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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading

1 INTRODUCTION

In recent years, the Near-Surface Mounted (NSM) strengthening technique has been used
to increase the load carrying capacity of concrete and masonry structures. This technique
condsts of bonding Carbon Fiber Reinforced Polymer (CFRP) laminate strips within pre-
cut grooves on the concrete cover of the eements to be strengthened. From the results of
previous experimenta programs (Ferreira 2000, Barros and Fortes 2002, Barros and Dias
2003), high levds of drengthening efficacy with concrete columns, beams and masonry
panels can be achieved. This technique does not require surface preparation and, after
cutting the groove, requires minima indalation time compared to the Externdly Bonded
Reinforcing (EBR) technique. A further advartage associated with NSM with CFRP is its
ability to sgnificantly reduce the probability of harm resulting from fire, acts of vanddism,
mechanica damages and aging effects.

To characterize the bond behavior of the laminate to concrete under monotonic
loading, pullout-bending tests were carried out (Sena-Cruz and Barros 2002a b). The
pullout force at the laminate, and the dip a the free and loaded ends were measured. The
influences of the concrete strength and bond length on the bonding behavior between these
two materids were andyzed. From the obtained results, the following remarks can be
made:

- The falure dways occurred by pullout of the laminate;

- The bond drength atained vaues sgnificantly higher than the ones obtained when
usng EBR srengthening technique;

- The peak pullout force and the corresponding dip increased with the bond length;

- The bond srength reveded a tendency to decrease with the increase of the bond
length;

- The influence of the concrete srength on the man parameters andyzed (pullout
force, bond strength, ratio between the maximum dress and the tendle strength of the
CFRP, and the loaded end dip a peak pullout load) was negligible;

- The evolution of the bond dress and the dip dong the bond length is essentidly

nonlinear.

To assess the bond behavior between concrete and laminate under monotonic and
cyclic loadings another research program was caried out, usng a pullout-bending test

setup smilar to the one used to characterize the bond behavior of the laminate to concrete
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

under monotonic loading. Maintaining the same groove sze, the epoxy adhesve and the
concrete drength in the experimental program, the influences of both the bond length and
the loading history on the bond behavior were anayzed.

The experimentd work was developed in the Structural Technology Laboratory of
the Universitat Politecnica de Catalunya, Barcelona, Spain. The present report describes
the tests carried out, and analyses the main results.

2 EXPERIMENTAL PROGRAM

2.1 Specimen configuration

The test layout adopted is smilar to the one proposed by RILEM for assessing the bond
charecterigtics of conventiona stedl rods (RILEM, 1982). The dimensons of the concrete

specimen were changed in order to use the available molds.

Figure 1 shows the pullout-bending test adopted in the present work. Blocks A and B
are connected through a sed hinge in the top pat, and by the CFRP laminae a the
bottom.

Epoxy adhesive

F/2 F/2 CFRP

N

pP——150—— S
| soHr \ Sdeview
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BIOCKA el hinge/ L -. Block B \\
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" ()]
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3O-J'—IJ'—L—L o L 225 | L L?E,«L?sl
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(Bonded length) (Bonded length)
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Figure 1— Specimen geometry and pullout-bending test configuration.

The bond test region was localized in block A, using distinct bond lengths, L,. To
ensure negligible dip of the laminate fixed to block B, a bond length of 225 mm was

consdered. This aso ensures that the bond failure occursin block A.
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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading

2.2 Measuring devices

To measure the dip, two displacement transducers (LVDT1 and LVDT2) of 10 mm
nominal stroke were applied (see Figure 2). LVDT2 measured the dip at the loaded end,
S, while LVDT1 recorded the dip at the free end, s, . LVDT2 was also used to control the

test a 5nm/s. The gpplied force, F, was measured using a load cel (x100kN) placed
between the specimen top surface and the actuator. One strain gage was glued to the CFRP
a the symmetry axis of the specimen was used for the determination of the pullout force
on the CFRP a the loaded end. In this progran BFLA-5-8 from TML (see
http://Awww.tokyosokki.co.jp/elindex.html, 2003-02-06) and 6/120LY11 from HBM (see
http://mwww.hbm.com, 2003-02-06) strain gages were used.

