 Test setup

Testing Machine (UTM) with a capacity of 2,000 kN. A
displacement-controlled loading was applied with a rate
of 0.01 mm/s. During test, cracks were marked on the

surface of the specimens until they reached the failure
load.

3 Results and Discussion

3.1 Crack and Failure Shapes

The failure modes of all the specimens are depicted in
Fig. 7, with more detailed crack patterns within the shear
region shown in Fig. 8. Early initiation of flexural crack-
ing was observed in the specimens strengthened with
inclined CFRP strips TP-3145 and TP-2145-2L. This
observation suggests that inclining the strips increased
the stiffness of the shear span, leading to early stress con-
centration in the constant moment region. All beams
primarily failed in shear as evidenced by the appearance
and opening of diagonal tension cracks. Additionally, an
improvement in initial cracking load was observed in

Hoapliz ol J.‘ Tlt
¢) TP-3145

Fig. 7 Failure shapes of the test specimens

all the specimens compared to the TC specimen. Con-
sequently, the presence of shear retrofitting effectively
improves the shear performance.

In the TC specimen, a clear diagonal shear crack devel-
oped from the support to the loading point, leading to a
pure shear failure (Fig. 8a). In contrast, in the TP-3190
specimen, multiple shear cracks developed, with some
of them being intercepted by CFERP strips at lower load
levels. As the load increased, several diagonal cracks
appeared on the top of web and in the flange region
where the CFRP strip was not provided (Fig. 8b). Specifi-
cally, the angle of the diagonal shear cracks was steeper
compared to that observed in the TC specimen, and mul-
tiple cracks developed between CFRP strips. These find-
ings suggest that the PLNSM strips contributed to the
pivoting of the shear cracks.

For specimen TP-3I45, the shear crack was intercepted
by the second CERP strip, after which additional cracks
developed and propagated towards the top (Fig. 8c).

E Y 18

b) TP-3190
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Fig. 8 Detailed crack shapes in the shear region

Subsequently, these cracks were intercepted by the first
CERP strip. However, the vertical cracks also appeared in
the shear span. Based on the observed crack formations,
it was noted that providing an inclination to CFRP strips
improves the retrofit efficiency, despite the reduced length.

In specimens T2L and TP-2145-2L, initial shear
cracks were observed predominantly in regions out-
side the retrofitted areas due to the presence of CFRP
sheets on the beam surface. Notably, in TP-2145-2L,
the initial shear crack developed at a later stage com-
pared to specimen T2L. Subsequently, diagonal tensile
cracks developed from the support to the load point,

resulting in shear failure (refer to Fig. 8d for T2L speci-
men). Upon failure, delamination of CFRP sheet was
observed with substrate indicating the cohesion fail-
ure. Conversely, in TP-2I145-2L specimen, the first
layer of the combined IPLNSM CEFRP strip and EBR
CERP sheet effectively obstructed the crack propaga-
tion while keeping the CFRP sheet intact. Neverthe-
less, strong peeling-off of the CERP sheet was observed
at the location where the NSM CFRP strip was absent
(Fig. 8e), In addition, overall flexural cracking was more
pronounced in TP-2145-2L compared to all other speci-
mens. These observations highlight that the presence
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of the CFRP strips can confine the component and
increase its stiffness, thereby preventing early failure of
the CFRP sheet due to crack opening.

