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ABSTRACT

The use of CFRP rope as NSM flexural strengthening and at the same time a method of limiting its debonding by
anchoring its ends in drilled holes was described. The work examined the effectiveness of strengthening reinforced
concrete beams using NSM CFRP ropes and compared the solution with the traditional one using NSM CFRP
strips. The study included 14 elements, including: 3 unstrengthened beams, 5 beams strengthened with NSM
CFRP ropes and 6 beams strengthened with NSM CFRP strips. All beams were loaded monotonically until failure
with two concentrated forces (four-point loading testing). The measurements were carried out using digital image
correlation (DIC). In order to limit the possibility of debonding, an anchorage made of CFRP rope glued into pre-
viously drilled holes in the beam web at an angle of 90° (6 beams) and in the case of using two CFRP ropes, at an
angle of 45° and 90° (2 beams) was used in selected beams. The analysis included a comparison of: failure modes,
load—deflection responses and strain distributions. The obtained value of strengthening efficiency was: with the use
of a single rope 25-30%, with the use of two ropes 46 and 49%, for CFRP strip 31-36%. In the case of the beams
strengthened with CFRP rope, debonding did not occur. In all beams strengthened with CFRP strips, debonding
occurred and the additional anchoring did not contribute to the delay of its occurrence. All beams reinforced with
CFRP rope achieved higher load-bearing capacity than expected and in no case failed due to debonding, which
means that the assumed objectives of the work were met.

Keywords: debonding, flexural strengthening, CFRP rope, concrete, near-surface mounted (NSM).

INTRODUCTION

diagnostics of building structures is extremely im-
portant, especially in terms of maintaining build-
ings in a suitable condition allowing for their con
stant use. This is often associated with the need to

Modern construction is based on many ad-
vanced technologies. Material issues concerning

both reinforced concrete and concrete structures
[1], the use of alternative reinforcement methods,
e.g. dispersed reinforcement and strengthening
of the structure can be mentioned here. In paral-
lel, diagnostic methods are developing, which are
necessary in determining the technical condition
of existing structures, e.g. galvanostatic methods
[2] to assess corrosion of metallic reinforcement,
or acoustic methods to assess the general condi-
tion of the structure [3, 4]. The aforementioned
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interfere with the structure, e.g. with the need to
strengthen the structure.

Several failure modes of RC beams strength-
ened with FRP plates, strips or sheets can be
distinguished. The first mechanism is intermedi-
ate crack debonding [5]. When it occurs within
the interfacial concrete, there are no efficient
methods to avoid this failure [6, 7]. Therefore,
it is extremely important to control this mecha-
nism, especially in the case of slender elements
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strengthened with thin FRP plates or sheets,
which are particularly exposed to this type of
failure. The second mechanism consists of steel
yielding followed by rupture of the composite re-
inforcement in the middle of the element. Other
mechanisms include steel yielding, followed by
crushing of compressive concrete, loss of anchor-
age at composite ends, which includes plate end
debonding (delamination of the FRP material
from the concrete element which starts from the
end [8, 9], concrete cover separation (debonding
of FRP material together with the concrete cover
of the reinforcing steel, mainly starting from one
end and moving toward the element center [10—
12] and anchorage failure if it is used [13, 14].

In the case of RC members strengthened with
an externally bonded CFRP plate or sheet rein-
forcement (EBR) [15], or spent catalyst based fer-
rocement laminates [16], one of the problems is
debonding from the concrete surface, which leads
to premature failure. In this case, the process of
correct preparation of the surface of the strength-
ened element before gluing the FRP material is
very important. When correctly carried out, it can
contribute to delaying the debonding of the rein-
forcement and obtaining a higher ultimate final
strength. Of course, the basic activities include:
removing loose concrete, leveling the concrete
surface to avoid unevenness typical in this case,
removing any contamination from both the con-
crete surface and the FRP material. It should be
remembered that the epoxy resin should also be
clean and free from external materials. Additional
procedures described in this paper [17] such as
transverse, diagonal, and longitudinal grooving
creates the higher contact area may also delay the
moment of debonding of the FRP material.

