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Shear Strengthening of R/C Beams with FRP Strips and
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Abstract The shear strengthening behaviour of R/C beams, when applying FRP strips externally with or without
anchoring, is studied. This is done by subjecting sixspecimens of prototype dimensions with or without such strengthening to
four-point bending. Specimens strengthened with either carbon or steel FRP strips without the use of anchors exhibited a
modest increase in shear capacity, when compared to the non-strengthened control specimen, due to the debonding mode of
failure of these FRP strips. The patented anchoring device was utilized together with either carbon or steel FRP strips for
shear strengthening. In this case, the FRP strips debonding failure was prevented and the increase of the shear capacity was
much larger than in identical specimens without anchors. An expert system developed for this purpose is quite efficient in
producing successful shear capacity predictions based on the provisions of various codes. The Greek Code for retrofitting

existing R/C structures yields shear capacity predictions in good agreement with measured values.
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1. Introduction

Many reinforced concrete (R/C) structural members of old
buildings need strengthening. This is either because they
were built according to old code provisions and do not meet
the current design requirements, or because they are
damaged after a strong earthquake sequence. Strips made of
fiber reinforcing polymers (FRP) behave in tension almost
elastically till their ultimate state; this for the material itself
is the breaking of the fibers in tension. The value of the
Young’s modulus is approximately 240Gpa for carbon
fibers, 200Gpa for steel fibers and 80Gpa for glass fibers
([1] to[4]). Their design ultimate axial strain values are in
the range of 1%. Consequently, strips made from these
materials, despite their relatively small thickness which is
usually below 0.2mm for one layer, can develop substantial
tensile forces in the direction of their fibers. This property
accompanied by their low weight and their very easy
external attachment results in their being used as effective
transverse reinforcement for structural elements in need of
shear capacity upgrading (figure 1 and[1] to[6]). A wide
range of fiber reinforced composite materials have been
successfully used in the past for the repair and
strengthening of existing R/C structures[1]. Strengthening
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with externally bonded FRPs is particularly common, due to
the speed and ease of installation, their low weight and high
tensile strength[3].

Face of a typical R«C rectangular beam

Figure 1. Shear FRP reinforcement for a rectangular beam

Such strengthening schemes utilize glass or carbon fiber
reinforced polymer (FRP) composite materials ([4] to[6]).
Lately, new steel fiber reinforced polymer (SFRP) sheets
were introduced as an alternative employing high strength
steel fibers that also exhibit a small domain of inelastic
deformations[7]. The application of all these various types
of FRP sheets is limited by the way the tensile forces which
develop on these FRP sheets can be transferred. When the
transfer of these forces relies solely on the interface
between the FRP sheet and the external surface of the
reinforced concrete structural elements the delamination
(debonding) mode of failure of these sheets occurs. This
interface is composed of the used organic or inorganic
matrix for the attachment. The delamination is due to the
relatively low value of either the ultimate bond stress at this
interface or the relatively low value of the tensile strength
of the underlying concrete volume. Consequently, there is a
need for anchoring of these FRP sheets, in addition to the
simple attachment, in order to transfer their tensile forces.
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In this way, the exploitation of the FRP material will be
enhanced. The satisfactory behaviour of such anchoring,
without its premature failure, becomes in this case critical.
Successful FRP anchoring results in the development of
high levels of tensile forces at the FRP layers, thus meeting
the strengthening design requirements for the structural
members under consideration[1].

The shear capacity of reinforced concrete (R/C) structural
elements, with low ratio value of the steel transverse
reinforcement (stirrups), can be enhanced by applying such
FRP strips as transverse external reinforcement[1],[8]. This
paper presents results from an experimental investigation
aiming to develop such a shear strengthening technique
based on anchored open hoop CFRP or SFRP strips in the
form of external transverse reinforcement (Figure 2). As
already mentioned, when these strips are simply attached,
the exploitation of the FRP high tensile strength is usually
rather low due to the debonding type of failure that prevails.
The degree of exploitation of these materials increases,
providing that these strips can be fully wrapped around the
structural member. It was demonstrated in the past that
proper full wrapping all around the structural member with
these strips can inhibit their debonding and lead to the fiber
fracture mode of failure. In this case, much higher forces
develop at these external shear reinforce ment strips than the
forces prior to their debonding ([1],[9],[10]). However,
there are many practical applications when full wrapping
cannot be implemented (T-beams).

