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Abstract

Shear strengthening of reinforced concrete (R/C) T-Beams can be achieved by open hoop FRP strips applied externally as
transverse reinforcement. Unless these FRP strips are anchored the transfer of tensile forces developing in these strips relies
solely on the interface between the FRP sheet and the concrete contact surface. In this case, the delamination (debonding)
mode of failure of these FRP strips is very likely to occur, disrupting the effectiveness of such a shear strengthening
scheme. Consequently, there is need to study both this debonding mode of failure as well as various forms of effective
anchoring. For this purpose a number of special unit T-Beam R/C specimens were fabricated employing open hoop FRP
strips with or without anchoring. One type of anchoring that was tested is based on a novel anchoring device. An alternative
anchoring device was also tested employing anchors made of the same material as the open hoop FRP strips. It was
demonstrated that an anchoring scheme devised by the authors can provide the necessary satisfactory transfer of forces
between the FRP strip and the concrete volume of the R/C T-Beam. The special treatment of the bond surface resulted, as
expected, in a considerable increase in the level of the maximum axial load that can be transferred from the unanchored
CFRP strip to the concrete volume through the bond surface. On the contrary, when employing the efficient anchoring
scheme, devised by the authors, the influence of the bond surface is immaterial. This is because, when an efficient
anchoring scheme is employed, the transfer of tensile forces between the FRP strip and the concrete volume of the T-Beam
is achieved at the limit state solely through the used anchoring scheme. The debonding of the FRP strip already occurrs at a
preceding stage. An alternative anchoring scheme employing FRP anchor ropes also seems promising. The applicability of
the anchoring scheme devised by the authors to successfully inhibit the debonding mode of failure for such open hoop
CFRP strips employed in the shear strengthening of R/C T-Beams was further demonstrated in the laboratory employing for
this purpose a prototype R/C T-Beam specimen.

Shear strengthening, R/C T-beams, FRP strips, Anchoring Devices
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1. Introduction

Many reinforced concrete (R/C) structural members need strengthening either because they were built according
to old code provisions and do not meet the current design requirements, or because they are damaged after
extreme events such as a strong earthquake sequence and they are in need of repair and strengthening (figure 1,
[4]). When such a strengthening scheme uses externally bonded FRP layers [1] one of the basic problems is the
successful transfer of tensile forces between these polymer sheets and the concrete parts of the structure in order
to exploit their high tensile capacity [8] (figure 2). Frequently, it is necessary to introduce an appropriate
anchoring scheme in order to prevent premature FRP strip debonding failure in order to exploit successfully the
high levels of tensile forces that these FRP layers can withstand and thus meet the strengthening design
requirements for the structural members under consideration ([3], [5], [6], [7]). There is a real necessity to
develop reliable anchoring details that can accompany such repair and strengthening schemes of R/C structural
elements employing multi-layer FRP strips in such a way that the FRP parts together with their anchoring detail
can provide a feasible and safe solution for such an application. Specific experimental investigations have been
conducted to study this FRP strip debonding type of failure and to investigate means for improvement.

The work reported here is an extension of the research performed by Manos et al. ([3], [5], [6], [7], [8] and [9])
on effective anchoring devices for such externally bonded FRP strips. Such devices can inhibit the premature
FRP strip debonding mode of failure and instead direct the mode of failure to the fracture of the FRP strip, thus
resulting in a substantial increase of the ultimate bearing capacity of the strengthening scheme.

concrete slab
need of anchorage | need of anchorage

Shear crack

Fig. 1. Damage of T-Beam at the joint with ~ Fig. 2. Flexural and shear retrofitting of a R/C T-Beam by
the nearby column (6™ story building, applying FRP strips attached externally on the concrete surface.
Aharnes, Athens earthquake 1995) [4]. Need of anchors for the effective force transfer [8].

