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HIGHLIGHTS

« The strengthening of RC walls by using CFRP strips was an effective technique.

« The strip configurations were effective on the hysteretic behavior of wall.

« CFRP strips are not effective initial lateral stiffness of the specimens.

« Displacement capacities of specimens have been improved by strengthening technique.
« Strengthened specimens are dissipated much more energy than reference specimen.
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In this study, strain distributions and the bond slip behaviors at the carbon fiber reinforced polymer
(CFRP) strips and reinforced concrete interface were investigated. 14 concrete specimens with externally
bonded CFRP strips were tested. Main variables considered in the experimental study were width of the
CFRP strips, bond length of CFRP strips and the number of anchorages. The test results obtained from the
experimental study are comparatively presented in terms of strain distributions on CFRP strips with
anchorages, stress — displacement behaviors, initial stiffnesses, energy dissipation capacities of test spec-
imens. From the test results it is observed that using anchorages is very effective in terms of ultimate load
capacity, strain distribution and energy dissipation capacity. The results of the experimental study are

CERP compared with analytical results obtained from several bond strength models available in the literature.

Anchorage

A bond slip model was proposed based on the results of the conducted tests. It was observed that bond

stress of the CFRP strips increased with increasing number of anchorages.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Catastrophic damage to structures due to major earthquakes
around the world demonstrated seismic vulnerability of many
existing buildings. The 1999 Kocaeli- Turkey and 2003 Bam-Iran
earthquakes caused loss of a large number of lives due to building
collapses while the one that occurred in Taiwan in 1999 caused the
collapse of thousands of buildings. In many urban areas around the
world, number of buildings designed and constructed using codes
that are known to provide poor safety are potential hazards. There-
fore, these structurally deficient buildings should be retrofitted to
withstand the earthquakes in compliance with modern building
design codes. Local retrofitting of poor structural members may
be a feasible option to reduce the seismic vulnerability of existing
structures. In relation to that retrofitting of deficient reinforced
concrete (RC) members using externally bonded carbon fiber
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reinforced polymers (CFRP) may be a viable option due to the fact
that the advanced composite materials such as CFRP are signifi-
cantly stronger and lighter than structural steel. Many analytical
and experimental studies have shown that retrofitting structural
elements using CFRP strips or sheets significantly improve their
strength and ductility without adding stiffness to the elements
[1-4]. The high modulus of elasticity and strength of CFRP makes
it suitable for applications as confinement for reinforced concrete
columns and beams to improve their strength and ductility.
Furthermore, resistance to corrosion and environmental conditions
and ease of application are other important properties of CFRP. In
relation to these advantages, CFRP has been a widely used material
for the retrofitting of RC structures and many kinds and sizes of
CFRP are available in the market, suitable for different sorts of
retrofitting details. Therefore, experimental studies on the retrofit-
ting of RC elements with CFRP applications and studies on the
analytical models investigating the behavior of CFRP have been
widely conducted.
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From the literature [5-15], it was observed that concrete ele-
ments reinforced with CFRP fails in three main modes: (i) debond-
ing of CFRP from concrete, (ii) epoxy failure due to the excessive
shear stresses larger than the shear strength of epoxy and (iii) rup-
ture of CFRP under high axial tension loads. However, the rupture
of CFRP under tensile axial loads is a very rare failure mode due to
the fact that CFRP has very high axial tension strength. In contrary
to that, in many cases CFRP debonds from the concrete surface or
the adhesive-concrete interface reaches its shear stress capacity
and fails before the rupture of CFRP. The most likely failure mode
is the debonding of CFRP from the concrete surface. In contrary
to that effect of this interfacial slip was neglected in analytical
modeling methods which were based on the assumption of
“perfect” bond between concrete and CFRP [16-22]. In the study
of Napoli et al. [23], it was stated that such models have shown
varying degrees of accuracy in the prediction of experimental
results, often overestimating the predictions in terms of flexural
strength and maximum fiber reinforced polymer (FRP) strain and