As an alternative to full wrapping, an innovative open
hoop FRP transverse reinforcement with an anchoring
device was developed in order to upgrade the shear capacity
of full scale R/C beams. Use was made of either CFRP or
SFRP open hoop strips, placed with an anchoring device in
order to avoid the debonding mode of failure and thus
increase the exploitation of the CFRP/SFRP materials. A
number of prototype R/C rectangular beam specimens in
need of shear strength upgrade were constructed and tested,
being subjected to shear and flexure by a four-point bending
loading arrangement (Figure 9). This investigation included
the use of an anchoring device developed for this purpose
and patented by the Laboratory of Strength of Materials and
Structures, of Aristotle University, Greece under the patent
number WO2011073696[11]. Finally, an analytical
approach, developed for predicting the shear strength of
such R/C beams that include FRP transverse reinforcement,
is applied and its predictions are validated by the obtained
measure ments.

2. Initial Tests Assessing the
Effectiveness of Anchoring

Initially, the effectiveness of anchoring devices for an
FRP strip was investigated by utilising a number of concrete
prismatic specimens representing a part of an R/C beam of
prototype dimensions. These specimens can house one such
open hoop FRP strip with sufficient width and length (Figure
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2, part a-a and part b-b). In all, ten such specimens were
fabricated and tested being subjected to the loading
arrangement depicted in figure 3. Five of these specimens
had CFRP strips, whereas SFRP strips were attached to the
remaining five. The use of the anchoring device was also
utilised selectively with a number of these specimens as
follows.
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Figure 2. RC beam drenghened with FRP drips as transvers

reinforcement
2.1. Experimental Set-up

All concrete prisms were fabricated using the same
concrete mix and the same internal reinforcement, which
was used to prohibit any accidental failure (figure 3). The
measured cylinder strength of the concrete was equal to 22
MPa. The properties of the used FRP’s are listed in Table 1,
as given by the manufacturers.

Table 1. Material properties ofthe used FRP grips

Modulus of [ Thickness . .
Materiall] Type /Name | Elagicity | of Layer L;It_lg:itgog:?sl
(GPa) (mm) | & :
CFRP | SikaWrap 230C 234 0.131 0.018
SFRP | Bekaert BW01 210 0.1184 0.015

In the loading arrangement of figure 3 the tensile force is
directly applied in the axis of symmetry at the right part of
the FRP strip that forms a continuous open U-hoop; the other
two sides of the FRP strip are bonded in a symmetric way on
the top and bottom side of the concrete prism, as shown in
this figure. Despite the symmetry of this test set-up,
instrumentation was provided in order to record symmetric
as well as asymmetric response of the specimen, especially
during the initiation and propagation of the FRP debonding.
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Figure 3. Experimental set-up used in the initial tests
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The applied load is measured during testing together with
the longitudinal (axial) strains at four different locations of
the external surface of the FRP strip, as indicated in figure 3
(s.g.1to s.g.4). This is done in order to obtain the stress field
that develops at the FRP layers before and during the
debonding. Moreover, the relative longitudinal displace ment
between the concrete prism and the FRP surface is also
monitored using two displacement transducers that are
properly attached on the specimen, as indicated in this figure.
This is done in order to record the initiation and propagation
of the debonding of the FRP strip fromthe specimen.

Two different types of anchoring devices were
investigated. The first utilizes an L-shape steel angle and
bolts for transmitting the forces to the concrete prism
representing a part of a T-beam (figure 4). The second type,
which is developed by the Laboratory of Strength of
Materials and Structures of Aristotle University of
Thessaloniki in Greece and is patented with patent number
W02011073696[11], is also depicted in figure 5. Type 2
anchoring device consists of a circular rod around which
FRP sheets are wrapped, a rectangular steel plate which is
placed over the FRP sheet and below the steel rod (Figure 5).
Two 8 mm diameter bolts, which are specifically fabricated
for usage in concrete, secure the anchoring device into the
concrete member. The plates were predrilled in the middle
(9mm hole). Using a drill bit a hole was drilled in the
concrete of either a T-beam or a rectangular beam.
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Figure 4. Type 1 Anchor