One of the solutions to limit debonding is to
increase the surface interacting with the strength-
ened element by gluing composite reinforcement
into the cover. This type of reinforcement is called
near surface mounted reinforcement (NSM) or
side near surface mounted (SNSM) technique, de-
pending on the location of the reinforcement. The
preparation itself requires making a groove in the
concrete cover of the element, which in fact limits
the long-term surface preparation that is neces-
sary in the case of the EB technique [18]. There
is a risk of damaging the existing reinforcement.
Therefore, this method can only be used in the
cases where the thickness of the concrete cover
of the reinforced element allows it. This tech-
nique significantly increases the effectiveness of
the reinforcement and allows for obtaining high-
er ultimate strengths. [19, 20]. Since the rein-
forcement is glued into the groove, it is possible
to use not only strips, but also FRP bars or fiber
cords. It should be emphasized that the NSM
technique does not eliminate the possibility of
debonding, but only limits it. In this case, stud-
ies show two main mechanisms of debonding of
the FRP material from the reinforced concrete
element, both initiated at the end of the FRP ma-
terial [21-23]. In the first mechanism, normal
stresses and high shear at the contact of the two
materials lead to cracks in the FRP-concrete in-
terface, which ultimately lead to debonding of
the FRP material [24—26]. In the second mecha-
nism, the concrete cover is separated together
with the FRP material, initiated by a crack near
the end of FRP (Fig. 1) [27-30].

Research is still ongoing on methods that
allow for delaying or eliminating the fail-
ure mechanisms described above, related to

Figure 1. Concrete cover separated together with the FRP material,
initiated by a crack near the end of the FRP strip [26]
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debonding. These methods consist in improving
the anchoring of the FRP material at its end. An
example is the use of FRP U-jackets. This is a
well-known method, the results of which have
been described in many works. This is a solution
used simultaneously with shear reinforcement
[15, 31-33]. In the case of composite sheets, it
is possible to improve the anchoring by gluing
its end into a previously made groove and plac-
ing a composite rod there (Fig. 2b). This method
was presented in [34]. Although it is mainly in-
tended for shear strengthening, its application is
also possible in the case of bending strengthen-
ing of reinforced concrete beams.

The method for anchoring composite mate-
rials is also the use of steel anchoring elements.
The effectiveness of this type of solution is widely
known. Currently, such solutions are used in the
case of prestressed FRP composites for concrete
structures [14, 35].

The use of composite anchors combined with
substantial reinforcement allows eliminating the
largest defect of anchorages based on steel ele-
ments, i.e. corrosion susceptibility. The work [36]
presents a 30% increase in load capacity for ele-
ments with additional composite anchors. Com-
posite anchors are made of fiber cords, glued into
previously drilled holes in the beam web. These
holes are most often made perpendicular to the
anchored reinforcement, e.g. a composite sheet.

a)

CFRP anchors

™\ CFRP sheet

made of fibre cords

To obtain a connection between two materials,
part of fiber cords left outside is fan-folded on the
surface (Fig. 2a).

An interesting modification of this method
is presented in [21]. It consists in using a sleeve
made of fiber sheet, wrapped at the end with NSM
strip and steel wire (Fig. 3). This wire facilitates
insertion of fiber sheet into a previously drilled
hole at a given angle. The presented research
results show that the use of EFAs led to an in-
crease in the load-carrying capacity of the NSM-
strengthened beam by 13% to 35%. For compari-
son, the use of FRP U-jackets showed an increase
of only 9%.

The use of NSM — CFRP rope for reinforc-
ing steel beams as presented in [37], unlike the
rigid NSM strip, allows for any shaping of the
composite material course. In this case, the rope
was glued into previously made grooves on both
side walls of the beam with a variable course. In
the support zone, the grooves were not horizon-
tal, but inclined at a specific angle of 15, 20 or
45 degrees. Additionally, the end of the rope was
anchored by gluing into a drilled hole. The use of
this solution eliminates the need to connect differ-
ent materials in order to perform the anchoring.