F/2 F/2
150
Inside view
Block A Block B
Strain gage
LVDT 1(s)
- LVDT 2 (§) 7/_%:

30-‘l'ﬁl'— Lbﬂl‘ : : : 4|' 225 4|'

’ (Bonded length) (Bonded Iength)
J'—?S -I,' 150 c.J' 50—J'—50—l'—50 '.I' 150 c.J' 75—1‘

Figure 2— Measuring devices.

Figure 3 shows the full arangement of the pullout-bending test. A servo-controlled
test machine (Instron, series 8505) was used in the experimenta program.

2.3 Test program

In the present experimenta program the influence of the bond length and the loading
hisory on the bond behavior was andyzed. Three different bond lengths were used
(Lb=60, 90 and 120 mm) and three types of load history were utilized: monotonic loading
(denoted as M), 1 cycle of loading/unloading at different deflection levels (denoted as C1)
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

and 10 cycles of loading/unioading for a fixed load level (denoted as C10). Table 1

includes the denomination of the different series, each one conssting of three specimens.

Figure 3— Layout of the pullout-bending test.

Table 1— Denomination of the series.

Bond length (mm) Load type Denomination
60 Monotonic (M) Lb60_ M
Cydlic(C10)# Lb60_C10
- Monotonic (M) Lbo0 M
Cydic (C10)° Lb90_C10
Monotonic (M) Lb120 M
120 Cydlic(C10) © Lb120 C10
Cydlic(C1) @ Lb120 C1

10 cycles at 90% of the bond strength.

® 10 cycles at 60% of the bond strength.

€10 cycles at 75% of the bond strength.

41 cycle at 250nm, 500mm, 750mm, 1000mm, 1500mm, 2000mm, 3000nm, 4000nm

José Sena Cruz, Joaquim Barros and Ravindra Gettu
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3 MATERIAL PROPERTIES

3.1 Concrete

The granulometric anadyses of the sand (0-5 mm) and the gravd (512 mm) used in the
concrete aggregate skeleton are included in Table 2 and Figure 4. This andyss was carried
out according to the recommendations of UNE-EN 933-1. The concrete compostion is
indicated in Table 3.

To avoid any undedred shear falure of the specimens (Sena-Cruz et a. 2001),
60 kg/nT of hooked ends DramixO RC-80-30 BP sted! fibers were added to the concrete.
In the manufacturing of the concrete a 250 liter verticd-axis forced-action mixer was
used. The mixing procedures were the following:
- the coarse, fine aggregates and the cement were mixed during 1 minute;
- the water was added and the mix continued during another minute;
- the superplagticizer was incorporated and the mixing continued during another
minute;
- the sted fibres were gradualy added and the concrete was mixed during another 2

minutes
The mix had satidfactory homogeneity and no bdling of fibers was obsarved. To

evauate the workability of the fresh concrete, Sump tests were carried out, obtaining a
dump of 15.0 cm and 16.5 cminthe C1 and C2 concrete mixes, respectively.

Table 2— Results from the granulometric analyses.

: Retained material (%)
Sieve (mm)
Sand (0-5) Gravd (5-12)
63 00 00
315 00 00
16 00 00
8 00 90
4 05 100.0
2 234 100.0
1 53.2 100.0
05 75.3 100.0
0.25 954 100.0
0.125 9.3 100.0
0.063 9.9 100.0
<0.063 100 100.0
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

For each concrete mix, six 150" 300 mm cylinders and twenty blocks was cast in two
layers each, each compacted on 50Hzvibrating table during 20 seconds. After filling the
molds (see Figure 5 and Figure 6), the top surfaces were finished manudly and covered
with a plagtic sheet. The specimens were taken out of the molds 24 hours after had been
cast and were placed in a curing room (at 20+2° C and 98% RH).