Figure 5. Type 2 Anchor (Patented under W02011073696[11])

The tested specimens with their details are listed in table 2
together with their code names. The first letter C in the code
name denotes a carbon fiber reinforcing polymer strip
(CFRP); alternatively, letter S denotes a steel reinforcing
polymer strip. The type of anchor is denoted by the second
letter of the code name (L for anchor type 1, P for anchor
type 2 and N when no anchoring device is utilized)).
Moreover, the number of layers of FRP strips is denoted by
the third character of the code name (1 or 2 for one or for two
layers, respectively). Finally, when using an anchoring
device this is indicated by a fourth character in the code
name denoting the type of bolt that is employed (h for bolts
provided by HILTI and b for regular M 8.8 bolts). The tests
were conducted using a 1000 kN capacity hydraulic piston.
The measurements of load, displacements and strains were
recorded using an automatic data acquisition system.

2.2. Experimental results and discussion

The summary of the experimental results is shown in table
3. In this table, the observed failure mechanism is also listed
together with the corresponding value of the ultimate
measured load as well as the value of the load recorded at the
initiation of debonding. Moreover, the maximum strain
values measured by the strain gauges at locations 1and 3 on
the FRP strip surface are also listed. The average value of
these maximum FRP strains was utilised to calculate
indirectly the load sustained by the FRP strips taking into
account their total cross-sectional area and the value of the
Young’s modulus, listed in table 1. Finally, the material
exploitation indicator (Me) is given at the same table as the
ratio of the maximum measured strain by the ultimate strain
value provided by the manufacturer (Table 1).

Table 2. Details of specimen used in the initialtests

Splgt:r;neen Material Type | Number of Layers|  Anchor Type Bolt Type

CN1 CFRP 1 no no

CL2h; CFRP 2 L-shape 1XHUS by Hilti
CL2b CFRP 2 L-shape 1Xbolt M8 through floor
CL2h, CFRP 2 L-shape 2XHUS by Hilti
CP2h CFRP 2 pin-anchor 2XHUS by Hilti
SN1 SRP 1 no no

SL2h SRP 2 L-shape 1XHUS by Hilti
SL2b SRP 2 L-shape 1Xbolt M8 through floor
SL2h, SRP 2 L-shape 2XHUS by Hilti
SP2h SRP 2 pin-anchor 2XHUS by Hilti
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Table 3. Experimental results obtained from the initial tests

Loadat Material
Spec. Max Load . . - Measured Average** S | Loadfrom
Name (kN) Failure Mechanism Dekzﬁrllgmg Max Strain (uStrain) Explm;zjtltlon Strain (kN)
CN1 27.9 debonding 27.9 5400 0.3* 325
CL2h; 42.1 pull out of HUS Hilti 28 3680 0.20 44.4
CL2b 54.9 premature CFRP fracture 32 4680 0.26 56.4
CL2h, 40.1 pull out of HUS Hilti 32 4347 0.24 52.4
CP2h 1128 CFRP fracture 30 9065 051 1092
SN1 29.9 debonding 29.9 5700 0.38* 28.3
SL2h 40.4 pull out of HUS Hilti 30 4950 019 49.2
M8
SL2b 64.7 fracture 30 4623 031 46.0
SL2h, 44.1 pull out of HUS Hilti 32 5125 0.34 51.0
SP2h 1053 SRP 43 7980 053 79.4
fracture

*These specimens were srengthened utilizing one layer of FRP.

**Average value from measured strain at strain-gauges No 1 and No 3

***Maximum nominal axial FRP srain

For specimens CN1 and SN1, an average ultimate load
was found equal to 28.9 KN. When an anchoring device is
employed, the ultimate load, for all specimens, is greater
than the load at debonding. The load at debonding for those
specimens where an anchoring device was utilized had a
value approximately equal to 32 kN with small deviations.
The aforementioned observation is valid for either CFRP or
SFRP strips. This investigation uses non-commercial steel
fibers which are being tested in prototype experimental
applications at the Laboratory of Strength of Materials and
Structures of Aristotle University. The results so far
demonstrate that this novel material is equivalent to CFRP
and other Fiber Reinforced Polymers (FRPs) and can be
used as an alternative strengthening material. Carbon fibers
and epoxy resins were provided by Sika (Sikarap 230-C).