such discrepancies between experiments and analytical predic-
tions may be attributed to neglecting the concrete - FRP slip which
reduces the effectiveness of the strengthening. Consequently, it is
clear that the stress distribution between FRP and concrete must
be known to accurately estimate the actual capacity of the retro-
fitted structure. Therefore, studies focused on determining the
stress between FRP and the concrete interface became popular in
the recent years [13-33]. A recent study [33] showed that many
different experimental setups have been used for determining
the CFRP to concrete bond strength, but no consensus on a
standard test procedure has been reached. The available literature
includes experimental studies conducted using single shear
tests, double shear tests, and modified beam tests. The existing
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experimental setups may be classified into five types: (i) double-
shear pull tests; (ii) double-shear push tests; (iii) single-shear pull
tests; (iv) single-shear push tests; and (v) beam (or bending) tests
[33] (Fig. 1). In the study of De Lorenzis et al. [34] it is stated that
single shear pull type test specimens offer following advantages:
manageable specimen size, possibility to conduct the test in slip-
control mode and to measure both loaded-end and free-end slip
and visual access to the test zone during loading. Accordingly, a
single shear pull type test setup is used (Fig. 1(c)) in this study.
Structures retrofitted using FRP sheets may fail in a brittle mode
due to several factors such as; rupture or debonding of FRP sheets
and degradation of the mechanical properties of FRP sheets due to
harsh environmental conditions. On the other hand, mechanical
anchorages may be used to enhance the load resisting capacity of
FRP retrofitting and delay the debonding process [35]. Moreover
in some cases, properly installed mechanical anchorages may pro-
vide a ductile mode of failure instead of sudden brittle failure
modes. Conversely, global failure of anchorages or rupture of FRP
sheets due to stress concentrations imposed by the presence of
anchorages may also trigger a brittle failure mechanism. Thus, it
is vital to have a thorough knowledge on the behavior of FRP retro-
fitting systems enhanced with the anchorages. Accordingly, there
are numerous studies focused on the application of anchorages
to FRP and RC bond interface to enhance the strength, energy
dissipation capacity of the interface and to delay the debonding
of FRP from the concrete surface. Furthermore, there are studies
focused on the stress distribution between FRP and concrete
surface in the presence of cracks [36-37]. Zhang and Smith [38]
is one of the studies conducted on the behavior of CFRP strips with
anchorages. In the study, results of 30 single shear FRP to concrete
joint tests (26 joints includes anchorages) with FRP anchorages of
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Fig. 1. Classification of experimental setups used for bonding strength tests.
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varying geometric configurations (fan configuration and dowel
angle) were presented. From the results of the study it was
observed that the joint strength was increased up to 160% in com-
parison unanchored control joints. In addition, the maximum
strain resisted by the FRP plates was significantly increased in
comparison to unanchored control joints. In the another study of
Zhang and Smith [39], tests of 41 FRP-to concrete joints anchored
with single as well as multiple FRP anchorages and two unan-
chored control joints were performed. In the study, locations of
the anchorages are investigated in addition to the method of
anchorage installation and anchorage type. From the results of
the study, it was concluded that the strain capacities of the joints
were generally increased at least five fold. Finally, a simple analyt-
ical model was also presented. The studies presented above may be
stated as the comprehensive experimental studies on the general
behavior of CFRP strips with anchors.

However, it may be stated that the research on the behavior of
CFRP strips with FRP anchorages are still limited although the
increasing use of FRP anchorages in practice. Accordingly, to reduce
the lack of experimental knowledge, an experimental study
focused on the strain distribution of CFRP bonded to concrete
members with FRP anchorages and without anchorages is con-
ducted in this study. In the study, the bond slip behavior of CFRP
and concrete interface and strain as well as stress distribution
are investigated. In the current study, the width of the CFRP strips,
number of anchorages and the CFRP bond length are considered as
main variables. The tests are conducted using the displacement
controlled test setup specially designed for this experimental
study. Finally, using the results of the study, a bond slip model is
presented for CFRP strips with anchors.