Table 3— Mix composition of the concrete of the series tested.

Cement 52.5typel Sand (0-5mm) Grave (5-12 mm) Water Super plasticizer 2
(kg) (kg) (kg) () (% of cement)
350 990 705 203 115
& Superplasticizer DARACEM O 205 (2001)
100 O O O O
/ 7,/“
80 7
T 60
: /
£ f
- 40
()
)]
@
o A —o— Gravel
20 S L1l
/ —o— Sand
0 — o o £ £}
0.1 1 10 100

Sieves (mm)

Figure 4 — Granulometric curve.

Figure 5— Molds used.

Figure 6 — Specimen’ s after casting.
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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading

To characterize the concrete compression strength, uniaxid compression tests were carried
out in a universdl tesing mechine, as shown in Fgure 7. Concrete Young's modulus was
aso obtained (see Fgure 8). A dress rate of 0.5MPa/s was used to control the
compression tests. To determine the Young's modulus, E, three loading-unloading cycles

were executed at dress rate of 0.5 MPals. A maximum difference of 0.25% in the E;
vaues between the second and the third cycles was recorded. The applied stress ranged
between 0.5MPa and 1/3 of the compression drength. The length variation of a centrd
zone of the specimen, with a reference length of 150 mm, was evauated from three
LVDTs placed according to Figure 8 (spaced at 120° between each pair of LVDTS). Figure
9 shows the displacement higtory registered by the LVDTs in specimen $4 of the concrete
mix C1, from which it can be concluded tha the equipment used has enough accuracy to
evduate the Young's modulus. The drain was obtained dividing the average vaue of the
displacements measured in the three LVDTs by the reference length. The Young's
modulus was determined from linear regresson anadyss with the largest number of points
of the linear-trend-part of the stress-strain curve of the last two loading branches.

Figure 7— Compression test. Figure 8—Y oung’s modulus test.

The compressive srength and the Young's modulus recorded in each specimen of
the C1 and C2 mixes ae induded in Table 4. The average vaues of the strength and

José Sena Cruz, Joaquim Barros and Ravindra Gettu 9



Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

modulus were about 41.0 MPa and 32 GPa, respectively. Low vaues of the coefficient of
variation were registered (represented within parentheses).

Table 4 - Concrete compression strength and Y oung’ s modul us results.

. Concretemix C1 Concretemix C2
Specimen
fc (MPa) E. (GPa) f. (GPa) Ec (MPa)
S1 405 - 414 -
2 401 - 395 -
3 405 - 40.7 -
A 415 320 425 320
S5 405 32.7 404 311
S6 425 320 415 319
Average 40.9 (2.2%) 32.2 (1.2%) 41.0 (2.5%) 31.7 (1.6%)
80 T T T
——LVDT1
——LVDT3 ]
\ ——LVDT2
60 ‘ ]
€
E
5
e 40
[}
8
o
7))
2
20

0 50 100 150 200

Scan reading

Figure 9— Typical displacement evolution in the three LVDTs (specimen $4 of the concrete mix C1).

3.2 CFRPlaminate

The CFRP laminate was provided in a roll and was produced by S&P? and distributed by
Bettor MBT® Spain (see Figure 10). The laminate had the trademark of MBrace LM
(1999), and was composed by unidirectional carbon fibres, agglutinated by an epoxy
adhesive. According to the supplier the MBrace LM have the main properties incduded in

10 José Sena Cruz, Joaquim Barros and Ravindra Gettu
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Table 5. The following sections ded with the CFRP geometrical and mechanica properties
measured in the [aboratory.

Table 5— Main properties of the MBrace LM.

Property Value
Width (mm) 100
Thickness (mm) 14
Tensile strength (M Pa) 2500
Y oung’s modulus (GPa) 150
Ultimate strain (%) 125

fi

Figure 10— Roll of CFRP laminate.