2. Tested anchoring schemes under monotonic load utilizing the unit T-Beam specimens

2.1. Experimental setup

Figures 3a to 3d depict the same R/C unit T-Beam specimens that were used during this study. All these
specimens have as a basis the same prototype R/C T-Beam shown in figures 4a, 11b, 12a and 12b. All these unit
T-Beam specimens represent a slice with a width of approximately 250mm of this double reinforced prototype
R/C T-Beam with the same cross-section, materials and structural details. This prototype beam, shown in figures
4a, 11b, 12a and 12b was designed and constructed to be deficient in terms of shear strength thus to be in need of
shear strengthening. This shear strengthening was applied by attaching externally open hoop CFRP strips as
shown schematically in figures 3b, 3c and 3d (see also figure 12b). Apart from the three shear strengthening
schemes shown in figures 3b, 3¢ and 3d additional alternative shear strengthening schemes employing open hoop
carbon FRP (CFRP) and steel FRP (SFRP) strips were also studied. However, due to space limitations, only the
behaviour of shear strengthening schemes linked with the ones shown by figures 3b, 3c and 3d are reported here.
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Fig. 3a. R/C T-Beam | Fig. 3b. R/C T-Beam | Fig. 3c. Open hoop FRP | Fig. 3d. Open hoop
without an FRP strip with an open hoop FRP | strip anchored with a | FRP strip  anchored
strip simply attached. mechanical anchor. with an FRP anchor.

In all these shear strengthening schemes, shown in figures 3b to 3d, open hoop CFRP strips were employed in an
effort not to break the reinforced slab of the T-Beam, apart from drilling relatively small diameter holes. In the
first scheme the open hoop CFRP strip was simply attached at the sides and bottom of the R/C T-Beam, as
shown in figure 3b, leaving the R/C slab undisturbed [2, 11]. Alternatively in the second scheme, the open hoop
CFRP strip was again attached at the sides of the T-Beam also employing side mechanical anchors devised by
the authors [3], in the way shown in figure 3c. Finally, in the last scheme (figure 3d), before attaching the open
hoop CFRP strip at the sides and bottom of the R/C T-Beam, as was done before (figures 3b and 3c), a CFRP
anchor rope, which was specially provided by the FRP suppliers [10], was inserted from the top of the slab
through 16mm diameter holes that were drilled for this purpose, as shown in figure 3d. After this CFRP anchor
rope is placed in position through these holes its fibers are spread out at the sides of the T-Beam in such a way
that this rope becomes flat and obtains a considerable width in order to be attached to the open hoop CFRP strip
placed from the bottom of the T-Beam (figure 3d). Epoxy resin is used to both fill the fibers of this CFRP anchor
rope as well as to attach these spread rope fibers to the fibers of the open hoop CFRP strip.

Fig. 4a. Prototype R/C T-Beam Fig. 4b. R/C units T- Fig. 4c. Central placement of the CFRP open
tested with or without external CFRP  Beam with a CFRP strip  hoop strip on the R/C unit T-Beam.
strips as shear reinforcement. being axially loaded.

The performance of these three shear strengthening schemes depicted in figures 3b, 3c and 3d were initially
investigated using the unit T-Beam testing arrangement shown in figures 4b and 4c. As already stated, all these
unit T-Beam specimens represent a slice of 250mm width of a double reinforced prototype R/C T-Beam with the
same cross-section. The experimental set-up for testing these unit T-Beam specimens is shown in figures 4b and
5.
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Fig. 5. Testing three different open hoop CFRP strips employing unit T-Beam loading arrangement.

As can bee seen in these figures, each specimen, after the CFRP strip was set in approximately seven days after
its attachment, was loaded axially (figures 4b and 5). Instrumentation was provided to monitor the variation of
the applied axial load as well as the deformation of the attached CFRP strip in order to record its state of stress as
well as the slip of the CFRP from the surface where it was bonded to the volume of the concrete. Four strain
gauges (s.9.1 to s.g.4 in figure 5) were put in place, two at each side of the CFRP strip, as indicated in figures 4c
and 5. These strain gauges were placed at the axis of symmetry of each strip/specimen at two heights along the
bonded surface as shown in these figures. In addition, two displacement transducers were also placed at the axis
of symmetry of each specimen in order to record the relative vertical (slip) displacement between the CFRP strip
and the underlying concrete surface of the unit T-Beam specimen, which for this level of axial load was
considered to be in itself almost non-deformable. Under such axial loading, reproducing in this way the state of
stress of open hoop FRP strips applied in prototype T-Beams as external shear reinforcement, the following limit
states were expected to occur.