2. Experimental study

In scope of the experimental study, behaviors of CFRP strips bonded to concrete
block surface are investigated. From the test results, strength, stiffness, energy dis-
sipation capacity, load displacement behavior and failure modes of the CFRP strips
are obtained together with the stress distributions along the strip length. In the
experimental study, the width of the CFRP strips, number of anchorages and the
CFRP bond length are considered as main variables. Widths of the CFRP strips are
selected as 50 mm and 100 mm and the bond lengths were selected as 200 mm
and 280 mm.

2.1. Materials

The average compressive strength of concrete used in the manufacturing of
concrete blocks was 25 MPa with a standard deviation of 0.14 MPa. The compres-
sive strength of the concrete is measured using the standard cylindrical concrete
samples.

The concrete blocks are retrofitted using uniaxial single layered CFRP strips
bonded to the concrete block surface with a two component epoxy resin. The FRP
(Sika Wrap Hex-230C) used in the tests was a unidirectional woven carbon fiber
(99% of areal weight) fabric equipped with thermoplastic heat set weft fibers
(1% of areal weight) with a fiber density of 1.78 g/cm3. It is available in the market

Table 1
Mechanical properties of the CFRP and epoxy resin.

CFRP properties

Remarks Value

Weight 220 gr/m?

Thickness 0.12 mm

Tension Strength 4100 MPa

Modulus of Elasticity 231 GPa

Ultimate Strain 1.7%

Epoxy Resin

Density 1.31 kg/lt

Mix Ratio White/Grey Compound = 4/1

Application Temperature
Tension Strength
Bending Modulus of Elasticity

Min + 10 °C, mac + 35 °C
30 MPa
3800 MPa

in rolls with dimensions of 30 cm x 4500 cm or 60 cm x 4500. Mechanical proper-
ties of epoxy resin and CFRP fibers are separately given in Table 1. The mechanical
properties of the FRP strips were not measured in laboratory conditions. The
properties are provided by the manufacturer.

2.2. Test specimens

In scope of the experimental study, seven concrete blocks are manufactured.
Each concrete block is used two times from two opposite faces. Manufactured test
specimens are composed of concrete blocks with the dimensions of
300 mm x 250 mm x 600 mm and CFRP strips bonded to concrete blocks. Test
specimens are manufactured with one, two or three anchorages in addition to
reference test specimens without any anchorages. The drawings showing the
details of test specimens with one, two or three anchorages are given in Fig. 2. Some
properties of the manufactured test specimens are given in Table 2. After the man-
ufacturing of concrete blocks, the CFRP strips are bonded to the concrete blocks
using epoxy. Prior to applying the epoxy resin, the surfaces of the concrete block
in contact with CFRP strips are roughened mechanically to provide the maximum
possible bond between the CFRP strips and the block surface. Next, the holes for
anchorage dowels are prepared. Then, the roughened surfaces are brushed with
moist foam to remove any dust and loose particles. Consequently, the final form
of the surfaces in contact with CFRP strips is obtained by drying the roughened
and brushed surfaces with pressured air. Next, the epoxy compound is prepared
and spread over the surface in contact with the CFRP strips. Then the CFRP strips
are placed on the prepared surfaces and tightened by hand along the fiber
directions to remove the entrapped air bubbles. Then, the second layer of epoxy
resin is spread on the CFRP strips. Finally, the holes of anchorage dowels (Fig. 3)
are fulfilled with the epoxy and the anchorage dowels are placed in these holes
without harming the CFRP strips bonded to concrete block surface. Finally, the CFRP
extensions from the anchorage dowels are bonded to the CFRP strips lying on the
concrete surface. The air temperature was constant about 20 °C during all bonding
processes. The test specimens are cured at least seven days under laboratory
conditions before testing.