3.2 Load-Deflection Behavior

The loads and displacements corresponding to the initial
flexural cracks, shear cracks and ultimate load as well as
the failure load, are presented in Table 4 and illustrated
in Fig. 9. In the shear failure-dominated mechanism of a
member shear-reinforced with FRP, after the load reaches
the ultimate load, the deformation increases as it is main-
tained for a certain duration, and then the load dropped
instantaneously rather than gradually. The failure state
was defined as when the load decreases rapidly and the
FRP loses its contribution. The load—deflection response
of the tested specimens can be seen in Fig. 10. The first
graph (Fig. 10a) shows the deflection at the center of the
beam corresponding to the total load (R, +R,), while the
second graph (Fig. 10b) shows the average deflection at
the loading points, corresponding to the average load
(Ry+R,)/2 for shear span. The shear-strengthened speci-
mens did not show a noticeable improvement in initial
stiffness compared to control specimens (TC). The TC
specimen reached the maximum load after passing the
linear elastic range and immediately lost its strength, but
on the other hand, the specimens shear-strengthened
with PLNSM reinforcement showed a certain plastic
deformation and then reached the maximum strength
with a gradual increase in strength. The maximum
strengths of the TP-3190 and TP-3145 specimens were
found to be improved by 13.8% and 25.9%, respectively,
compared to the TC specimen. And at the maximum
load, the deflections at their loading points are 17.04 and
16.86 mm, respectively, which are much larger than the
6.15mm of the TC specimen. From this, it can be seen
that the maximum strength and deflection at that time
can be increased by using PLNSM reinforcement, and in
particular, the strength can be further increased by using
IPLNSM reinforcement. However, the displacements at
which the TP-3190 and TP-3145 specimens reached their
maximum load were similar. The maximum load of the
T2L specimen shear-reinforced with EBR CFRP sheets
also increased by 13.4% compared to the TC specimen.
This is a similar value to 13.8% of TP-3190. Neverthe-
less, the deflection at the maximum load was 9.83 mm,
significantly lower than that observed in the TP-3190 and
TP-3145. This is because, in the case of the NSM FRP
strip, each strip effectively resisted shear cracking, while
in the case of the EB FRP sheet, shear cracks in the con-
crete occurred at the edges of the FRP sheet, and strain
was concentrated in these cracks, resulting in relatively
brittle behavior.

For specimens strengthened in shear by combining
the IPLNSM and EBR methods, TP-2145-2L. showed
an improved maximum strength of 28.0% with deflec-
tion of 14.60 mm, which is higher than 13.4% of the
T2L specimen strengthened by only EBR method. The
load—deflection curves exhibited CFRP sheet debond-
ing, characterized by a sudden drop in load after reaching
the maximum value. However, in TP-2145-2L specimen,
the load was sustained at a maximum level even after
debonding initiation, suggesting a delayed CFRP sheet
debonding failure while also improving the deformation
capacity. Therefore, shear strengthening using the hybrid
method improves the strength and the load carrying
capacity after the peak load was reached.

3.3 Strains of CFRP Shear Reinforcements

The strain responses of the CFRP strips for shear
strengthening in TP-3145 and TP-2145-2L are shown in
Fig. 11. The strains of the CFRP shear reinforcements
of other test specimens were not measured. In TP-3145
specimen, it was observed that the strain activity pri-
marily occurred in the second CFRP strip (S2), where
the shear crack initiated. Furthermore, the strain gradu-
ally increased up to the failure. In other words, the strain
was high as a crack formed through the second NSM
CERP strip, whereas the strain was not high up to the
maximum load in the other two CFRP strips as the cracks
did not intersect. As the load increased, the continuous
strain of the second NSM CFRP strip increased, which
means that the NSM CEFRP strip in the inclined direc-
tion effectively resisted the principal stress generated by
the applied load. At the maximum load, the strain of the
third NSM CERP strip (S3) increased rapidly, due to the
sudden increase in stress across this CFRP strip and sub-
sequent crack formation.

In the TP-2145-2L specimen, the first NSM CFRP
strip showed the highest strain, and the strain of the
CERP sheet attached at the same location also increased.
After the strain of the CFRP sheet and strip continu-
ously increased up to 250 kN, the strain of the NSM strip
decreased, indicating local bond slip. At about 380 kN,
the CFRP sheet showed local debonding, and the stress
was taken over from the CFRP sheet to the CFRP strip
until the failure. In this specimen, the entire web part of
the beam is wrapped with an CFRP sheet, so the internal
cracking state cannot be observed, but it can be expected
that the stress across the first NSM CERP strip is high,
and cracks have occurred in this area accordingly. Based
on strain activity observed in CFRP strip and sheet, it can
be deduced that the components of the hybrid approach
effectively act in a composite manner to resist shear load.
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Fig. 9 Strength comparison

3.4 Strain of NSM-CFRP Reinforcement for Flexure
The strain response of CFRP strip used for flexural rein-
forcements is shown in Fig. 12. The strain of flexural steel
reinforcement was not recorded due to errors during
the test. The strain of the flexural steel reinforcement is
expected to be similar to that of the nearby NSM flexural
FRP. The yield strain of the tensile rebar, 2700 e, is added
in Fig. 12. It can be seen that all specimens passed the
elastic range, indicating that the specimens had yielded
at around the yield strain of tensile rebar. It means that
in the case without additional FRP shear reinforcements,
brittle behavior due to sever shear failure, but the speci-
mens shear reinforced with FRP reinforcement show
some degree of flexural behavior even if serious shear
failure occurs within the shear region.

