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ABSTRACT: The overall shear strength of Reinforced Concrete (RC) beams strengthened in
shear with Fiber Reinforced Polymer (FRP) and Fiber Reinforced Cementitious Matrix (FRCM)
composites is generally computed as the simple summation of the individual contributions of
concrete and transversal internal (i.e. steel stirrups) and external (i.e. FRP or FRCM composites)
reinforcement. However, the interaction between transversal internal and external shear
reinforcement might cause an overestimation of the strength of the strengthened beams when this
simplified approach is used for FRP strengthened elements. Although the experimental evidence
is still limited, a similar interaction has been reported for beams strengthened in shear with FRCM
composites. This paper presents the results of an experimental campaign carried out to investigate
the aforementioned interaction. RC beams were strengthened in shear using FRP and FRCM
composites and then tested using a traditional four point bending scheme. Interaction between the
internal and external transversal reinforcement was observed, as strains measured in the stirrups
of the strengthened beams were lower than those measured in the unstrengthened beams at peak
load. Although this reduction was more evident for FRP strengthened beams, the presence of the
external reinforcement precluded stirrups from yielding for either FRP or FRCM strengthened
beams in this study.
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INTRODUCTION

Fiber Reinforced Polymer (FRP) composites have been shown to be an effective technique for
the strengthening of existing structures, as demonstrated by their growing worldwide popularity.
However, some disadvantages of the system, mainly related to the use of organic resins, have
been pointed out (Al-Salloum et al. 2012). Therefore, in recent years the development of
strengthening techniques that share the advantages of FRP systems but overcome their drawbacks
have caught the attention of researchers and of the civil engineering industry. Among these
techniques, Fiber Reinforced Cementitious Matrix (FRCM) composites, in which the organic
resins are replaced by inorganic matrices, usually cement-based, have shown promising results
for the confinement and strengthening of Reinforced Concrete (RC) members in flexure, shear,
and torsion (e.g., Colajanni et al. 2014; Pellegrino & D’Antino 2013; Ombres 2015; Alabdulhady
et al. 2017). However, an important effort is still needed for the development of accurate and
reliable design models for either FRP and FRCM systems.

For the case of shear strengthening, the design model proposed by (ACI Committee 440 2008) to
determine the shear strength (Vn) of RC elements strengthened in shear with FRP composites is
based on the assumption that the contribution of the concrete (Vc) and the internal (i.e., steel
stirrups, Vs) and external (i.e., FRP composites, Vf) reinforcement can be treated independently
(see Eq. 1). For the case of European standards (Fédération Internationale du Béton (fib) 2001;
National Research Council (CNR) 2013)), Vn is computed including only the Vs and Vf
contributions, and its value is limited by the shear strength of the concrete compression strut,
Vc,max (D’Antino & Triantafillou 2016) as shown in Eq. 2.
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The same approaches have been used for the development of design models for RC beams
strengthened in shear using fiber reinforced cementitious matrix (FRCM) composites (Tzoura &
Triantafillou 2014; Ombres 2015; Escrig et al. 2015; ACI Committee 549 2013).
However, several researchers (Pellegrino & Modena 2002; Bousselham & Chaallal 2006;
Pellegrino & Modena 2007; Chen et al. 2010) have found that the maximum shear contributions
of internal steel stirrups and externally bonded FRP jackets may not be attained at the same load
level and, in some cases, stirrups do not reach their yield strain (Grande et al. 2009; Chen et al.
2013). For FRCM strengthened beams, the experimental evidence on the subject is still limited,
but it has also been reported that the presence of the strengthening system influences the
contribution of the internal shear reinforcement to the shear strength of the strengthened member
(Ombres 2015; Blanksvärd et al. 2009). This phenomenon, known as internal-external shear
reinforcement interaction, implies that the contributions of steel stirrups and FRP or FRCM
jackets to the shear strength may be different than the simple summation of their maximum
respective values.
In this paper, the results of an experimental campaign aimed to study the aforementioned internalexternal shear reinforcement interaction are presented. RC beams were strengthened in shear
using either FRP or FRCM composites and then tested to failure. In addition to the type of
composite (FRP or FRCM), the test variables included type of composite fiber type (carbon or
steel) and internal transverse steel reinforcement ratio (w) in order to shed light on factors that
influence the internal-external shear reinforcement interaction.
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EXPERIMENTAL PROGRAM