3.2.1 Geometricd properties

From twenty messurements it was verified that the width and the thickness of the laminate
was 10.03+0.014 mm and 1.40£0.007 mm, respectively. In the following sections the
values of 10.03mm and 1.40 mm for the width (w,) and thickness (t, ) of the laminate,

are respectively considered.

José Sena Cruz, Joaquim Barros and Ravindra Gettu 11
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3.2.2 Mechanicd properties

To evduate the tendle strength and the Young's modulus of the laminate, uniaxia tendle
tests were carried out in a servo-controlled test machine (Instron, series 8505), according to
the recommendations of 1SO 527-5 (1997).

The specimens had a length of 250 mm and, tabs were glued a the ends to avoid
premature failure due to stress concentrations by the machine fixtures (see Figure 11). The
end-tabs were made with the same materid. The tet was controlled & a congtant
displacement rate of 2 mm/min. Strain gages were used to evduae the dran of the
laminate. The gpplied force was measured using a load cdl of a datic load carying
capacity of £100 kN. FHgure 12 showsthe test layoui.

Topview

| | |
W,

Side view St

; n[ f | ,

L 250 nL

Figure 11— Geometry of the CFRP specimen.

Figure 12— Layout of the CFRP tensile tests.

12 José Sena Cruz, Joaquim Barros and Ravindra Gettu



Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading

At about 75% of the ultimate tensile strength, fibers began rupturing with a drident
audible sound. The falure occurred in a very brittle fashion with a loud sound. Figure 13
shows the appearance of the specimens after they had been tested. In some specimens the
falure region did not occur a the centrd part of the specimen. This can be judtified by the
difficulty on ensuring homogeneity in the fiber didribution, fiber dignment and laminate

cross sectiond area.

3

Figure 13— Failure of the CFRP specimens.

Figure 14 represents the dtress-dran rdationship obtaned in the five tested
soecimens. A linear dranstress relationship up to pesk load can be observed. Table 6
includes the tensle grength, Young's modulus and ultimate drain (at the pesk dress) of
each specimen. Low vaues of coefficient of variation were obtained. In the fdlowing
sections, the vaues of 2800 MPa, 171 GPa and 1.55%, will be considered, respectively, for

thetensile srength ( f,, ), Young'smodulus (E, ) and ultimate Strain (e, ., )-

José Sena Cruz, Joaquim Barros and Ravindra Gettu 13
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3000

2500

2000

1500

Stress (MPa)

1000

500
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—v— LS-CFRP3
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8
Strain (mm/m)

12

16 20

Figure 14 — Stress-strain relationship of the specimens analyzed.

Table 6 — Results from the tensile tests with specimen of the CFRP laminate.

Specimen Tensilestrength Young's modulus Ultimatestrain
(MPa) (GPa) (%)
LS-CFRP1 2570 169.3 140
LS-CFRP2 2819 1700 154
LS-CFRP3 2862 1714 157
LS-CFRP4 2993 1729 167
LS-CFRP5 2022 1720 158
Average 2833 (5.7%) 171.1 (0.85%) 1.55 (6.2%)

3.3 Epoxy-adhesive

The low viscodty epoxy adhesve used to bond the CFRP laminate to concrete had the
trademark Mbrace Epoxikleber 220. This adhesive was composed of two parts (A and B)
and was avalable in packs of 12kg (9kg + 3kg) (see Figure 15). According to the

supplier the epoxy adhesive have the propertiesindicated in Table 7.

3.3.1 Mechanicd properties

To characterize the epoxy adhesive, three point bending tests and compresson tests were

carried out according to the recommendations of NP196-1 (1990).

14
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e —— 8 0
ate’ Enoxikleber 220 =Y
v ,
| =
>
Part B Part A

Figure 15— Mbrace Epoxikleber 220: part A and part B.

Table 7— Main properties of Mbrace Epoxikleber 220.