In the TC specimen strengthened only for flexure with
NSM CERP, the strain of the CFRP was approximately

600
1 | Debonding of
500 -+ | CFRP sheet Vel s
\
400 + - / -
Load carry after Peeling off
g 300 —+ ultimate load CFRP sheet
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m r
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a) Load-deflection curve at center point

Fig. 10 Load-deflection curve

3400 pe until the failure. On the other hand, the T2L,
TP-3190, and TP-3145 specimens showed strains of
5600 pe, 5500 ue, and 5900 pe, respectively, which were
higher compared to those of the TC specimen. The incre-
ment in strain indicated a transition from flexure-dom-
inated behavior to shear-dominated behavior as load
increased and severe shear cracking occurred. In the
TP-2145-2L specimen, which was shear-strengthened
using hybrid approach combining the IPLNSM CERP
strips and EBR CERP sheets, the flexural CFRP reinforce-
ment exhibited a strain of 9500 4, which is higher than
that of the others, resulting in the formation of more flex-
ural cracks, as shown in Fig. 7. Furthermore, by compar-
ing TP-2145-2L and TP-3145, it was observed that their
strength was nearly identical. However, the strain of the
CERP flexural reinforcement in TP-2145-2L was signifi-
cantly higher due to the advantage of employing a hybrid
approach at the anchorage zone. Moreover, the strain
increment was observed in all specimens until failure,
indicating that the CFRP strip effectively distributed
stress without experiencing any bond slip. Therefore,
based on the above discussion, it can be deduced that the
shear crack opening at the anchorage zone did not affect
the performance of the partially debonded NSM. Addi-
tionally, by covering the anchorage zone with the hybrid
approach, the strain was scientifically increased.

3.5 Theoretical Evaluation of Shear Strength

For the evaluation of shear strength of the beams, the the-
oretical predictions using ACI 440.2-17 (2017) and Fib-
14 (2001) were performed. However, these documents

300
- | Debonding of
CERP sheet T s g
gzoo T k
o Load carry after Peeling off
o~ ultimate load CFRP sheet
% 4 Pv’li iPQ
& 100 +
0 N S ¢
0 5 10 15 20 25 30
—TC — TP-3190
— TP-3145 T2L
- - - - TP-2145-2L

Average deflection (6;165)/2 (mm)

b) Load-deflection curve at loading point.
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Fig. 12 Strains of CFRP reinforcements for flexure

are not serving the NSM shear strengthening. There-
fore, two distinct formulations suggested by Nanni et al.,
(2004) and Dias and Barros (2013) were also included in
doing the evaluation. Nanni’s semi-empirical formulation
is based on the total crack intercepting length of NSM,
while Dias and Barros’ curve fitting-based formulation is
based on experimental results of beams shear strength-
ened with full-length NSM reinforcements. Therefore,
the evaluation aimed to determine whether these calcula-
tion formulas could be applied effectively with a reduced
NSM length.

600
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| Local bond slip
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= 300 -
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3.5.1 Nanni et al's Method for NSM Strips

According to the formulation by Nanni et al., (2004), the
design shear strength provided by the NSM reinforce-
ment as shown in Fig. 13 can be determined by calculat-
ing the force resulting from the tensile stress in the CFRP
strip across the assumed crack using Eq. (1):

Vr = 4(ag + by ) tpLeot, (1)

where a; and by are cross-sectional dimensions of the
rectangular strip, 7 is average bond stress of the CFRP
elements intercepted by the shear failure crack. Lot can
be represented by Eq. (2):

Ltot = Xi:Li; (2)

where L; represents the length of each single CFRP strip
intercepted by shear crack, expressed as:
; 5f . P —
min (m,lmax) i=1...