a) The debonding of the FRP from the concrete surface. This is commonly observed for strain/stress levels of
the FRP strip relatively well below the limits given by the manufacturers of the FRP materials. The strain/stress
levels accompanying this debonding mode of failure continually decrease when one increases the layers of the
FRP strip, and consequently its thickness and cross-sectional area, rendering such layer increase totally
ineffective unless it is combined with some type of anchoring. This type of failure is depicted in figure 6a as
observed during the current investigation (see also figure 12b).

b)  From the preceding discussion it becomes obvious that the debonding mode of failure prevails in almost
all cases where an open hoop FRP strip is simply attached without any anchoring. However, the effective
anchoring of such an open hoop FRP strip is not easy. Thus the second category of modes of failure includes
limit states in which the final debonding and failure of the FRP strip is a result of the interaction between the
FRP strip and the used anchoring scheme. In many cases, the employed anchoring scheme is insufficient to
withstand the level of axial force that the FRP strip can withstand by itself in ideal axial tension conditions
leading to either local failure of parts of the anchoring scheme or local failure of the FRP strip in areas
neighbouring the anchor or both. Again, the increase of the layers of the FRP strip, and consequently of its
thickness and cross-sectional area, results in a corresponding increase in the demands on the various parts of the
anchoring scheme leading them to partial successive failure. This type of failure is depicted in figure 6b as was



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

observed during the current investigation for an anchoring scheme that proved ineffective and is not reported
further in this paper.

c) The final mode of failure is a form of tensile failure of the FRP strip. The closer this tensile failure resembles
an ideal symmetric axial tensile failure of the FRP strip the higher the axial strain/stress levels that would
develop thus resulting in a higher exploitation of the capabilities of the FRP material. This desirable FRP strip
performance is observed when the used anchoring scheme is effective in inhibiting any asymmetric local
deformation patterns for the axial tensile force levels that correspond to such relatively high strain/stress levels
of FRP strip. The final limit state condition is that of the fracture of the FRP strip that is obviously preceded by
its debonding. This type of failure is depicted in figure 6¢c as observed during the current investigation for the
anchoring scheme of figure 3c which proved to be effective in withstanding the level of forces that developed at
the FRP strip up to its tensile fracture. Again, the effectiveness of an anchoring scheme is directly linked with
the corresponding number of layers of the FRP strip that it tries to anchor. For a given effective anchoring
scheme linked with an FRP strip having a given number of layers, a successive increase in the numbers of layers
will eventually lead to the failure of the anchoring scheme, unless it is properly redesigned.

Fig. 6a. Debonding mode of Fig. 6b. Failure of the anchoring Fig. 6¢c. Tensile failure of the FRP strip
failure scheme accompanied with debonding

2.2. Measured response of unit T-Beams employing open hoop CFRP strips with no anchors

Figures 7a and 7b depict the measured displacement and CFRP strain response versus the applied axial load,
respectively, as was recorded for a unit T-Beam specimen, named CSN1, that had a single layer CFRP strip
simply attached without the use of any anchoring device (Figures 3b, 4c and 5). As can be seen in figure 7a the
slip-deformation starts at the side that is recorded by LVDT1 for a relatively lower value of the applied axial
load than for the corresponding slip that is recorded by LVDT2. The strains of the FRP strip at this side
(LVDT1) are recorded by strain gauges s.g.1 and s.g.2 whereas for the side where the slip is recorded by LVDT?2
the corresponding strain gauges are s.g.3 and s.g.4. Strain gauges s.g.1 and s.g.3 are near the bottom fiber of the
T-Beam whereas strain gauges s.g.2 and s.g.4 are at the end of the FRP strip near the slab of the T-Beam cross-
section. As can be seen from figure 7b strain gauges s.g.1 and s.g.3, which are located near the bottom fiber of
the T-Beam, start recording considerable axial strains for relatively lower values of applied axial load than strain
gauges s.g.2 and s.g.4, which record considerable strains when the bond- slip has reached levels near the limit-
state that is next followed by the maximum load and subsequently the debonding mode of failure. Utilizing all
these strain measurements together with the CFRP cross-section and the measured Young’s modulus of the
CFRP material, which was obtained from independent special tensile tests, an indirect axial load value is found
that is also plotted in figure 7a against the LVDT1 measured slip displacement. As can be seen, reasonably good
agreement is observed between the axial load value as measured directly through the load cell and the
corresponding axial load value found indirectly through these axial CFRP strain measurements.
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Fig. 7a. Measured slip displacements. Specimen CSN1  Fig. 7b. Measured FRP strip axial strains.