When an anchoring device is employed the ultimate load
increases from 28 kN to 112.8 kN for a number of
specimens strengthened with CFRP strips, and from 30 kN
to 105 kN for a number of specimens strengthened with
SFRP strips. This represents a four-fold increase in the
value of the ultimate load for the continuous open U-hoop
FRP strip.

Table 3 links this observed ultimate load increase to the
type of used anchoring device and the corresponding mode
of failure. For specimens CL2h, SL2h, the observed mode
of failure was that of the pull-out of the employed Hilti
bolts. When bolts M8.8 were applied through the concrete
volume, the ultimate load was significantly increased (CL2b
and SL2b); however, when the load reached the value of
63KN, the ultimate capacity of these bolts was exceeded,
thus limiting any further increase (Figure 6). This
observation demonstrates the importance of properly
detailing the anchoring device in order to drive the mode of
failure to the fracture of the FRP strip rather than the failure
of the anchor (Figure 7). In this way, the desired
exploitation of the high tensile strength FRP potential could
be achieved.

Figure 6. Failure of anchor Typel

Fracture of SFRP (Type2)

Figure 7.

Finally, when the patented anchoring device was applied
for specimens CP2h and SP2h a further increase in the
ultimate load was observed. This time the performance of
the anchoring device was very satisfactory and the observed
failure was that of the fracture of the FRP strips for all these
specimens. Figure 7 depicts such a failure mode for
specimen SP2h (see also table 3).

In order to discuss the observed behaviour in terms of
exploitation of the high strength of the FRP materials the
following procedure was used. As already mentioned, a
material exploitation indicator was defined (Me) as the ratio
of the maximum measured strain values for each specimen
over the ultimate strain value as specified for each of the
used FRP materials by the manufacturers (see table 1). The
maximum measured strain was found from the average of
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the measured strains of the FRP strip at two opposite sides
of the specimen (Table 3a). These material exploitation
indicator values (Me) are also listed in Table 3, having
ideally as an upper limit the value of 1. As can be seen in
this table, the highest Me value during the present
experimental sequence is approaching the value of 0.53.
This was achieved by the specimen that utilizes the patented
anchoring device together with two layers of SFRP strips.
When, CFRP strips are employed with the patented
anchoring device the Me value is equal to 0.51. As expected,
debonding of FRP strips or premature failure of the
anchoring device results in relatively low values of the
material exploitation indicator Me. In conclusion, it is
important to properly detail the anchoring device in order to
drive the mode of failure to the fracture of FRP strips rather
than the failure of the anchoring thus exploiting the high
tensile strength FRP potential. The measured behaviour of
the anchoring schemes tested during this initial
experimental sequence was utilised by applying such
anchoring schemes in the strengthening of R/C beams with
prototype dimension; this is presented in the next section.

3. Aﬁ%lication of anchored open-hoop
FRP strips to R/C beam specimens

In this section, the shear behavior of reinforced concrete
(R/C) rectangular beams with or without open-hoop FRP
transverse reinforcement is presented and discussed. They
were tested in four-point bending (Figure 9) up to failure
either in their virgin state or being strengthened with
open-hoop FRPtransverse reinforcement, in the form of FRP
strips with or without anchoring. Alternatively, this FRP
shear strengthening scheme was applied after the virgin
specimens reached failure in the framework of repair and
strengthening of such damaged R/C structural elements.

3.1. Experimental Set-up

In this section, results from a total number of six
reinforced concrete (R/C) rectangular beam specimens will
be presented. Their crosssection was 120mm wide and
360mm deep (Figure 8). Their overall span was 2700mm
whereas the shear span was equal to 900mm (1/3 of the total
length). These rectangular section beam specimens were
simply supported and loaded up to failure.

Instrumentation was provided to monitor the applied load
as well as the deformation of these specimens (Figure 9).
Strain gauges were placed on every FRP strip in order to
record the developed strains on them. The strain gauges were
placed along the direction of carbon or steel fibers, at the
mid-distance of both width and height of the sheet, due to the

fact that that the shear cracks are difficult to predict. The
cross-sections and conventional steel reinforcement details
were identical for all specimens (Figure 8). Three 20 mm
diameter steel rebars were positioned longitudinally at the
top and bottom of the beam section. No stirrups were placed
in these beams. The strengthening scheme consisted of
either uniaxial CFRPs or uniaxial high strength steel fiber
(SFRP) sheets combined with a commonly used organic
resin. Table 1 presents the properties of the strengthening
materials. These sheets were attached externally on the
specimens as transverse (shear) reinforcement (Figures 1
and 2). The width of the sheets was kept constant and equal
to 100mm, whereas the axial distance between these sheets
was also constant and equal to 200mm. Type 2 anchoring
device (Figure 5) was used for the FRP strips in two
specimens. Table 4 summarizes the specimens’ properties.