Ten RC beams were included in the experimental program. The beams had a width b=150 mm,
height h=300 mm, and total length of 3000 mm. They were tested using a four-point bending
scheme with a span length l=2700 mm and a shear span a=750 mm, as shown in Figure 1. The
shear span-to-effective depth ratio a/d was 3.0 with the effective depth d equal to 250 mm is the
beam effective depth, i.e., the distance between the beam top edge and the centroid of the
longitudinal steel reinforcement.
Eight beams were strengthened, and two were unstrengthened for use as the control. The beams
were designated according to the convention: S#-X-F#-UY, where S# corresponds to the centerto-center stirrup spacing in the studied shear span (S1=300 mm, S2=200 mm), X denotes the type
of strengthening system (CONTROL, FRP, or FRCM), F# indicates the type of fiber in the
composite (F1=carbon sheet, F2=brassed steel sheet, F3=carbon open mesh, and F4=galvanized
steel sheet), U identifies the composite wrapping configuration (U-wrapped), and Y is related to

the use of composite anchors (N=without anchors). The 10 beams tested are listed in Table 1. All
strengthened beams were strengthened using one layer of FRP or FRCM composite (n=1).
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Figure 1. Experimental setup (dimensions in mm).

The concrete beams were cast in three batches named batch A, B, and C (see Table 1). Normal
weight portland cement concrete with a maximum aggregate size of 12.5 mm was used. The
average concrete compressive strength, determined as the average of three cylinders with
dimensions 100×200 mm in accordance with EN 12390-3 (2009) within four days of the day of
testing was 23.3 MPa (CoV=0.058), 24.7 MPa (CoV=0.088), and 21.3 MPa (CoV=0.057) for
batch A, B, and C, respectively.
Table 1. Summary of test results
Series

S1

S2

Beam

w

Concrete
batch

Pmax
(kN)

Vmax
(kN)

S1-CONTROL

0.0022

A

230.5

115.2

Increase
Vf
Pmax
over control
(kN)
(mm)
(%)
15.4

S1-FRP-F1-UN

0.0022

A

338.3

169.1

53.9

46.8

26.0

Flexure

S1-FRP-F2-UN

0.0022

A

306.8

153.4

38.2

33.1

16.8

Shear

S1-FRCM-F3-UN

0.0022

A

284.8

142.4

27.2

23.6

17.8

Shear

S1-FRCM-F4-UN

0.0022

C

299.5

149.7

34.5

29.9

17.7

Shear

S2-CONTROL

0.0033

B

259.3

129.7

-

-

14.5

Shear

S2-FRP-F1-UN

0.0033

B

338.5

169.2

39.6

30.5

19.7

Flexure

S2-FRP-F2-UN

0.0033

B

347.3

173.7

44.0

33.9

20.8

Flexure

S2-FRCM-F3-UN

0.0033

B

307.9

154

24.3

18.7

17.1

Shear

S2-FRCM-F4-UN

0.0033

C

294.4

147.2

17.5

13.5

18.0

Shear

Failure
mode
Shear

The internal longitudinal and transverse reinforcement layout is presented in Figure 2. The 8 mm,
16 mm, and 26 mm reinforcing steel bars had a measured yield strength of 527 MPa, 535 MPa,
and 545 MPa, respectively. One-piece closed stirrups were placed with a spacing s=300 mm and
200 mm in the studied shear span of beams in series S1 and S2, respectively (Table 1). In the
other shear span, stirrups were spaced at 75 mm in an attempt to achieve shear failure in the
studied shear span. The internal transverse steel reinforcement ratio (w=Aw/bs, where Aw is the
stirrup cross-sectional area) for the series S1 and S2 beams were 0.0022 and 0.0033, respectively.
Table 2 summarizes the overall area weight W, elastic modulus Ef, tensile strength fu, ultimate
strain fu, and thickness tf of the fibers employed to strengthen the beams, as reported by the
manufacturer (G&PIntech 2016). It should be noted that for the carbon open mesh (F3) and steel
fiber sheets (F2 and F4), tf corresponds to the equivalent nominal thickness, which is determined
considering the fibers as smeared uniformly across the width. For the case of F3 fiber textile,

which is bidirectional, the value of tf reported in Table 2 is the equivalent nominal thickness in
each direction per unit width (mm/m). The measured average flexural strength ffm (EN 12390-5,
2009) and average compressive strength fcm (EN 12390-3, 2009) of the cementitious matrix were
6.3 MPa (CoV=0.150) and 45.2 MPa (CoV=0.039), respectively.
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Figure 2. a) Beam longitudinal and transversal reinforcement; b) cross section. (Dimensions in mm)
Table 2. Mechanical and geometrical properties of the fibers.
W
Ef
Fiber Type
2
g/m GPa
F1 (carbon)
Unidirectional
300 390
F2 (steel)
Unidirectional
1910 190
F3 (carbon)