In summary, limiting the debonding phe-
nomenon, which leads to premature failure, is
still a great challenge. Simple, durable, effective
and cheap to implement methods are sought.

b)

CFRP sheet ’ \ CFRP rod

Figure 2. Anchoring of the FRP reinforcement end: (a) using a composite anchor, (b) using a groove
and a transversely positioned FRP rod

|
[ FRP sleeve - fiber sheet

NSM FRP strip

Figure 3. The use of sleeve made of fiber sheet, wrapped at the end with NSM strip to delay debonding
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CONCEPT AND ASSUMPTIONS

The authors used a CFRP rope as a bending
reinforcement and at the same time anchored
its ends in order to limit the possibility of fail-
ure through debonding. This concept is presented
in Figure 4. This method uses and combines the
most important features of the solutions present-
ed above, namely: strengthening using the NSM
method, the possibility of trouble-free anchoring
and prevention of premature debonding, the pos-
sibility of simultaneously performing strengthen-
ing for bending and shear, no steel elements, no
connections. This method, compared to the use of
FRP U-jackets, does not require such complicated
preparation of the concrete surface. In addition,
the anchorage glued inside the beam web is not
itself exposed to debonding like the sheet used
for FRP U-jackets. The method proposed in [21]
requires combining materials and complicated
preparation of the anchorage before its applica-
tion to the element. In most cases, the method of
anchoring the CFRP rope presented in [37] can-
not be used in real elements due to limited access
to the element at the support. The use of the pro-
posed method for strengthening the beam in shear
was not tested in this work, but it is possible. The
idea is similar to the one presented in [38], where
composite bars were glued at different angles into
the web of a reinforced concrete beam. Proposed
solution was compared with the traditional one,
i.e. strengthening using NSM CFRP strip.

The study planning began with the selection
of parameters of the materials from which the
beams were made and the CFRP materials used
for strengthening (Fig. 5). They were assumed
so that the predicted failure model for each of
the strengthened beams was debonding. This

a)

involved, among other things, the adoption
of a concrete class so as to limit the possibility
of failure by concrete crushing in the compres-
sion zone. Calculations for this purpose were per-
formed based on the ACI standard, specifying the
failure model: due to concrete crushing, FRP rup-
ture or debonding (for debonding effective strain
in FRP reinforcement limited to 0.7f/Ef). The
CFRP strip was selected to obtain the same com-
posite reinforcement ratio p g 35 in the case of
beams reinforced with CFRP rope. Additionally,
for two beams, strengthening was performed with
two CFRP ropes, owing to which the predicted
load-bearing capacity value was obtained similar
to the beams strengthened with CFRP strip. For
two beams strengthened with CFRP strips, ad-
ditional anchoring was performed using a CFRP
cord. This sample preparation was intended to
facilitate the effectiveness evaluation of the pro-
posed strengthening concept in relation to alter-
native methods and to check whether premature
debonding could be prevented.

SPECIMENS AND THEIR PREPARATION

The results concern the tests of 14 single-span
reinforced concrete beams with a total length of
3.3 m (distance between the axes of supports 3.0 m)
and a rectangular cross-section of 0.3 x 0.12 m.
The beams were equipped with two @14 reinforc-
ing bars as lower reinforcement and two ©¥8 as up-
per reinforcement, all made of BSOOSP steel. The
reinforcement ratio of steel bars was p_ = 0.93%
(Fig. 6). During concreting, cube-shaped samples
were taken: 150 x 150 x 150 mm. Two concrete
mixtures of different strength classes were used
to prepare the beams. The beams marked with the

hole drilled
in the beam web

beam support

CFRP rope anchor

NSM CFRP rope
- preventing debonding

- flexural strengthening

- but also providing shear strengthening if needed

Figure 4. (a) Schematic concept representation of strengthening and anchoring of the CFRP rope, (b) CFRP rope
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Four-point loading testing I
digital image correlation (DIC) +
displacement transducers — LVDT

¥

[ Failure modes comparison

] [ Load-deflection responses comparison ] [

Strain distributions comparison ]

Figure 5. Flowchart of the research methodology
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Figure 6. Reinforcement scheme of test beams

symbol 11 were made of concrete with an average
strength of /.= 50.1 MPa (cylinder compressive
strength) determined on the basis of tests of 12
samples. In the case of the beams with the sym-
bol 12, an average strength of /.= 57.1 MPa was
obtained on the basis of tests of 36 samples. The
strength of the applied main reinforcement was
determined on the basis of a tensile test carried
out for 42 samples.

Three beams marked with the symbol BN are
reference elements, without strengthening. The
remaining beams were strengthened in four dif-
ferent ways:

e Itype (BW1)—3 beams reinforced with CFRP
SikaWrap FX-50C rope embedded in epoxy
resin in pre-cut grooves in the concrete cover
(Near Surface Mounted Reinforcement). In
order to ensure proper anchoring, the ends of
the rope were placed in vertical holes made in
the support zones (Fig. 7). The carbon fibers
were impregnated along their entire length
with Sikadur -52 resin. Sikadur -330 resin was
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used to fill the previously cut grooves (width
1 cm, depth 2 cm) and vertically drilled holes
(diameter 2 cm). The obtained composite rein-
forcement factor was p = 0.08%.