FRP sheet FRP sheet
Patente
2| 3020 5 |Anchorfge
™M ™M
Y X
-120= —-120=

Figure 8. Cross section of the rectangular beam gsecimens with
reinforcement details (dimensions in mm)

Average 28-day compressive strengths of concrete
were obtained from uniaxial compressive tests of 150 by
300 mm cylinders that were cast with the same concrete
mix used for all beams. Three cylinders were tested for each
beam. The average compressive strength of the concrete
was approximately 22 MPa. The axial distance of all FRP
sheets was kept constant and equal to 200mm. Specimens
RB and RBs were used as control beams. The first letter R
indicates that the specimens have a rectangular cross section.
RBs is the only specimen with internal shear reinforcement
(@28/250), all other specimens were constructed without any
steel transverse reinforcement. RB200C and RB200S are
beams strengthened with either Carbon or Steel FRP sheets
without any anchoring of FRP strips. On the other hand,
RB200Ca and RB200Sa are specimens strengthened with
either Carbon or Steel FRP sheets combined with the
anchoring device developed and patented by the Laboratory
of Strength of Materials and Structures (type 2, figure 5).
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Figure 9. Experimental set-up for the four-point bending of the rectangular cross-section specimens (dimensionsin mm)

Table 4. Specimen detailsand summary of experimental results for rectangular beams subjected to four-point bending

Measured Strain Strain Average Calculated
;\lzg}ﬁ:;; reinfsgriagﬂent aﬁgi)zs shear force (nstrain) of (pstrain) strain shear force “?;ﬁjrgf
P Vinax. (KN) 1shest | of 2" sheet | (ustrain) Vican (KN)
(1) (2 (€) 4 (5 (6) (1 8 C)
RB Brittle shear
Rectangular NO i 394 ) i ) i crack
RBs @8/ 250 90.9 Yield of
Rectangular (intemal) ) ' ] ) ) ) stirrups
RB200C 1 layer CFRP NO 97.8 7390 610 4000 88.45 Debonding
Rectangular
RB200Ca | 4 oo crrp | YES 1151 4580 6590 5585 107.88 CFRP
Rectangular fracture
RB200S "
Rectangular 1 layer SFRP NO 94.0 5935 4620 5278 91.89 Debonding
RB200Sa | )\ o srrp | YES 1220 6115 6415 6265 10171 Anchoring
Rectangular failure
Table 5. Increase (%) of the shear capacity comparedto RB and RBs
RB RBs RB200C RB200Ca RB200S RB200Sa
% Increase comparedto RB 0 130.7 1482 192.1 138.6 209.6
% increase comparedto RBg - 0 76 26.6 34 34.2

3.2. Increase of Strength — Modes of failure

For all specimens, the applied load and the vertical
displacements were recorded as well as the strains at each
FRP sheet. Table 4 lists the measured values from this
experimental investigation. The measured shear capacity is
listed in column 4 of Table 4 whereas the measured
maximum strain values of the attached FRP sheets that the
shear crack intersects are listed in 5" and 6" columns of the
same table.

The shear strength of the control rectangular beam (RB)
without any stirrups or CFRP/SFRP strips was recorded
equal to 39.4kN, whereas the shear capacity of specimen

RBs with stirrups @8/250mm as transverse reinforcement
was increased to 90.9kN. From the results shown in Table 4,
it is evident that the maximum recorded shear capacity for all
strengthened rectangular beams with CFRP/SFRP strips was
significantly greater than that of either the RB or the RBs
shear capacity (see also Table 5). Without anchors, the shear
capacity increase was limited to 138%, due to the
debonding mode of failure of the CFRP strips (figure 10).
The specimen strengthened with SFRP strips exhibited an
increase in the shear capacity of up to 210% when anchors
were utilized. For this specimen, the mode of failure was the
pull-out of the anchoring system (figure 11).
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When the shear capacity of the strengthened specimens is
compared to that of the virgin specimen with nominal
transverse reinforcement in the form of steel stirrups the
resulting maximum shear capacity increase is equal to 7.6%
when using CFRP strips without anchors and 34.2% when
using SFRP strips with anchors (see table 5). The beneficial
effect of anchoring the U-shape open-hoop FRP strips in
order to inhibit the debonding mode of failure is thus
demonstrated.