2.3. Instrumentation and test procedure

Test specimens are placed on a specially designed test setup which is manufac-
tured from steel members. The tensile loads to test specimens are applied using a
hydraulic pump until the failure of the CFRP strips or debonding of CFRP strips from
the concrete surface. Test setup and instrumentation details are given in Fig. 4. The
test specimens are fixed to a steel plate with a thickness of 10 mm to prevent the
movement during the test. Used CFRP strips are fixed to steel plates directed along
the fiber direction. The loading is applied by pulling these plates by the hydraulic
pump with 400 kN loading capacity. The strains of CFRP strips were measured with
strain gages uniformly distributed on the bonded part of the CFRP strip surfaces and
the force displacement measurements are taken by using a linear variable differen-
tial transformer (LVDT) and Load Cell. The slip of test specimens were measured
using a properly installed LVDT. The additional deformation of concrete was
prevented by attaching a full height thick steel anchorage plate to the loaded face
of concrete block. Furthermore, the deformation that may occur in the holding
mechanism was prevented by attaching the free end of the FRP sheets to the pulling
mechanism by using 16 bolts placed on double wrapped FRP sheets.

3. Experimental results

In this section, the shear load and displacement relationships of test specimens
are presented together with the CFRP strain distributions. Furthermore, the peak
stresses, the displacements at peak stresses, dissipated energy amounts of the test
specimens are comparatively given in Table 3 together with the failure modes of the
test specimens. The effect of several parameters on the variation of strengths,
stiffnesses, energy dissipation capacities and stress distributions are presented in
the following subsections.

3.1. Strengths of the test specimens

The strength and the stiffness of the test specimens are comparatively pre-
sented in this section. First, the effect of bond length on the variation of peak stress
is considered. From Table 3, it is observed that increasing the bond length of CFRP
strips from 200 mm to 280 mm (1,4 times), while keeping the CFRP strip width and
number of anchors constant, did not increase the peak stress. Such behavior
indicates that the effective bond length is smaller than the bond lengths used in this
study. In relation to that it is decided that the bond length is not a critical parameter
in this study. Hence, specimens with identical properties (except bond length) may
be considered as similar specimens used to contribute the development of the
proposed model and verify the results of the conducted tests.

Another observation from Table 3 is that the presence of fan type anchorages
increased the observed peak stress of the test specimens.
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In Fig. 5 effect of number of anchorages on the variation of maximum
stresses resisted by the test specimens are given. From Fig. 5 it is observed that
using more anchorages increased the peak stresses regardless of the width of the

The shear load and displacement relationships of the test specimens are plotted
in Fig. 6. From the figure, it is observed that specimens manufactured with anchor-
ages gained significant residual strength capacity together with enhanced stress
and displacement capacity. In contrary to that, the elements without any anchor-
ages had no residual load capacity. Effect of presence of anchorages on the variation
of load displacement relationships are also illustrated in Fig. 7. As observed from
the figure, presence of anchorages significantly enhances the load displacement

In this section, effects of several factors on the variation of energy dissipation
capacities of test samples are considered. From the experimental results (Table 3),
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Fig. 2. Plan and side views of test specimens with (a) one anchor, (b) two anchor, (c) three anchor.
Table 2
Properties of test specimens.
Specimen # CFRP strip Bond length  Comp. strength Anchor # CFRP strips.
width (mm) (mm) of concrete (MPa)
1 100 200 25 0
2 100 280 25 0
3 50 200 25 0
4 50 280 25 0
5 50 200 25 1
6 50 200 25 2
7 50 280 25 1 relationship of the element.
8 50 280 25 2
9 100 200 25 1
10 100 200 25 2 3.2. Energy dissipation capacities of specimens
11 100 280 25 1
12 100 280 25 2
13 100 280 25 3
14 50 280 25 3