II type (BW2) — 2 beams reinforced with 2
CFRP SikaWrap FX-50C ropes embedded in
epoxy resin in pre-cut grooves in the concrete
cover (Near Surface Mounted Reinforcement).
In order to ensure proper anchoring, the ends
of the rope were placed in holes made in the
support zones: vertical holes for the first rope
and made at a 45-degree angle for the second
rope (Fig. 7). The carbon fibers were impreg-
nated along their entire length with Sikadur
-52 resin. Sikadur -330 resin was used to fill
the previously cut grooves (width 1-1.5 cm
depending on location, depth 2 cm) and drilled
holes (diameter 2 cm). The obtained compos-
ite reinforcement factor was p .= 0.16%.

I type (BW3) — 3 beams reinforced with Sika
CarboDur S NSM 1.525 CFRP strip embedded
in epoxy resin in pre-cut grooves in the concrete
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cover (Near Surface Mounted Reinforcement)
with additional anchorage made of SikaWrap
FX-50C CFRP rope (Fig. 7). The carbon fibers
of the rope were impregnated along the entire
length with Sikadur -52 resin. Sikadur -330 res-
in was used to fill previously cut grooves (width
1 cm, depth 2 cm) and drilled holes (diameter
2 cm). The obtained composite reinforcement
factor was p = 0.11%.

o [V type (BW4)—3 beams reinforced with Sika
CarboDur S NSM 1.525 CFRP strip embed-
ded in epoxy resin in pre-cut grooves in the
concrete cover (Near Surface Mounted Rein-
forcement) without additional anchoring (Fig.
7). Sikadur -330 resin was used to fill the pre-
viously cut grooves (width 1 cm, depth 2 cm).
The obtained composite reinforcement ratio
was p = 0.11%.

Detailed data on the specimens and their
strengthening are presented in Table 1 and
Figure 7. The beams were tested after a minimum
of 30 days from the moment of their strength-
ening, so that the resin could obtain its target
strength. The testing of cubic samples was carried

Table 1. Specimen parameters and anchorage details

out so that they overlapped in time with the test-
ing of the corresponding beams. The exact dates
of concreting, strengthening and testing of the
beams are given in Table 2.

Before gluing the reinforcement, the beams
were grooved in a horizontal position using a
groover machine (Fig. 8). The groove dimensions
were adopted in accordance with the manufac-
turer’s requirements (Fig. 9). Then, similarly to
the drilled holes, loose pieces of concrete were
removed and cleaned using compressed air to ob-
tain the best possible adhesion. The CFRP strip
was glued into a groove previously filled with
resin, while in the case of the rope, gluing began
by pulling it through a hole drilled in the beam’s
web filled with resin. For this purpose, a plastic
clamp was placed at the end of the rope. Then,
a wire was hooked to it and pushed through the
hole. While pulling the rope through the hole,
the glue was continuously replenished to mini-
mize the risk of leaving empty spaces. The ap-
plication of the strengthening may seem more
difficult because, unlike tapes, it is flexible and
difficult to push into a groove filled with resin.
However, since the holes in the beam web were

Concrete Steel bars Beam strengthening parameters

Specimen f, E, A, f, E, Typ A f, E, Anchorage Prog
[MPa] [GPa] [cm?] [MPa] [GPa] [mm?] [MPa] [GPa] angle [] [%]