S) ., . N )
ml’lmax) i=¥+1...N
(3)

where i is the condition numbering for using Eq. (3),
which is considered rounded off to the lowest integer
(e.g., i =15 = i =1), o is the inclination angle of CFRP
strip, sy is the horizontal spacing of CFRP strip and /yet is
the net length of the CFRP strip defined in Eq. (4):

N
2

min (lnet —

2c

. )
sin o

(4)

lnet = lb -
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~C~

o

Shear crack (45°) a

Fig. 13 Sketch showing parameters used in Nanni et al., (2004)

Fig. 14 Demonstration of /mayx

where /[, is the actual length of CFRP strip and c is con-
crete cover.

The first limitation of Eq. (3) considers bond as the con-
trolling failure mechanism, and represents the minimum
effective length of a CFRP strip intercepted by a shear
crack as a function of the term N:

N = log(1 + cota)’ )
Sf
where N is the number of strips crossed by the shear
crack, which is considered rounded off to the lowest inte-
ger. (e.g., N = 1.5 = N = 1), and /g is the vertical length
of [net as shown in Fig. 13 and can be written as follows:

lof = I sina — 2c. (6)

The second limitation in Eq. (3), L; = lnax, results from
the force equilibrium condition in Fig. 14, taking an upper
bound value for the effective strain as shown in Eq. (7).
For the calculation, the suggested values obtained from
the pull-out test of FRP strip by Barros and Dias (2006) of
7, = 16.1 MPaand &5, = 0.0059 were used in this study:

Lo = % Y E
max — 261f+bf1’b’

7)

where E is the elastic modulus of the CFRP strip.

Shear crack (45°)

NSM CFRP stri
|

B
(D DN

hy(cotgatcotgby)

Shear crack

Fig. 15 Analytical formulation parameters for determining effective
strain (Dias & Barros, 2013)

3.5.2 Dias and Barros’s Method for NSM Strips

Dias and Barros (2013) suggested Eq. (8) to estimate the
CERP strip’s contribution to the shear resistance V; with
reference to Fig. 15:

Vi = I By (cot ga + cot gy sin 6
F = st gLy (cotga + cotgoy ) sin by, (8)

where £, is the height of CERP strip; Ay, is the cross-sec-
tional area of a CFRP strip; sy is the horizontal spacing of
CERP strip; Er (GPa) is the elastic modulus of the CFRP
strip; & = 45° is the orientation of the shear failure crack,
0y is the inclination of the CFPR strip.

The effective strain in the NSM strip, &g, can be deter-
mined as:

Efpf + Espsw

2/3
cm

2
Efe = C1 » (9)

where pr and psy. represent the ratio of CFRP and steel
stirrup and in Eq. (9) fon is in MPa, Ef and E; are in
GPa. C; and C; can be obtained using Egs. (10) and (11),
respectively:
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C, — 3.76888¢ (—0‘11602610f+0.00104376f2> ’ (10)
C, — O.460679e(0'03511999f—0‘00034319f2>. (11)

Because Eq. (9) does not cater to all the effects influenc-
ing the effectiveness of the CERP strip, an uncertainty
factor, designated yy = 1.3 can be used, as proposed by
Dias & Barros, 2013. Following this criterion, Eq. (9) can
be expressed by Eq. (12):

E¢pr+Es psw B
Cl [f f2/3 ]
cm

Y

(12)

Sfe =

3.5.3 ACI 440 Formulation for EBR Method
According to ACI 440.2-17 2017, the contribution of CFRP
to the shear resistance as in Fig. 16 is given by:
Agp (sina + cosa)frd
V= L ; *T

(13)

where V¢ is reduction factor for the three-sided FRP
U-wrap or two-opposite-side recommend by ACI 440.2-
17 2017 and 0.85 is used, d is the effective depth of the
sheets which is depth measured from the tension rein-
forcement to the edge of the sheet, s¢ is the spacing of
the wet lay-up strips of CFRP sheets, « is the inclination
angle of CFRP’s fiber, Ay, is the area of CFRP shear rein-
forcement with in spacing sy as shown in Fig. 16:

Ay = 2ntpwy, (14)
where 1, tr and wy are the number of plies, the thick-
ness of a layer and the width of the sheet, respectively.
In the case of continuously bonded shear CFRP sheet,
so sy equal to wy. The effective stress in the CFRP, f, is
obtained multiplying the elastic modulus of the CFRP, E,
by the effective strain as defined by Eq. (15):

ef = kveg, < 0.004 (for U - wraps), (15)

/—df—/

/—bw‘/ WS

Fig. 16 Dimensional variables in using EBR method using CFRP sheet

where k, is a bond-reduction coefficient related to the
concrete strength, the type of wrapping scheme used, and
the stiffness of the CFRP sheet. It can be calculated using
Eq. (16):

Y = % S 0'75, (16)
11900¢g,
with
23300
(nthf>O‘58’ (17a)
7N\ 2/3
k=% , 17b
= (£) (a7b)
df — L,
ky = ,
2 7 (17¢)

where f is the 28-day concrete compressive strength, L
is the active bond length, k; and &y are modification fac-
tors that account for the concrete strength and for the
wrapping scheme used, respectively.

3.5.4 Fib-14 Formulation for EBR Method

In the Fib-14 2001, for the CFRP fiber with orthogonal to
the beam axis, the contribution of the CFRP to the shear
resistance of a concrete member can be written in the
following form:

Vi = 0.9£feEfpfbwdfCOt(9), (18)

where Ey is the elastic modulus of CFRP sheet, by, is the
width of beam’s web, dy is the effective depth of the sheets
from the tension reinforcement to the edge of the sheet, 0
is the angle of diagonal crack with respect to the member
axis and assumed equal to 45°, pr is the CFRP sheet rein-
forcement ratio and for continuously bonded equal to:

2nty
Iof = T!

w

(19)

where 7 and #; are the number of plies and the thickness
of a layer, respectively, and ¢g 4 is the design value of
effective strain in the CFRP, that can be obtained from ¢,

2/3 \ 056 2/3 \ 0:30
& = min O.65< - ) 107%;0.17 ("”) &fu
Erpr Erpr

(20)

(fem in MPa and Ey in GPa).
For f., is the cylinder average concrete compressive
strength and e, is the ultimate CFRP strain. Applying

International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025) | 255



Khol et al. Int J Concr Struct Mater (2024) 18:90

safety factor provided by Fib Bulletin 14, ¢, 4 = i—f;, where

¥y is partial safety factor that depends on failure modes of
CFRP sheet. yy = 1.3 was used for bond failure leading to
peeling off dominates.

3.5.5 Comparison of Result with Theoretical Formulations
The experimental results were compared with theoretical
formulations previously mentioned. The overall calcula-
tion results are shown in Table 5 with the experimental
results expressed as 1/2 of the maximum load as the value
for one shear span V. Furthermore, the shear strengths
contributed by the CERP strip and sheets were obtained
by subtracting the shear strength of the TC specimen not
strengthened with CFRP (control specimen) from that
of each specimen strengthened with CFRP, denoted by
V- The nominal flexural strength of the specimens was
calculated following the calculation process of Seo et al.,
(20164, 2016b), represent by P,. For all specimens, it can
be seen that the shear strength is lower than the flexural
strength, as intended in the specimen design.

In the prediction of shear strength Vj; using Nanni
et al., (2004), the shear force resisted by the CFRP strip
is significantly influenced by the effective length of the
CERP strips crossing crack. The calculation results indi-
cate that there is no contribution of NSM CERP for
shear in TP-3190 specimen because none of CFRP strip
cross crack in Eq. (5). In the crack pattern of the speci-
men as shown in Fig. 8b, a clear crack penetrating the
actual CFRP reinforcement is not visible. However, it can
be seen that the angle of the cracks with respect to the
horizontal axis of the beam increased between two strips
and shear cracks occurred more than TC specimen. This
means that although there is a shear reinforcement effect
of NSM-CERP of reduced length, this is not properly
reflected in the Nanni’s calculation process. However, in
cases where an effective length is provided, such as in the

TP-3145 specimen, the shear estimation closely aligns
with the experimental results by comparing V}, and V.