2.2. Measured response from unit T-Beams with CFRP strips employed anchors

Figures 8a and 8b depict the measured slip displacement and CFRP strain response versus the applied axial load,
respectively, as was recorded for a unit T-Beam specimen, named CSP2s, that had a two-layer CFRP strip
attached with the use of the anchoring scheme of Figure 3c (see also figures 4c and 5, [3]). The results plotted in
figures 8a and 8b were obtained from a third loading sequence applied to this unit T-Beam specimen being
preceded by two similar loading sequences. During the 1 loading sequence the maximum axial load value was
equal to 85KN; during the 2™ loading sequence the maximum axial load reached the value of 95KN. Finally,
during the 3" loading sequence the maximum axial load reached approximately 115KN and was accompanied by
the fracture of the CFRP strip. Further results from the 1% and 2™ loading sequences are not shown here.

Small T-Beam Specimen CSP2s Small T-Beam Specimen CSP2s
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Fig. 8a. Measured slip displacements. Specimen CSP2s  Fig. 8b. Measured FRP strip axial strains.

As was done before for specimen CSN1, utilizing all the relevant strain measurements, the CFRP cross-section
and the measured Young’s modulus of the CFRP material indirect axial load values were found that are also
plotted in figure 8a. One of these indirect axial load values is based on the FRP strip strain measurements near
the bottom of the T-beam (s.g.1 and s.9.3) and is plotted against the LVDT1 measured slip displacement. The
second indirect axial load value is based on the FRP strip strain measurements near the slab of the T-Beam (s.g.2
and s.g.4) and is plotted against the LVDT2 measured slip displacement. As can be seen in figure 8a reasonably
good agreement can be observed between the axial load value measured directly through the load cell and the
indirect load values based on these axial strain measurements of the CFRP strip. The maximum indirect load
values based on either the bottom or the top T-Beam locations are quite close to each other as well as to the
direct axial load value. This fact supports the previously mentioned hypothesis which states that at the limit state
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the debonding of the CFRP strip has already occurred; the total axial force is resisted during this limit state only
by the anchors. The measured CFRP strip strain values linked with the debonding, listed in Table 1, also support
this hypothesis. As can be seen in figure 8b, the maximum strains, measured by s.g.1 and s.g.2, reach values of
10000ustrains. The variation of these measured strains with the applied axial load is almost linear. Moreover,
these measured strain values are almost the same for all four locations; this indicates again that the CFRP strip is
debonded during the first two loading sequences and the transfer of the axial force during the third and final
loading sequence is achieved solely through the used anchors. Because of the high values of the measured CFRP
axial strains and the fact that the employed CFRP strip had two layers, the maximum amplitude of the applied
axial force reached a maximum level of 114.71KN. This is almost three times the corresponding maximum axial
load value for single layer specimen CSNL1 that did not employ any anchor and failed by debonding. This large
increase of the transferred axial load could be achieved through the employed anchoring scheme that performed
in a very satisfactory way resulting in axial strains for the CFRP strip that are considerably closer to the
maximum material strain values given by the manufacturer (ideally 18000ustrains) or observed during the
specified axial tensile test performed at the laboratory to obtain the material properties (10000pstrains).

Table 1. Results of unit T-Beam specimens with open hoop CFRP strips with and without the use of anchors.

Maxi Maximum Axial Load (kN) Fail de /
Specimen Code Name | measured strip axial Linked \é\g&;g?nmp Stip- | Axial load (kN)
Axial strain values 9 resulting from the
Load 5.0.1-3 measured FRP
(kN) ) s.g.1-2 s.g.3-4 axial strains
(pstrain)
CSN1* single CFRP Debonding /
layer without anchor 27,94 5670 27,19 20,47 34.17
CRN1** single CFRP Debonding /
layer without anchor 42,67 114 36.13 33,60 42.87
CSP2s* CFRP with
two layers and 113,0 9518 27,07 3421 | Fracture of FRP/
. . 114.71
anchoring of figure 3c
CRP2s** CFRP with
two layers and 102,7 8689 41,68 3786 | ractureof FRP/
. . 104.72
anchoring of figure 3c

Each CFRP layer had a thickness of 0.131mm, a width of 200mm and a Young’s modulus equal to 234GPa.
* No special treatment of the bond surface apart from carefull cleaning.
**  The bond surface was made rough with a special hammer.