BN-11-M1 50.1 35.7 3.08 505.8 | 219.8 - - - - - -

BN-12-M1 57.1 37.1 3.08 505.8 | 219.8 - - - - - -

BN-12-M2 57.1 37.1 3.08 505.8 | 219.8 - - - - - -
BW1-11-M1 50.1 35.7 3.08 505.8 | 219.8 | 28 2000 230000 90 0.08
BW1-12-M1 571 371 3.08 505.8 | 219.8 I 28 2000 230000 90 0.08
BW1-12-M2 | 57.1 371 3.08 505.8 | 219.8 | 28 2000 230000 90 0.08
BW2-12-M1 57.1 37.1 3.08 505.8 | 219.8 Il 22;28 2000 230000 90+45 0.17
BW2-12-M2 | 57.1 37.1 3.08 505.8 | 219.8 Il 22;28 2000 230000 90+45 0.17
BW3-11-M1 50.1 35.7 3.08 505.8 | 219.8 i 37.5 3100 170000 90 0.08
BW3-12-M1 57.1 37.1 3.08 505.8 | 219.8 I 37.5 3100 170000 90 0.08
BW3-12-M2 | 57.1 37.1 3.08 505.8 | 219.8 i 37.5 3100 170000 90 0.08
BW4-11-M1 50.1 35.7 3.08 505.8 | 219.8 v 37.5 3100 170000 - 0.08
BW4-12-M1 57.1 37.1 3.08 505.8 | 219.8 v 37.5 3100 170000 - 0.08
BW4-12-M2 | 57.1 371 3.08 505.8 | 219.8 v 37.5 3100 170000 - 0.08

Note: f, — compressive strength of concrete (cylinder compressive strength); £ —modulus of elasticity of concrete;
A, — cross sectional area of reinforcement in the tension zone: 2014; f — yield strength of reinforcement; £ —

sl

modulus of elasticity of steel; Type I, II, III, IV — determines the method of reinforcing the reinforced concrete
beam described above; 4 [, — cross sectional area of FRP: CFRP SikaWrap FX-50C rope 28 mm? (based on carbon
fiber content), Sika CarboDur S NSM 1.525 CFRP strip 37.5 mm? ]:,— tensile strength of the FRP; £ o~ modulus
of elasticity of FRP; 45°, 90° — drilling angle for anchoring at the end of the FRP reinforcement made of CFRP

SikaWrap FX-50C rope; p ) ea = PE, IE.
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Figure 7. Schemes of strengthening reinforced concrete beams

Table 2. Research schedule

Specimen Date of beam concreting Beam strengthening date Test date
BN-11-M1 - 21.05.2018
BW1-11-M1 27.03.2018
12.07.2017
BW3-11-M1 19.02.2018 27.03.2018
BW4-11-M1 21.03.2018
BN-12-M1 30.11.2017
BN-12-M2 13.02.2018
14.07.2017
BW1-12-M1 13.02.2018
12.01.2018
BW1-12-M2 20.02.2018
BW2-12-M1 28.02.2018
BW2-12-M2 28.02.2018
18.07.2017 29.01.2018
BW3-12-M1 01.03.2018
BW3-12-M2 02.03.2018
BW4-12-M1 12.03.2018
20.07.2017 9.02.2018
BW4-12-M2 12.03.2018
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vertical hole intended for gluing
the anchor
CFRP SikaWrap FX-50C rope

pre-cut groove in the concrete cover

Figure 8. Preparing the beam for gluing reinforcement

1. Making a groove and drilling holes in the beam web

2. Cleaning the groove and holes
3. Filling the groove and hole with resin

4. Impregnation of CFRP rope

5. Pulling the rope through the holes

6. Stretching the rope to embed it in the groove
7. Refilling/removing excess resin

tensioning the CFRP rope allows easy
assembly from the bottom of the beam

N

45°

[ B o BB =T
RS N Xz
T % 4 ,j:::;’\;\
| 4 __—=="groove on the bottom of

areinforced concrete beam

CFRP rope

oles in the beam web 9

o
0

Figure 9. The procedure used to prepare beam strengthening using CFRP rope

drilled through its entire height, it was possible to
easily install the CFRP rope and tension it to ob-
tain the correct course in the groove made along
the beam. The procedure for gluing CFRP rope is
shown in Figure 9.

TEST SETUP

The samples were tested at the setup shown
in the Figure 10a, where the support spacing was
3 m and the distance between the actuators was 1
m (four-point loading testing). The measurements
were carried out using digital image correlation
(DIC) — two ARAMIS 5M system sensors (Fig.
10a) and five displacement transducers — LVDT.

The measurements of strains on the side sur-
face, displacements and observation of crack de-
velopment were carried out by the DIC system.