Figure 11. CFRP failure of the anchoring

3.3. Shear Force — beam Deflection Response

Shear force — beam deflection response envelope curves
are depicted in figure 12. When anchors are used together
with the FRP strips, the increase in the shear capacity is also
accompanied by an increase in the measured maximum
beam deflection.
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Figure 12. Shear force — vertical displacement response envelope curves
for the rectangular beam specimens

The beam deflection increase due to the presence of FRP
strips with anchors is of the order of 65%. The
non-anchored FRP strips were delaminated and led to the
brittle failure of the specimens. On the contrary, the

anchored FRP strips led to a relatively less brittle behaviour
than the behaviour of specimens without anchors. These
anchored FRP strip specimens were able to absorb
considerable amounts of energy up to failure. The
utilization of the anchoring device transforms the overall
behaviour of the strengthened beams from a rather
elastic-brittle to a more ductile-seismic efficient behaviour.
This is achieved when the shear strengthening scheme is
designed in such a way that the flexural mode of failure
finally prevails.

3.4. CFRP-SFRP strains

In order to evaluate the shear resistance contribution
offered by either the CFRP or the SFRP sheets, strain
gauges were attached at mid-height and mid-width of each
FRP sheet along the direction of the fibers. It should be
mentioned that the strain values for each specimen reported
here are the measured maximum strain values from strain
gauges corresponding to those FRP sheets that were
intersected by the main shear crack which developed during
the loading sequence. These measured maximum FRP strip
strain values are listed in table 4 (columns 5 and 6) together
with the serial number of the corresponding FRP strip.
Those recorded maximum strain values are next employed
as maximum average strain values (Table 4 col. 7) in order
to obtain the shear force that is contributed by the FRP
sheets. As already mentioned, the existence of an anchoring
device allows the development of greater strains on FRP
sheets compared to the cases where no anchoring device is
in place. The highest measured shear capacity value was
obtained for specimen RB200Sa (122KN, Table 4) where
the used SFRP developed maximum average strain value
equal to 6265ue (Table 4 col. 7). The use of anchoring
prevented the premature delamination mode of failure of the
FRP strip; instead, the failure of the anchoring occurred in
this specimen (see Table 4). Through proper detailing of the
patented anchor this anchoring failure could be prohibited,
thus further enhancing the shear capacity of this specimen.
In contrast, for specimens strengthened with FRP strips
without the use of anchors, the maximum FRP strains and
the corresponding shear force values were kept to
significantly lower levels (average of 4644pe). This
observation indicates that the use of anchors results in better
utilization and performance of the FRP material for shear
strengthening.

According to the recommendations of either ACI
440-08[19] or FIB[18], the maximum effective FRP strain
that can be utilized should be limited to 0.004 mm/mm (see
section 4.1). Eurocode[17] does not provide a specific FRP
strain limit; the effective strain is calculated using formulas
that depend upon the strengthening scheme. These
recommended relatively small strain values are based on the
assumption that typical composite materials do not cope
well with stress concentrations that occur at the corners of
the FRP strips as they are wrapped around the beam. This
precaution is not necessarily applicable when using steel
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fiber strips for shear reinforcement as they are tougher than
strips made by either carbon or glass fibers. During the
experimental sequence, none of the SFRP strips attached as
shear reinforcement developed any type of failure at its
steel fibers at the bottom corners of the strengthened
specimens. Finally, it is evident that SFRP strips, with
modulus of elasticity similar to that of CFRP strips, can
develop much higher stresses and therefore perform better
than the corresponding CFRP strips for shear strengthening
applications of R/C beams.