For both specimens CSN1 and CSP2s the bond surface of the concrete volume was not treated in any special
way apart from being thoroughly cleaned. The present investigation was supplemented with two more
specimens. The first specimen is named CRN1 and was identical to CSN1; the second specimen is named CRP2s
and was identical to CRP2s. The only difference introduced between these specimens is that for specimens
CRN1 and CRP2s the bond surface of the concrete volume was treated by a special hammer in order to become
rough as well as being thoroughly cleaned. The obtained summary results of all these four specimens are listed
in table 1. As can be seen from the relevant axial strain and axial load values listed in table 1, the special
treatment of the bond surface, as expected, resulted in a considerable increase in the level of the maximum axial
load that can be transfered from the CFRP strip to the concrete volume through the bond surface. On the
contrary, in the case of employing the efficient ancoring scheme of figure 3c the influence of the bond surface
was immaterial. As explained before, this is because when an efficient anchoring scheme is employed the
transfer of axial force at the limit state is achieved solely through the used anchoring scheme with the debonding
already occurring at a preceding stage without affecting the CFRP strip’s final performance.

7
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23. Response from unit T-Beams with open hoop CFRP strips employing CFRP anchor ropes

In this section the measured response was obtained from the last anchoring scheme being investigated (figure 9a,
[10]). This time, before attaching the open hoop CFRP strip at the sides and bottom of the R/C beam, a CFRP
anchor rope is inserted from the top through 16mm diameter holes that are drilled in the R/C slab of the T-Beam
for this purpose. The effective cross-sectional area of this CFRP rope is equal to 33.1mm?” and the Young’s
modulus equal to 240GPa. After this CFRP anchor rope has been placed in position through these holes its fibers
are spread at the sides of the beam in a way that this rope becomes flat and obtains a considerable width in order
to be attached to the single layer open hoop CFRP strip (with an effective cross-sectional area of 13.1mm?),
which is put in place from the bottom of the T-Beam. Epoxy resin is used to both fill the fibers of this CFRP
rope as well as to attach these spread rope fibers to the fibers of the open hoop CFRP strip. This anchoring
scheme was studied in two different ways. First one anchor rope was used with its axis located at the mid-axis of
the width of the open hoop CFRP strip (specimens with the code name SW600C/1 Nol, No2 and No3, Table 2).
Alternatively, two such anchor ropes were placed side-by side along the width of the open hoop CFRP strip
(specimens with the code name SW600C/2 Nol, No2, No3 and No4, Table 2).
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Fig. 9a. R/C T-Beam with an Fig. 9b. Mode of failure of Fig. 9c. Mode of failure of
attached open hoop FRP strip specimen SW600C/1 No 1. specimen SW600C/1 No 1.
anchored with an FRP anchor Fracture of the CFRP rope. Fracture of the CFRP rope.

As can be seen in table 2, when one CFRP rope was used in the anchoring scheme of the 1 layer open
hoop CFRP strip the observed failure was mainly at this anchor rope (see figure 9b). On the contrary,
when two CFRP anchor ropes were used to anchor the open hoop CFRP strips their tensile capacity led
to an effective anchoring scheme leading the tensile fracture of the single layer CFRP strip (figure 9c).
As can be seen from the obtained axial load response listed in table 2, when one CFRP anchor rope is
used the standard deviation of the obtained values is 4.538KN from an average axial load value of
66.12KN (6.9%). When the same processing is employed for the measured response of the specimens
with two CFRP anchor ropes then the standard deviation of the obtained axial load response values,
listed in table 2, is 19.576 KN from an average axial load value of 86.12KN (22.7%). Consequently, due
to this relatively large standard deviation value for the observed measured axial load when two CFRP
anchor ropes are employed, it can be concluded that a reduced reliability can be expected in achieving
the desired shear capacity when employing a relatively large number of anchor ropes. Moreover, it can
also be concluded that this technique is in need of further research. In order to have a direct measurement
of the tensile capacity of either the CFRP strip itself or the CFRP anchor rope when in position extra unit T-
Beam specimens were constructed whereby the CFRP strip (specimens ref-1 and ref-2, figures 10a and 10b) and
the CFRP rope (specimens SWFX Nol, No2 and No3, figures 10c and 10d) were accommodated in a close hoop
formation and were subjected to the same loading arrangement depicted in figure 5.
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Table 2. Measured tensile capacity of open hoop CFRP strips anchored with CFRP ropes.