it is observed that, generally, the energy dissipation capacities of the test
specimens increase linearly with the anchorage numbers, while keeping other
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Fig. 3. Fan type anchorages used in the retrofitting procedure (a) before application, (b) after application.
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Fig. 4. Typical test setup; (a) perspective (b) plan view, (c) photo.
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Table 3
Test results.
Specimen # CFRP strip width Bond length Anchorage Peak stress Displacement at Dissipated energy Stiffness Failure
(mm) (mm) number (MPa) peak stress (mm) (KN-mm) (kN/mm) mode
1 100 200 0 1.0 4.5 105 4.5 1"
2 100 280 0 0.9 7.4 134 33 1*
3 50 200 0 13 6.7 70 1.9 1*
4 50 280 0 1.0 6.1 66 23 1*
5 50 200 1 14 6.8 117 2.0 2*
6 50 200 2 1.5 7.8 115 1.9 2*
7 50 280 1 1.2 8.5 140 1.9 2*
8 50 280 2 13 9.0 141 2.0 2*
9 100 200 1 13 9.5 275 2.8 2*
10 100 200 2 1.5 9.9 271 29 2*
11 100 280 1 13 7.8 342 4.6 2*
12 100 280 2 1.6 8.1 353 5.4 2*
13 100 280 3 1.8 9.5 481 5.3 2*
14 50 280 3 1.7 55 178 43 2*
1*: Debonding.
2*: FRP Rupture.
2.00 3.5. Analytical study
1.75 S N~ . . .
_ 1) In this section, the experimental results are compared with the results obtained
é: 1.50 from the available bond slip models in the literature. Then, a new empirical
% 1.25 9 bond - slip model for elements with anchorages is developed and proposed.
§ 1.00
g 0.75 3.6. Comparison of experimental results with selected bond-slip models
"e ® CFRP strip width 100mm
S 050 In the literature there are many analytical models to estimate the ultimate load
A 0.25 O CFRP Strip width 50 mm capacity of CFRP to concrete surfaces. Some models proposed to estimate bond
: strength of the bonded CFRP strips to concrete are based on empirical relations
0.00 - T T 1 while others are based on the fracture mechanics theories. In this study, some of
0.0 1.0 2.0 3.0 the most conveniently used models [40-47] are selected and results of the experi-

Anchor Number

Fig. 5. Effect of anchorages on the variation of peak stress.

parameters constant. A similar conclusion is also valid for the effect of bond length
and CFRP strip width on the variation of energy dissipation capacities of test
specimens.

3.3. Strain distributions in CFRP strips

In this section the CFRP strain distributions of test specimens and several fac-
tors effecting the distribution of CFRP strip strains are considered. As stated before,
the strain distributions of CFRP strips at the ultimate stresses are given in Fig. 8. The
vertical axes of the plots given in Fig. 8 (&o) represent the normalized strains of the
CFRP strips with respect to the CFRP strip strain capacity. From the first four plots of
Fig. 8 (test specimens without any anchorages) it is observed that the CFRP strip
parts far from the loaded end did not deformed until the failure which indicates
that the un-deformed parts of the CFRP strips are ineffective during the loading.
It is anticipated that the use of anchorages may help to have a more uniform strain
distribution along the CFRP strip length which indicates that the more length of the
CFRP strips are effective during the loading. In Fig. 9, the strain distributions of CFRP
strips in test specimens 1, 9 and 10 (specimens with same bond length and strip
width) are plotted together to observe the effect of anchorages on the strain distri-
bution. From the figure it is observed that the strain distribution gets more uniform
with increasing number of anchors.

3.4. Failure mode of test specimens

In Table 3 the failure modes of test specimens are presented. From the table it is
observed that specimens without any anchorages failed with the debonding of FRP
from concrete surface. However specimens with anchorages failed with the rupture
of FRP. Such failure modes illustrated that the used anchorages enhanced the capac-
ity of applied retrofitting by providing the development of full strength and
preventing the debonding failure. A photo from selected from the tests is given to
show the failure with the rupture of FRP material is presented (Fig. 10). On the other
hand the failure with debonding is not identifiable from the test photographs. In
relation to that any photograph showing the debonding of CFRP sheets from the
concrete surfaces is not presented.

mental study are presented in comparison to these results (Fig. 11). From Fig. 11 it
is observed that the analytical models Chen and Teng [40], Sato [41] and Maeda [42]
generally overestimated the experimental results at the un-conservative side. In
contrary to that the analytical models CNR [43], Khalifa [44] and Tanaka [47]
generally underestimate the results in the conservative side. On the other hand,
Hiroyuki and Wu [45] and Yang [46] Models estimated the results more accurately
than the other models. However, an empirical model which is capable of yielding
more accurate results by considering the presence of anchorages may be developed.
Accordingly, in this study, an empirical bond slip model accounting for the presence
of anchorages is developed and proposed.