4. Analytical Predictions

Based on these strain recordings, the maximum shear
capacity Vg was obtained (Table 4 col. 8). This is
compared to the experimental maximum shear force Vg
(Table 4 col. 4). Values of V, were found through equation

):
Vcal = V +V

c,exp

f ,cal (1)

Where, Vceq is the experimental shear force of the
control specimen (RB), while the Vg, is calculated as:

V = 4Af Ef efav,exp = 4tf bf Ef efav,exp (2)

f,cal

where:

_ efl,exp + ef 2,exp 3
fav,exp 2 ( )

e
and &m exp, Epexp are the maximum recorded strains in two
consecutive FRP strips intersected by a shear crack (see
Table 4 cols. 5, 6, 7). The width and thickness of each U-
FRP strip are tf and by, respectively. By employing the strain
value resulting from Eq. 3 it is assumed that the FRP
contribution utilizes the force that develops at these two
consecutive FRP strips intersected by the major shear crack
(in our case strip No. 1 and 2, listed in table 4 columns 5
and 6). In this way, this contribution of the FRP shear
resistance replaces the term commonly used that employs
the ratio d¢/ S¢(where ds is the width of the FRP strip and St
is the distance between subsequent FRP strips)

In almost all cases, the calculated shear capacity value is
quite close to the one measured during the experimental
sequence. More specifically, the ratio of measured vs.
calculated shear capacity values (Viax/ Vica ) varies from
1.023 up to 1.199 with an average value of 1,111 (Table 6).
As already mentioned, the FRP strains were measured using
only one strain gauge per FRP strip, which was located
approximately in the centre of FRP sheets in terms of width
and height. Therefore any variation of the strain field along
the width of the strip could not be captured. This may
partially explain the observed discrepancy between
measured and predicted shear capacity values (Table 6). For
specimen RB200Sa the calculated shear capacity was 20%
lower than the measured value, which represents the higher
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value for the Viax/ Vicq ratio. Despite these discrepancies,
it can be concluded that the shear capacity values calculated
in this way agree quite well with the corresponding
measured values.

Table 6. Measured vs. calculated shear capacity

RB200C
1,106

RB200S
1,023

RB200Ca
1,067

RB200Sa
1,199

Vmax/ Vf,cal

4.1. Brief Description of an Expert System

The calculated shear capacity values listed in table 4 are
based on the FRP shear contribution obtained from the
measured FRP strip strain values. In this section, the
measured shear capacity will be compared with predictions
based on relevant code provisions, assuming the value of all
the safety factors for the materials is equal to 1.0. In order
to facilitate the calculation of such code predictions, an
expert system was developed. The main features of this
expert system are as follows. The section geometry and the
longitudinal and transverse reinforcing details are given by
the user through the appropriate user-friendly interface.
Rectangular as well as T-beam reinforced concrete sections
are alternative options of this expert system (see figure 13).
The details of a strengthening scheme, utilizing externally
attached FRP strips, can also be input through the same
interface. The given options for such a strengthening
scheme of an R/C cross-section is for enhancing either the
flexural capacity or the shear capacity. The former is done
by placing FRP sheets at the bottom of the R/C section and
the latter by placing transverse shear reinforcing FRP strips.
For the latter case, the strips can be either closed hoops or
open-hoop U-strips (Figure 13). The actual properties of the
concrete, the steel and the FRP strips are easily input by the
user.

The safety factors commonly used in design for all these
materials, have their default values that can be subsequently
changed by the user to alternative desired values. The
results are given in terms of ultimate flexural and shear
capacity. For evaluating the shear contribution of the FRP
strips, use is made of the relevant provisions of the Greek
Code for the repair of R/C structures[16] as well as those of
the EuroCode-EC8[17], FIB[18] and ACI[19]. The shear
contribution of the FRP strips in table 7 was obtained
assuming a nominal ultimum strain value equal to 0.018 and
0.015 for CFRP or SFRP strips, respectively (see table 1).
The Greek Code provisions assume a maximum FRP strain
value equal to % of this nominal ultimate strain value.
Specimens RB200C and RB200Ca are of rectangular
cross-section with U-shape CFRP strips. More specifically,
specimen RB200C has U-shape FRP strips without
anchoring whereas specimen RB200Ca has U-shape FRP
strips with anchoring. Table 7 lists the predicted by the
expert systemshear capacity values of the tested rectangular
specimens, strengthened with FRP strips with or without
anchoring. Moreover, these predicted values are compared
with the measured shear capacity values by finding the ratio
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of the measured vs. predicted shear capacity values (Viux /
Vore ). The values of this ratio are listed at the far right
columns of table 7. As can be seen in this table, the Greek
Code for retrofitting existing R/C structures[16] yields
shear capacity predictions that are closer to the measured