The formulations provided by Dias and Barros (2013)
look almost similar to those of ACI 440 in evaluating
the shear strength. The difference is the effective strain
of CFRP that is calculated based on curve fitting of test
results performed on full-length CFRP strips. Predicted
values Vy, obtained from this equation are lower than
the test results Vz, due to the conservative estimation of
effective strain in Eq. (12).

The ACI 440 and Fib 14 formulations were used to esti-
mate the shear capacity of the specimen strengthened
using the EBR method. In the case of the T2L specimen
retrofitted with the EBR method, ACI 440 predicted
value V3 closely aligned with the test results, suggesting
a reliable estimation. However, the contribution of CFRP
sheets V4 was overestimated in the case of using the Fib
Bulletin 14.

The capacity of the combined effect can be determined
by summing the individual contributions from each com-
ponent. This assumption is based on the premise that the
CFERP strip and sheet work together as a composite to
increase the overall capacity, as observed in Sect. 3.3. As
the results, it can be found that the combination of Nanni
formulation and ACI 440 showed reasonable results in
estimating capacity of hybrid approach.

The total shear strength V), is calculated by summing
the shear strength provided by concrete and steel stirrup
with the reliably calculated shear contribution of CERP.
Based on the above discussion, Nanni’s and ACI 440
methods are selected to calculate the total shear strength.
By comparing analytical and experimental results, it is
shown that these methods are reliable in estimating the
shear strength, and the ratio of V,./V;, is higher than one,
indicating a safe condition.

Table 5 Evaluation on the strength of RC beam strengthened with CFRP reinforcements

Specimen name V. Vee P, NSM FRP strip EBR FRP sheet ACI318V. ACI318V; V, %
NanniV¢; DiasVs; ACI440Vi3  FIB-14Vyy
(kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)
TC 206.3 - 301.03 - - - - 5262 148.82 20144  1.02
TP-3190 23479 2849 0.00 6.56 - - 20144 1.7
TP-3145 259.79 5349 3547 6.38 - - 23691  1.10
T2L 23394 2764 - - 27.56 3044 229.0 1.02
TP-2145-2L 264.17 5787 14.75 5.51 27.56 3044 24375  1.08

V, is test result, V, is the contribution of CFRP to the shear resistance, P, is the nominal flexural strength by following Seo’s process [18] and V=V, + V,+ Vj; + Vs is

reliable prediction of shear strength
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4 Conclusions

The purpose of this study was to experimentally investi-
gate and remedy the effect of reducing the length of NSM
CERP for shear in an RC T-beam. The effect was evalu-
ated by analyzing the beam’s load capacity, stiftness, fail-
ure modes, strain of CFRP reinforcement and comparing
the results to existing formulations. The study’s findings
are summarized as follows:

1. Providing the shear retrofit with a reduced length of
NSM to 60% of the height of the beam’s web did not
have any negative effect on the strength; instead, it
led to increased strength and improved deformation
capacity. Furthermore, inclining the NSM retrofit-
ting proved more effective in intercepting the shear
cracks than the vertical placement.

2. The hybrid approach combining the IPLNSM CFRP
strips and EBR CFRP sheets, is more effective than
using the either method individually. The hybrid
approach significantly improves the shear strength as
well as deformation capacity.

3. Applying the partially debonded NSM method for
flexure retrofitting, the shear crack opening at the
anchorage zone did not affect its performance. Fur-
thermore, covering the anchorage zone with the
hybrid approach led to a scientifically increased
strain.

4. The method proposed by Nanni et al., (2004) can also
be used for designing the PLNSM reinforcement,
including the configurations with inclination of the
CERP strips. However, the strengthening effect was
not properly reflected in the vertically reinforced
PLNSM strips.

5. The combination of Nanni’s formulation for design-
ing PLNSM reinforcement and ACI-440 for EBR
strength estimation yielded reasonable agreement
with the experimental findings, resulting in good pre-
diction of the shear strength using hybrid approach.

Above results are based on limited conditions of only
a few experimental results. In this regard, additional
research is being prepared to quantitatively determine
the change in strengthening effect as the length of the
CERP strip is reduced during vertical or diagonal shear
reinforcement, and to find a design procedure that can
appropriately calculate this.
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