3.7. Proposed bond-slip model

In this section, an empirical bond slip model for the CFRP strips bonded to
concrete surfaces with anchorages is developed. The maximum shear stresses of
the test specimens are estimated by multiplying the maximum shear stress of the
test specimens without any anchorages with a coefficient, obtained from curve fit-
ting procedures. The maximum shear stresses of the test specimens (Tmax) Were cal-
culated by dividing the maximum load applied to the test specimens to the effective
area of the used CFRP strips. The maximum shear stress of the test specimens are
normalized to clearly observe the effect of anchorages on the maximum shear stress
capacities of the test specimens. In Fig. 12, the average normalized maximum shear
stresses of the test specimens (7, =maximum shear stress of the system with
anchorages/maximum shear stress of the system without anchorages) are plotted
in relation to the number of anchorages. From the figure it is observed that the aver-
age normalized maximum shear stress of the test specimens increases with the
increasing number of anchorages. In relation to that several functions are fitted
to the data plotted in Fig. 12. In order to verify the validity and robustness of the
fitted functional forms, the coefficients of determinations, R?, are calculated for
each functional form. Then, the functional form with the closest R? to the unity is
selected as the functional form of the proposed model. The R? value of the selected
functional form was 0.99 which indicates that 99% of the original normalized aver-
age maximum shear stresses are estimated reasonably well by the proposed
equation.

0.17N
Tmax_anchor = Tmax€ (1)

In Eq. (1), Tmax designates the ultimate shear stress of the element without any
anchorages (in this study it is presumed that this value is calculated with any bond
strength (or slip) model in the absence of experimental data), N is the number of
anchorages and Tmax_anchor 1S the ultimate shear stress capacity of the system with
anchorages.
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In Fig. 13, the results obtained using Eq. (1) are comparatively plotted together
with the experimental results. From the comparison, it is observed that, for many

cases, the proposed equation yielded accurate results which are in good agreement

with the experimental results. However, for some cases slight differences are

observed between experimental and analytical results. This discrepancy may be

attributed to the variation of the relation of maximum shear stress with number
of anchorages observed from the test results of specimens with varying CFRP strip
width and bond length. Since the proposed equation was developed using the aver-
age values obtained from the test results of these specimens, the stated factor
affects the results. Accordingly, to further enhance the proposed equation, in future,
experimental studies with more test specimens and more number of anchorages

T T T T
15 20 25 30

Displacement (mm)

Fig. 7. Effect of anchorages on the variation of load displacement relationships.

T 1
35 40

may be conducted.
Next, the stiffnesses of the ascending branches of the stress-displacement

relations (Sp) are calculated. The variation of stiffness of the test specimens with
number of anchorages are plotted (Fig. 14). From Fig. 14, it is observed that Sy of

the test specimens are not meaningfully correlated with the number of anchorages.



Specimen 3
200 300
Dlstance from the loaded edge (mm)
Specimen 6
200 300
Dlstance from the loaded edge (mm)
Specimen 9
200 300
Dlstance from the loaded edge (mm)
Specimen 12
200 300

Dlstance from the loaded edge (mm)

560 C. Mertoglu et al./Construction and Building Materials 123 (2016) 553-564
1.00 Specimen 1 1.00 Specimen 2 1.00
0.80 0.80 0.80