Code name of Total 1 layer CFRP CFRP Measured strain
Specimen Measured strip Anchor Rope | average from both Mode of failure
axial load | Cross-section | Cross-section | sides of the CFRP
(KN) Area Area strip (ustrain)
A1=33.1mm* | A2=28.0mm’
SW600C/1 No 1 60.88 Open hoop 1 rope 3900 Fracture of anchor
rope at upper corner
SW600C/1 No 2 68.76 Open hoop 1 rope 4400 Delamination of FRP
strips from anchor
SW600C/1 No 3 68.72 Open hoop 1 rope 4400 Fracture of anchor
rope at upper corner
SW600C/2 No 1 79.46 Open hoop 2 ropes 5200 Fracture of FRP strip
SW600C/2 No 2 97.18 Open hoop 2 ropes 6400 Fracture of FRP strip
SW600C/2 No 3 61.86 Open hoop 2 ropes 4200 Fracture of FRP strip
SW600C/2 No4 | 105.98 Open hoop 2 ropes 5300 Fracture of FRP strip
360 n::FRP Strip >0 "::F_RP Rope
e ). e of e e
) 4 %
—120———120 120——

—120———120————120—

Fig. 10a. Unit T-Beam Fig. 10b. Failure mode Fig. 10c. Unit T-Beam Fig. 10d. Failure mode
specimens CFRP strip Ref- of specimen CFRP specimens CFRP Rope of specimen CFRP

1 and Ref-2. strip Ref-1 SWFX Nol, No2 and No3  Rope SWFX No 2
Table 3. Measured tensile capacity of either closed hoop CFRP strips or closed hoop CFRP anchor ropes.
Code name of Total 1 layer CFRP CFRP Measured strain
Specimen Measured strip Anchor Rope | average from both Mode of failure
axial load | Cross-section | Cross-section | sides of the CFRP
(KN) Area Area strip (ustrain)
A1=33.1mm* | A2=28.0mm’
CFRP Strip Ref-1 98.66 Closed hoop No 6600 Fracture of FRP strip
CFRP Strip Ref-2 72.60 Closed hoop No 5100 Fracture of FRP strip
CFRP Rope 69.08 - Closed hoop - Fracture of anchor
SWFX No1l anchor rope rope
CFRP Rope 75.58 - Closed hoop - Fracture of anchor
SWFX No 2 anchor rope rope
CFRP Rope 67.70 - Closed hoop - Fracture of anchor
SWFX No 3 anchor rope rope
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The obtained results are listed in table 3. As can be seen from the axial load response, listed in table 3, the
standard deviation of the obtained values for the closed hoop CFRP anchor rope is 4.208KN from an
average axial load value of 70.787KN (5.9%) whereas for the closed hoop CFRP strip the standard
deviation is 18.427KN from an average axial load value of 85.63KN ( 21.52%). Even with this degree
of uncertainty, the obtained mode of failure of the open hoop CFRP strip specimens (85.63KN) having
one CFRP anchor rope (70.78KN), whereby the fracture of the anchor rope was observed (Table 2 and
figure 9b), is partly explained. Similarly, the obtained mode of failure of the open hoop CFRP strip
specimens (85.63KN) having two CFRP anchor ropes (upper limit =2*70.78KN), whereby the fracture
of the CFRP strip was observed (Table 2 and figure 9c), can again be partly explained.
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Pin Joint "1 6000KN Hydraulic Jack = RIC 'l'l-Beam
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= 3020
ﬁ see
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Fig. 1la. Loading arrangement for the prototype T-
Beam Fig. 11b. Structural details of the T-Beam