This is a very versatile system commonly used in
laboratory tests [39—41]. To make the measurement
possible, the surface of the beam recorded by the
cameras was covered with a pattern. Then, auxil-
iary lines were drawn on the beam in black dashed
line: horizontal at the height of the center of grav-
ity of the tension and compression reinforcement,
vertical at the middle of the beam span and under
the points of force application. Non-coded mark-
ers were also glued along the length of the drawn
horizontal lines at distances of 20 cm (13 markers
on the upper and lower lines). The ARAMIS 5M
system used in the study is equipped with a mono-
chrome Baumer TXG50 cameras with a resolution
0f 2448x2050 pixels and Schneider Kreuznach Ci-
negon 1.4/12-0906 lenses (Fig. 10b) and the pos-
sibility of using two sensors (2 X 2 =4 cameras) at
the same time. In this studies the system recorded
one stage every 20 seconds.
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Beams were loaded monotonically until fail-
ure with two concentrated forces — speed 0.4 kN/
min. Additionally, the moment of failure of each
beam was recorded by a camera placed on a tri-
pod on the other side of the beam relative to the
one recorded by the ARAMIS 5M system.

TEST RESULTS

Failure modes

BW1

All samples of this type failed in a similar man-
ner, i.e. rupture of the CFRP rope followed by con-
crete compressive crushing on the top surface of the
beam (Fig. 11). In the case of beams BW1-11-M1
and BW1-12-M1, the composite rupture and con-
crete crushing occurred on the side of the P1 actua-
tor, i.e. closer to the sliding support, while in the
case of beam BW1-12-M2, the failure occurred on
the opposite side. The experimental ultimate loads

were also similar for all elements and in each case
higher than predicted from the calculations (Table
3). The predicted separation of the CFRP rope did
not occur, which may indicate the effectiveness
of the applied anchorage. Before the CFRP rope
rapture, a significant increase in the crack width
was recorded, which was visible on the strain map
from the ARAMIS 5M system. For example, on
the BW1-12-M1 strain map, for the stage just be-
fore the beam was destroyed, a large-width crack
with an almost horizontal branch at the height of
the concrete cover of the main reinforcement was
visible on the left side, under the P1 actuator, 1.e.
near the place where the CFRP rope rapture took
place — Figure 12. The numerical analysis of those
beams were presented in [42]

BW2

Both samples failed in a similar manner, i.e.
concrete compressive crushing on the top surface
of the beam (concrete cover separation for top

a) 15 100 P1 100 P2 g0

15 b)

concrete compressive
crushing

B

Figure 11. Failure mode of specimen BW1-11-M1
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reinforcement) followed by rupture of the both
CFRP ropes (Fig. 13). In the case of beams BW2-
11-M1, failure occurred on the side of the P1 actu-
ator, i.e. closer to the sliding support, while in the
case of beam BW2-12-M2, the failure occurred
on the opposite side. Despite the lower load ca-
pacity expected in the calculations than the BW3
and BW4 beams, the experimental ultimate loads
and strengthening efficiency #, were the highest
among the tested elements (Table 3). The pre-
dicted separation of the CFRP rope did not occur,
so this may also indicate the effectiveness of the
anchorage. Similar to the BW1 type beams before
the failure, an increase in the crack width was re-
corded, which was visible on the strain map from
the ARAMIS 5M system. For example, on the
BW2-12-M1 strain map, for the stage just before
the beam was destroyed, cracks of greater width
(red color) were visible on the left side, under the
P1 actuator, i.e. in the place where the failure took
place — Fig. 14.

BW3

All specimens failed in a similar manner,
i.e. debonding of the CFRP strip initiated at the
end of the FRP material (next to the sliding sup-
port) followed by concrete compressive crushing
on the top surface of the beam (Fig. 15 a). The
anchoring of the end made with CFRP rope did
not prevent the expected debonding. This may
be the result of insufficient contact area between
the CFRP strip and CRFP rope. Small decrease in
load-bearing capacity can be observed compared
to the BW4 type beams. The experimental load-
bearing capacity of the beams was lower than that
predicted from the calculations (Table 3).

BW4

All specimens failed in a similar manner, i.e.
debonding of the CFRP strip initiated at the end
of the FRP material (next to the sliding support)
followed by concrete compressive crushing on

concrete compressive crushing
concrete cover separation for top reinforcement

- P A

T R

Figure 14. Strain map just before the failure of specimen BW2-12-M1
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Figure 15. Failure mode of specimen: (a) BW3-12-M1; (b) BW4-12-M1

the top surface of the beam (Fig. 15 b). Failure
to do so was consistent with the predicted model
and was due to the lack of anchoring of the CFRP
end. The experimental load-bearing capacity of
the beams was lower than that predicted from
the calculations (Table 3). On the basis of the re-
corded force values, the strengthening efficiency
1, was calculated using formula (1). The results
are presented in Table 2.
— F,—F 0
n, = x100%

0

(1)

where: F/— ultimate force for the strengthened
beam, F )~ ultimate force for the refer-
ence beam — unstrengthened.