Bidirectional (balanced)

F4 (steel)
Unidirectional
* Equivalent nominal thickness
+ Each direction

MPa
3000
3345

fu
%
0.8
2.2

mm
0.165
0.240*

240

4700

1.8

0.047*,+

2200 190

2400

>1.60

0.270*

170

fu

tf

Before installing the FRP or FRCM system, the concrete surface was subjected to mechanical
grinding, the corners of the specimens were rounded to a radius of approximately 20 mm, and any
loose sand grains were removed before applying the composite. For the FRCM system, the
concrete surface was wetted, and the first layer of cementitious matrix, of approximately 4 mm
thickness, was applied. Immediately after, the fibers were placed on top of the matrix, applying a
slight pressure. While the first layer of matrix was still fresh, the second layer was applied on top
of the fibers.
Three linear variable differential transducers (LVDTs) were located below the beam in order to
measure vertical displacements at the locations of the loading points and at mid-span. Two
additional LVDTs were located on top of the concrete beam at the support locations. Strains in
the stirrups within the studied shear span were measured with uniaxial electrical resistance strain
gauges. For series S1 beams, two stirrups were instrumented, while for series S2 beams, three
stirrups were instrumented.
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RESULTS AND DISCUSSION

The salient results are summarized briefly in Sections 3.1 and 3.2. Considering the aim of this
paper, which is to study the internal-external shear reinforcement interaction, stirrup strain
measurements from the unstrengthened and strengthened beams are compared in Section 3.3.
Applied load vs. mid-span displacement
The applied load P versus mid-span displacement  curves for beams in series S1 and S2 are
shown in Figure 3a and Figure 3b, respectively. Table 1 summarizes values of the maximum load

Pmax, maximum shear Vmax (where Vmax=0.5Pmax, assuming perfect symmetry and neglecting the
beam self-weight), and displacement at mid-span corresponding to the maximum load Pmax, of
each beam. The additional shear strength provided by the strengthening system (Vf) and the
increase relative to the nominal shear strength of the control beam (Vf/Vmax-control) are also included
in Table 1. Vf is computed as the total shear strength of a given strengthened specimen minus the
shear strength of the respective control specimen.
As shown in Figure 3 and Table 1, the use of FRP and FRCM composites provided an increase
in the shear strength relative to the control beams. For FRCM strengthened beams, larger
increases were observed in specimens with lower values of w. Increases in values of Pmax relative
to the corresponding control beam were also achieved in all strengthened specimens. However,
the increase in stiffness was not significant (Figure 3).
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Figure 3. Applied load P vs. mid-span displacement  curves for: a) series S1; b) series S2

Failure mode
Beams S1-CONTROL and S2-CONTROL presented a typical beam shear failure characterized
by the formation of a main diagonal crack in the studied shear span. In addition to the main
diagonal crack, further diagonal cracks formed and were distributed along the studied shear span.
Beams S1-FRP-F1-UN, S2-FRP-F1-UN, and S2-FRP-F2-UN exhibited flexural failure caused by
concrete crushing. Due to the presence of the FRP jacket, it was not possible to observe cracks on
the surface of the beam in the studied shear span. Failure of beam S1-FRP-F2-UN was
characterized by debonding of the FRP jacket. A main diagonal crack in the concrete, similar to
the one observed for the corresponding control specimen, developed beneath the FRP jacket and
was visible after detachment of the FRP composite. All beams strengthened with FRCM
composites failed in shear. Unlike the FRP strengthened beams, cracking was visible on the
surface of the FRCM jackets. It is worth noting that cracks appeared on the surface of the FRCM
jackets from early stages of loading (at an applied load P of approximately 120 kN) and not only
close to the failure load.
Beam S1-FRCM-F3-UN exhibited a typical shear failure, similar to the control beams, with a
main diagonal crack crossing the shear span from the loading point to the support. Local
detachment of the entire thickness of the jacket close to the loading point and fiber slippage along
the main crack were observed. A similar behavior was observed for beam S2-FRCM-F3-UN, but
local composite detachment was not observed. Failure of beams S1-FRCM-F4-UN and S2FRCM-F4-UN was caused by detachment of the composite system at the interface between the
matrix and the concrete, without damage of the concrete substrate.