3. Prototype R/C T-Beam in need of shear strengthening.

In this section two of the shear strengthening schemes that were studied before using unit T-Beam specimens are
applied to a prototype R/C T-Beam. This T-Beam was designed and constructed to be in need of shear
strengthening. Its clear span was equal to 2700mm and was subjected to a four-point bending loading
arrangement, as depicted in figure 11a. The applied total vertical load was measured by a load cell and the
vertical deflections were recorded near mid-span by two displacement transducers. The central vertical load was
applied through a stiff steel girder at two points located 900mm from the two end vertical supports. This T-Beam
had longitudinal reinforcement of 6 reinforcing bars of 20mm diameter that were placed near the top and bottom
fiber of the beam (3 at the top and 3 at the bottom, as shown in figure 11b). These steel re-bars had nominal yield
stress equal to 500MPa and actual yield stress 531MPa. The concrete compressive strength was found to be
equal to 23MPa. The left and right parts of this beam, between the East and West supports and the loading
points, has no transverse steel reinforcement intentionally so that the shear mode of failure would prevail. The
central part of the beam between the loading points had closed steel stirrups with a diameter of 8mm placed
every 70mm intervals in order to prohibit the premature compressive failure of this part of the beam from flexure
(figure 11b). Initially, this T-Beam specimen was loaded at its virgin state till the shear limit-state was reached
with the appearance of shear cracking patterns at the East and West parts (figure 12a) for a maximum shear force
value equal to 57.39KN. Next, a shear strengthening scheme was applied by employing the external application
of open hoop CFRP strips. At the West part four (4) 3-layer open hoop CFRP strips were employed (figure 12b)
having 0.131mm thickness, 100mm width and spaced at 200mm intervals measured form their center line. These
West part CFRP strips employed the anchor scheme of figure 3c. At the East part four (4) 1-layer open hoop
CFRP strips were employed instead without any anchors (figure 3b) having 0.131mm thickness and 100mm
width and similarly spaced at 200mm intervals measured form their center line. This was done in order to study
the debonding mode of failure for the CFRP strips attached at this part. The same loading arrangement was used
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that this time resulted, as expected, in the debonding mode of failure of the West side unanchored CFRP strips as
shown in figure 13 for a shear force equal to 166.77KN. This shear force value is more than three times larger
than the shear capacity of the unstrengthened virgin T-Beam. The variation of the applied shear force versus the
vertical deflection of the virgin and the strengthened with this 1% shear strengthening scheme T-Beam is depicted
in figure 14. It is important to underline that the West part of this T-Beam, although subjected to the same shear
force level as the East part, did not show signs of any distress. This is due to the presence of the effective
anchors that accompanied the open hoop CFRP strips at this location. The design of this FRP anchoring scheme
was facilitated by special designed software [6] as well as valid numerical simulations [9]. Next, the same T-
Beam is currently being tested with the CFRP anchor scheme shown in figures 3d and 9a.

Fig. 12a. Virgin T-Beam that reached a shear limit state under four-point bending

R/C Concrete T-Beam Tested with or without

open hoop shear CFRP strips
180

Z 140
=< -~ \
o 120 7 2
2 100
S 80 e pd ——T-Beam
T 60 / / strengthened with
g P / open hoop CFRP
5 4 o’ _— strips
20 = _— Virgin T-Beam in
0 ‘ ‘ need of shear
0 5 10 strengthening

Mid-span Vertical deflection (mm)

Fig. 13. Debonding of the open hoop CFRP Fig. 14. Variation of the applied shear force versus the vertical
strips at the East part of the T-Beam deflection of the virgin and the strengthened T-Beam
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4. Conclusions

. )

-The behaviour of anchoring techniques for carbon open hoop FRP strips utilised as external shear reinforcement
for R/C T-Beams was studied experimentally employing the relatively simple loading arrangement of “unit T-
Beam™ specimens. It was demonstrated that the anchoring scheme devised by the authors [3] can provide the
required satisfatory transfer of forces between the FRP strip and the concrete volume of the T-Beam.

- The special treatment of the bond surface resulted, as expected, in a considerable increase in the level of the
maximum axial load that can be transferred from the unanchored CFRP strip to the concrete volume through the
bond surface. On the contrary, in the case of employing the efficient ancoring scheme, devised by the authors,
the influence of the bond surface is immaterial. This is because in this case the transfer of tensile forces between
the FRP strip and the concrete volume of the T-Beam at limit state is achieved solely through the used anchoring
scheme. The debonding of the FRP strip already occurrs at a preceding stage.

- An alternative anchoring scheme [10] that was investiagated also seems promising.

- The applicability of the anchoring scheme devised by the authors to successfully inhibit the debonding mode of
failure for such open hoop CFRP strips employed in shear strengthening of R/C T-Beams was further
demonstrated in the laboratory employing for this purpose a prototype R/C T-Beam specimen.
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