General Data

values than the corresponding predictions made by the rest
of the codes. The measured shear capacity is 11% to 34%
larger than the corresponding Greek Code predictions
whereas they are 22% to 87% larger than shear capacity
predictions made by the rest of the Codes ([17],[18],[19]).
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Figure 13. Expert system utilized for specimens RB200C and RB200Ca

Table 7. Measured and Calculated by various Codes shear capacity for the tested rectangular beam specimens strengthened with FRP gtrips

39.93 | 22.24 | 52.21 | 26.46 | 78.84

*%x

Vfd Predicted shear capacity by the Ratio
ved FRP dripsshear contribution following Codes Measured Ry
Name of predicted by the following Codes Vpre = Ved + Vi max | \Pre
. concrete Viax (KN)
specimen (KN) (KN)
(KN) Creek Greek (KN) Creek
FIB EC2 Code ACI FIB EC2 Code ACI FIB | EC2 Code ACI
RB200C
N 29.95 | 2291 | 41.23 | 23.15 | 68.86 | 61.82 | 80.14 | 62.06 97.8 142 ] 158 | 122 158
RB200Ca 5547 | 2454 | 6437 | 3262 | 9438 | 63.45 | 10328 | 7153 | 1151 | 122|181 | 111 | 161
RB200S 3891
- 27.31 | 20.92 | 37.13 | 20.48 | 66.22 | 59.83 | 76.04 | 59.39 94.0 142 | 157 | 124 | 158
RB200Sa

61.15 | 91.12 | 6537 1220 155] 154 | 134 | 187

* relevant provisions based on the debonding mode of failure
** relevant provisions based on the FRP fracture mode of failure
The suffix a signifies the presence of anchoring
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5. Conclusions

» Steel Fiber Reinforced Polymers (SFRP) that were
specially fabricated for this specific research program could
be successfully used as an alternative material for shear
strengthening of R/C beams.

* Reinforced Concrete beams that were strengthened with
either CFRP or SFRP strips without the use of the anchors
exhibited a modest increase of the shear capacity, when
compared to the non-strengthened control specimen. This is
due to the debonding mode of failure of the FRP strips.

« When the patented anchoring device was utilized
together with either CFRP or SFRP reinforcing strips for
shear strengthening, the increase of the shear capacity was
much larger than in identical specimens without anchors.
This shear capacity increase attained a maximum value of
220% when compared to the shear capacity of the control
beam without any transverse reinforcement (either steel
stirrups or FRP strips).

» Both measured maximum displacement values and
maximum FRP strain values are significantly higher for
specimens with anchored FRP strips than without anchors.
For similar specimens, the measured maximum FRP strain
values in the case of SFRP strips were higher than in the case
of CFRP strips, thus resulting in a much better performance.

* The use of FRP strips with anchoring devices transforms
the overall behavior of the strengthened beams froma rather
elastic-brittle to a relatively less brittle behaviour.

This is achieved when the shear strengthening scheme is
designed in such a way that the flexural mode of failure
finally prevails for the specific structural member.

* An increase of the post cracking stiffness was observed
for all strengthened specimens. This was more pronounced
for specimens with FRP strips utilizing anchors.

» The analytical predictions of the shear capacity agree
quite well with the corresponding measured values.

e The developed expert system is quite efficient in
producing shear capacity predictions based on the provisions
of various codes. In all examined cases, the measured shear
capacity values are larger than the corresponding values
obtained by applying the various code provisions, which are
based on rather low limits of allowable FRP strains even in
the presence of anchors.

« The Greek Code for retrofitting existing R/C structures
yields shear capacity predictions for the tested specimens
with FRP strips as transverse reinforcement that are closer
to the measured values than the corresponding predictions
made by the rest of the codes. The measured shear capacity
is 11% to 34% larger than the corresponding Greek Code
predictions whereas the measured capacity is 22% to 87%
larger than shear capacity predictions made by the rest of
the Codes.
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