Table 3. Failure modes and beam load-bearing capacities

Load-deflection responses

The load versus midspan deflection responses
for all elements are shown in Figure 16, while the
values of maximum deflection and ultimate load
are given in Figure 17 and Table 3. It can be ob-
served that for all beams with the same composite
reinforcement ratio Prey™ 0.08%, i.e. beams of type
BWI1, BW3 and BW4, the course of the relation-
ship between force and midspan deflection was
practically the same. Differences will appear in the
maximum values achieved, i.e. beams BW3 and
BW4, due to the significantly higher strength of
the CFRP material used, achieve higher load-bear-
ing capacity and, consequently, higher maximum

Predicted (ACI 440.R2-17 [43]) Experimental
Specimen . ' Maximum
P Ultimate load Failure mode Ultimate load Failure mode gf deflection
[kN] [kN] 61 | ]
BN-11-M1 42.8 - - 56.4
BN-12-M1 - - 44.0 - - 46.4
BN-12-M2 43.8 - - 40.8
BW1-11-M1 48.0 55.5 Rupture of the CFRP rope 30 31.1
(under P1 force) followed by concrete
BW1-12-M1 55.5 compressive 26 325
crushing on the top surface of the beam
48.3 Rupture of the CFRP rope
BW1-12-M2 54.9 (under P2.force) followed by concrete 25 29.2
compressive
Debonding crushing on the top surface of the beam
BW2-12-M1 of the CFRP 63.9 Crushing of compressive concrete 46 38.4
58.2 followed by (under P1 force)
’ concrete Crushing of compressive concrete
BW2-12-M2 compressive 653 | (under P2 force) 49 326
BW3-11-M1 59.2 crushing on the 56.9 Debonding of the CFRP strip initiated 33 413
top surface of at the end of the FRP material
BW3-12-M1 507 the beam 57.9 (next to the sliding support) followed by | 32 376
: concrete compressive
BW3-12-M2 575 crushing on the top surface of the beam 31 36.1
BW4-11-M1 59.2 58.4 Debonding of the CFRP strip initiated 36 38.3
at the end of the FRP material
BW4-12-M1 50.7 58.6 (next to the sliding support) followed by 33 58.3
: concrete compressive
BW4-12-M2 591 crushing on the top surface of the beam 35 7.1
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Figure 16. The load versus midspan deflection responses for tested reinforced concrete beams
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Figure 17. (a) Ultimate load, (b) maximum midspan deflection values for tested reinforced concrete beams

deflection. Beams of type BW2 are characterized
by a smaller increase in deflection after the first
breakdown of the relationship between force and
midspan deflection, i.e. at the moment of reaching
the yield point of the tensile reinforcing bars. This
results from the highest composite reinforcement
ratio of all beams, which amounts to p e~ 0.17%.
At the same time, the course of the described re-
lationship differs significantly between the two
beams of this type. The additional anchoring in
the BW3 beams did not bring the desired result.
On the contrary, the results for the BW4 beams in-
dicate approximately 2% higher load-bearing ca-
pacity and approximately 16% greater maximum
deflection than in the BW3 beams.

Strain distributions

Continuing the analysis of the discussed
beams, an attention should also be paid to the
strain distribution recorded up to the center of
gravity of the tensile reinforcement (Fig. 18 and
19). For type 12 beams (different compressive
strength of concrete compared to type 11 beams),
the deformation values were averaged.

In the case of BW1-11-M1 and BW1-12-SR
beams, it can be observed that the strain values are
comparable (BW1-11-M1) or significantly lower
(BW1-12-SR) than the values for unstrengthened
beams. This, as well as the increase in load-bear-
ing capacity (25-30%), results from the increase
in the stiffness of the element.

This relationship is different in the case of
BW2-12-SR beams. In this case a greater increase
in load-bearing capacity of approx. 48% was ob-
tained than for BW1 type beams. At load levels in
the range of 30-70% relative to failure load, the
strain values were higher than for unstrengthened
and BW1 type beams, but did not exceed 5%o be-
fore failure. The obtained values were lower than in
the case of beams BW3 and BW4. This may be due
to the significant stiffening of the support zone, in
which not one but two CFRP ropes were anchored,
where one of them was trajectory led, due to which
greater strains appeared in the central part.