Stirrup strain measurements
The applied load P versus stirrup strain s relationships for series S1 and S2 beams are shown in
Figure 4 and Figure 5, respectively. Figure 4 shows that for beam S1-CONTROL, strains larger
than the steel yield strain (y=2650 ) were recorded in both instrumented stirrups. For beam S2CONTROL, only one of the stirrups monitored in the studied shear span yielded. In fact, only two
stirrups are shown for S2-CONTROL specimen in Figure 5 as the remaining stirrup did not record
any significant strains.

a)

b)

Figure 4. Applied load P vs. stirrup strain s for series S1 beams: a) S1-CONTROL, S1-FRP-F1-UN, and
S1-FRP-F2-UN specimens; b) S1-CONTROL, S1-FRCM-F3-UN, and S1-FRCM-F4-UN specimens.

a)

b)

Figure 5. Applied load P vs. stirrup strain s for series S2 beams: a) S2-CONTROL, S2-FRP-F1-UN, and
S2-FRP-F2-UN specimens; b) S2-CONTROL, S2-FRCM-F3-UN, and S2-FRCM-F4-UN specimens.

The curves in Figure 4a and Figure 5a show that for all FRP strengthened beams, strains measured
in the stirrups were always lower than the yield strain, even though the maximum loads were
higher than those obtained for the corresponding control beams. In other words, the addition of
the FRP jacket resulted in a reduction in strain in the stirrups. It is worth noting that the reduction
in the stirrup strain is observed regardless of the type of fiber, stirrup spacing, and/or failure mode.
Figure 4b and Figure 5b show that there is also a reduction in the stirrup strain for carbon FRCM
strengthened beams (F3-FRCM beams) relative to the corresponding control beams. However,
unlike for FRP strengthened beams, one of the stirrups yielded in beams of series S1 and S2. The
reduction in strain appears to be more significant for beams in series S2. For steel FRCM

strengthened beams (F4-FRCM beams), the reduction of the stirrup strains is evident for both
series, as shown in Figure 4b and Figure 5b. Similar to the carbon FRCM strengthened beams,
larger reductions can be seen in series S2 beams.
Based on the results presented, it appears that the internal-external shear reinforcement interaction
is more significant in FRP strengthened beams, where yielding of the stirrups was completely
precluded. Considering that design provisions discussed in Section 1 compute the contribution of
the stirrups assuming steel yielding, the presence of this internal-external transverse
reinforcement interaction implies that for beams strengthened with FRP composites the actual
contribution of steel stirrups might be lower than that generally considered. For FRCM
strengthened beams, all of which failed in shear, the reduction in the stirrups strain was still
present, but the internal-external transverse reinforcement interaction appears to be less
significant. In fact, for all the FRCM strengthened beams, at least one of the stirrups yielded.
When strains at early stages of loading are analyzed, it can be seen that the measurements in the
strain gauges start at a similar load level. For series S1 beams, stirrup strains start to increase at
an applied load of approximately 125 kN, regardless of the type of strengthening (Figure 4). A
similar behavior is observed for series S2 beams, but for this case, the load level at which stirrup
strains start to increase is approximately 150 kN, apart from beams S2-FRP-F1-UN and S2FRCM-F4-UA (Figure 5).
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CONCLUSIONS

This paper presents the results of an experimental campaign carried out to investigate the internalexternal shear reinforcement interaction of RC beams strengthened in shear using FRP and FRCM
composites. Variables studied included type of composite, type of fiber, and stirrup spacing. Both
FRP and FRCM strengthening systems increased the shear strength of the RC beams. For the case
of FRCM composites, larger increases in shear strength were observed for beams with larger
stirrup spacing. The observed failure mode for carbon FRCM strengthened beams included local
detachment of the entire composite and fiber slippage along the main crack. For steel FRCM
strengthened beams, failure was caused by detachment of the composite system without damage
to the concrete substrate. In both cases, cracks on the surface of the FRCM composite were
observed for load levels lower than the maximum load attained. Internal-external shear
reinforcement interaction was observed for both FRP and FRCM strengthened beams. However,
this interaction appears to be less pronounced for beams with FRCM jackets.
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