€,0.60 €,0.60 €,0.60
0.40 0.40 0.40
0.20 0.20 0.20
0.00 T T ) 0.00 + T T ) 0.00
0 100 200 300 0 100 200 300
Distance from the loaded edge (mm) Distance from the loaded edge (mm)
1.00 Specimen 4 1.00 Specimen 5 1.00
0.80 0.80 0.80
€,0.60 €,0.60 €,0.60
0.40 0.40 0.40
0.20 0.20 0.20
0.00 -~ T T | 0.00 + T T | 0.00
0 100 200 300 0 100 200 300
Distance from the loaded edge (mm) Distance from the loaded edge (mm)
1.00 Specimen 7 1.00 Specimen 8 1.00
0.80 0.80 0.80
€,0.60 €,0.60 €,0.60
0.40 0.40 0.40
0.20 0.20 0.20
0.00 - T ~r | 0.00 - T T | 0.00
0 100 200 300 0 100 200 300
Distance from the loaded edge (mm) Distance from the loaded edge (mm)
1.00 Specimen 10 1.00 Specimen 11 1.00
0.80 0.80 0.80
€,0.60 €,0.60 €,0.60
0.40 0.40 0.40
0.20 0.20 0.20
0.00 - T T | 0.00 - T T | 0.00
0 100 200 300 0 100 200 300
Distance from the loaded edge (mm) Distance from the loaded edge (mm)
1.00 Specimen 13 1.00 Specimen 14
0.80 0.80
€,0.60 €,0.60
0.40 0.40
0.20 0.20
0.00 + T T | 0.00 -+ T T |
0 100 200 300 0 100 200 300
Distance from the loaded edge (mm) Distance from the loaded edge (mm)
Fig. 8. Strain distributions along the CFRP strips.
Strip width =100 mm
0,50 Bond length =200 mm
0,40 == No anchors
0,30 {¥_¢ ees OneAnchor
& 0,20 =< Two Anchors
Je LAk
0,10 \"Q.f.f..n. ~
e, .\ -l .
0,00 T T —
0 50 100 150 200

Distance from the loaded edge (mm)

Fig. 9. Strain distributions along the CFRP strips with respect to anchor numbers.

Fig. 10. Failure of a test specimen with the rupture of FRP sheet.
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Fig. 11. Comparison of experimental results with the analytical models; (a) CNR Model [33], (b) Cheng and Teng Model [30], (c) Sato Model [31], (d) Yang Model [36],
(e) Maeda Model [32], (f) Khalifa Model [34], (g) Tanaka Model [37], (h) Hiroyuki and Wu Model[35].
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Fig. 12. Effect of number of anchorages on the variation of t, (normalized peak
stress).

Consequently, it is assumed that the stiffness of the element without any anchor-
ages (obtained from any valid bond slip model) may be used when plotting the
bond slip behavior of an element with anchors.

Then, the residual stress capacity of the test specimens are evaluated in a nor-
malized form (i.e. Ties/Tmax). Where Tpax is the maximum shear stress of the test
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Fig. 14. Relationship of Sp with number of anchorages.

specimen, calculated by using Eq. (1), and t.s is the residual load carrying capacity
of the test specimens. In Fig. 15, the average residual stress capacity of the test spec-
imens are plotted as a function of number of anchorages. From the figure it is
observed that the residual stress capacity slightly decreases with increasing num-
ber of anchorages. Based on this observation, it is assumed that the residual stress
capacity of an element with any number of anchorages may be conservatively
calculated by multiplying the maximum stress capacity of the same element with
a factor of 0.2 (Fig. 16).
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Fig. 13. Comparison of maximum stresses obtained from experiments and proposed method.
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Fig. 15. Relationship of Tres/Tmax With number of anchorages.

Then, the displacements of test specimens corresponding to the Tes (Dyes) are
evaluated. From a simple analysis it was observed that the post peak stiffness of
the all test specimens were nearly constant regardless of the number of anchorages
(Fig. 17). Using this observation, it is assumed that the displacement capacity of an
element corresponding to residual stress may be conservatively calculated by mul-
tiplying the maximum displacement (displacement at peak stress) of the same ele-
ment with a factor of 1.2. In Fig. 18, the results obtained from the proposed model
are comparatively plotted with the experimental results. From the figure it is
observed that proposed model yields acceptable results at the conservative side.