For the same load value in the BW1 and BW2
type beams, for example 49 kN (which is 90% of
the ultimate load for BW1), comparable maxi-
mum strain values of about 3%o can be observed.
Hence, the increase of the final strain values is
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Figure 18. Strain distribution along tensile reinforcement under different percentage of the ultimate load for the
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a result of the higher load-bearing capacity of
BW2 beams. In turn, the BW3 and BW4 beams
were characterized by similar strain values of the
tension zone around 6%o at the level of 90% of
the ultimate load, which, as already described,
resulted in the debonding of the CFRP strip ini-
tiated at the end of the FRP material regardless
of whether it had an additional anchor or not,
which was also associated with a decrease in the
strengthening efficiency compared to the BW2
beams by about 15%.

In all elements, at 90% of the ultimate load
level, increased strain values can be observed in
the areas where beam failure occurred.

CONCLUSIONS

The main assumptions of the work, i.e. the use
of CFRP rope as an effective method of NSM flex-
ural strengthening of reinforced concrete beams
and anchoring its ends in drilled holes in order
to limit the possibility of failure through debond-
ing were met. None of the beams reinforced
with CFRP rope prematurely failed as a result of
debonding. The obtained values of strengthening
efficiency are fully satisfactory and compare well
with typical methods using CFRP strips. On the
basis of the experimental and analytical results,
the following conclusions can be drawn:

The obtained value of strengthening efficiency
was: for the BW1 type beams strengthened with a
single NSM CFRP rope anchored at the ends 25—
30%, for the BW2 type beams strengthened with
two NSM CFRP ropes anchored at the ends 46
and 49%, for the BW3 type beams strengthened
with a NSM CFRP strip with additional anchor-
age at the end made of a composite anchor 31-
33%, while for the BW4 type beams strengthened
only with a NSM CFRP strip 33-36%.

The BW1 type beams were destroyed by rup-
ture of the CFRP rope, followed by concrete com-
pressive crushing on the top surface of the beam.
The force released during the rupture of the rope
caused separation of the concrete bottom cov-
ers. The BW2 type beams strengthened with two
CFRP ropes failed in a different way. Top con-
crete cover separation associated with crushing
of compressive concrete followed by CFRP ropes
rapture could be observed. All beams strength-
ened with CFRP strip, i.e. BW3 and BW4, failed
by strip debonding regardless of the anchoring
used — composite anchor at the ends of the strip.

The use of a CFRP rope and its anchoring at the
ends allowed avoiding failure by debonding,
which could not be achieved in the case of beams
strengthened with CFRP strip.

For beams BW1, BW3 and BW4 character-
ized by the same composite reinforcement ratio
Preg™ 0.08%, the relationship between force and
midspan deflection was practically the same. The
differences concern the maximum values of load-
bearing capacity achieved and, consequently, the
maximum deflection. Beams BW2 characterized
by a significantly higher composite reinforcement
ratio p oy~ 0-17%, due to their greater stiffness,
experienced a slower increase in deflection dur-
ing the load increase. The average value of the
maximum midspan deflection for beams type
BWI1, BW2, BW3 and BW4 was: 30.9 mm, 35.5
mm, 38.4 mm, 44.7 mm, respectively.

For beams BW1 and BW2 the experimental
load-bearing capacity was higher than that calcu-
lated based on ACI 440.R2-17 by an average of
13.24%, while for beams BW3 and BW4 it was
lower by an average of 2.5%.

To sum up, the results presented above con-
firm the possibility of effective use of CFRP rope
as strengthening of reinforced concrete beams us-
ing the NSM method. The studies show that this
solution allows for trouble-free execution of ef-
fective anchoring and avoidance of failure due to
premature debonding.

Of course, the presented studies have their
limitations. In order to fully verify the effec-
tiveness of the proposed method, tests should
be carried out for the beams strengthened with
NSM CFRP rope without anchoring and with
consideration of other concrete classes. In or-
der to better reflect the real conditions of CFRP
material application, the beams should be sub-
jected to a preload before strengthening so that
cracks appear. In order to verify the effective-
ness of the solution in terms of strengthening in
shear, tests should be carried out for a different
static scheme, so as to prevent shear failure in
the support zone.
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