In Fig. 19, the average normalized ultimate displacement values of the test spec-
imens (Dpy = ultimate displacement of the system (D,;.)/displacement at peak
stress (Dmax)) are plotted in relation to the number of anchorages. From the figure
it is clear that the average normalized ultimate displacement of the test specimens
increases with the increasing number of anchorages. Consequently, several func-
tional forms are fitted to the data plotted in Fig. 19. In order to verify the validity
and robustness of the fitted functional forms, the coefficients of determinations,
R?, are calculated for each functional form. Then, the functional form with the clos-
est R? to the unity is selected as the functional form of the proposed model. The R?
value of the selected functional form (Eq. (2)) was 0.85 which indicates that 85% of
the original normalized average ultimate displacement values are estimated rea-
sonably well by the proposed equation.

Dy = Dmax(0,51N + 168) (2)

In Eq. (2), Dy represent the ultimate displacement of the element, N is the num-
ber of anchorages and Dy,.x is the displacement at peak stress. It should be noted
that Dy, should be calculated by multiplying Tmax_anchor (EQ. (1)) and Sp of the ele-
ment. Sy may be obtained from any accurate bond slip model proposed for systems
without any anchorages.

In Fig. 20, results obtained using Eq. (2) are comparatively plotted together with
the experimental results. From the comparison, it was observed that the proposed
equation yielded accurate results which are in good agreement with the experimen-
tal results.

The final form of the proposed model is illustrated in Fig. 21. In the figure the
number of equation defining each parameter is given with its equation number
and functional form.

It should be noted that the proposed model is only valid for the systems having
up to 2 anchorages. Another important issue is the fact the proposed empirical
model cannot be verified with any other experimental results due to the lack of
experimental studies on the related topic. Also it should be noted that the proposed
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Fig. 17. Relationship of D;es/Dmax With number of anchorages.

Dres
167 m Experimental
144

OProposed

124
104

5 6 7 8 9 10 11 12 13 14
Specimen No

Fig. 18. Comparison of D;.s obtained from experiments and proposed method.

4
g3 °
£ L )

2 2
=

al

0 T T 1
0 1 2 3
Number of Anchorages

Fig. 19. Relationship of Dy;/Dmax With number of anchorages.

model is developed using a small number of test data. Such a limitation may limit
the validity of the proposed model for structural elements with different geometric
or material properties.
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Fig. 16. Comparison of Ty,x/Tres Obtained from experiments and proposed method.
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Fig. 20. Comparison of Dy, obtained from experiments with proposed method.
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Fig. 21. Definition of the proposed model.

4. Conclusions

This research study focused on the bond slip behavior of RC
elements retrofitted with carbon fiber reinforced polymer (CFRP)
strips. In the study, 14 concrete specimens with CFRP strips were
tested. Test specimens were strengthened CFRP strips using
varying number of anchorages CFRP strip length. Furthermore,
reference specimens without any anchorages were tested and the
results were compared with those obtained from other specimens.
The test results obtained from the experimental study are compar-
atively presented. Moreover, results of the experimental study are
compared with analytical results obtained from several bond slip
models. Then, a bond slip model is proposed based on the modifi-
cation of the results of any valid bond slip model, proposed for the
systems without any anchorages, and results of the conducted tests.
Following conclusions may be deduced from the conducted study.

e From the results of the study, it was observed that, generally,
energy dissipation capacities of the tested specimens increased
with increasing CFRP strip width.

e Energy dissipation capacities of the tested specimens also

increased with increasing bond length and increasing number

of anchorages.

It is also observed that the initial stiffnesses of the test speci-

mens increased with increasing bond length and CFRP strip

width. However, generally this is not true for the increasing
number of anchorages.

e The ultimate peak stresses of the test specimens increased with
the increasing number of anchorages.

o Finally, it is observed that the proposed bond slip model gener-
ally yielded accurate results in terms of ultimate load carrying
capacities of the test specimens retrofitted using CFRP strips
with anchorages.
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