Property Value

Density (g/cn?) 17
Compressive strength (M Pa) 40.0

Tensile strength (MPa) 7.0
Y oung’ s modulus (GPa) 7.0
Bond strength to concrete (M Pa) 30
Bond strength to CFRP laminate (M Pa) 30
Pot life at 20°C (min) 60
Time of cure (days) 3
Mixing ratio (Part A to Part B) 3to 1 by weight

To manufacture epoxy specimens of 160° 40° 40 mnt the following steps were
taken: the two components were homogenized individualy; component B was added to the
component A and during 2 minutes they were mixed together in a mixer machine of
1800 rpm; the procedure was interrupted in order to homogenize the mix, usng a spoon;
the mixing procedure continued during more two minutes. This procedure ensured
mixtures with the desred qudity. The molds were cast in two layers, each compacted by
120 jolts. The specimens were removed from the moulds 24 hours after have been @ast and
were placed into an environmenta chamber (at 20° C and 50% RH).

The bending tests were conducted in a universa test machine under load control at
a rate of 50 N/s (see Figure 16). The appearance of the specimen after it had been tested is

José Sena Cruz, Joaquim Barros and Ravindra Gettu 15
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shown in Figure 17. Severd voids were observed in the fracture surface of the specimens,
which can be responsble for the large coefficient of variation obtaned (vdue in

parentheses) and reported in Table 8.

Figure 16 — Layout of three point bending tests with epoxy adhesive specimens.

Compression tests were caried out with the two parts resulting from the prismatic
specimens after they had been tested in bending. The compression tests were conducted in
a universa testing machine under load control a a rate of 2.4 kN/s (see Figure 18). From
Sx tests, an average compressive drength of 67.5 MPa was obtained with a coefficient of

variation of 5.3%.

(b)
Figure 17 — Failure of the tested specimens: (a) lateral view; (b) top view.

16 José Sena Cruz, Joaquim Barros and Ravindra Gettu
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Table 8- Results from the three point bending tests of epoxy adhesive specimens.

Specimen Flexural tensile strength
(MPa)
B1 280
B2 193
B3 179
Average 21.8 (25.2%)

Figure 18— Layout of compression tests with epoxy adhesive specimens.

Table 9— Results from the compression tests on the epoxy adhesive specimens.

Specimen Compressive strength
(MPa)
B1-A 66.0
B1-B 64.5
B2-A 64.8
B2-B 724
B3-A 65.5
B3-B 718
Average 67.5 (5.3%)

4 PULLOUT-BENDING TESTS

4.1 Specimen preparation

Figure 19 includes the main steps used in the preparation of a pullout-bending specimen. In

the following paragraphs these steps are described in detail.

José Sena Cruz, Joaquim Barros and Ravindra Gettu
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

At the age of 28 days the two blocks composing each specimen (see Figure 1) were
removed from the curing room to make the grooves usng a table-mounted saw Fgure 20
(@). In order to diminate the dust from the sawing process, the grooves were cleaned with
water under pressure (Figure 20 (b)). To ensure a dry surface before bonding the laminate
to the concrete, the specimens were air-dried in the laboratory environment during two
weeks.

Prior to CFRP ingdlation, the width and the depth of the groove sSze in the test
region, were measured. The vaues are included in Tablel.1 (see Appendix 1). The depth
and the width were, 14.72+0.28 mm and 4.79+0.12 mm, respectively.

Before bonding the CFRP, the grooves were again cleaned by compressed ar (see
Figure 20 (c)). To avoid epoxy adhesve in undesrable zones, a masking procedure was
adopted, as shown in the Figure 20 (d). In the preparation of CFRP, the following were the
gepsinvolved:

- a sndl tab, made with the same CFRP materid, was fixed at the loaded end to

measure the loaded end dip (see Figure 20 (e));

- sndl plastics pieces were fixed at the free and loaded ends of the bonded zone in

order to ensure the desired length of the test region (see Figure 20 (e));

- the CFRP was cleaned using acetone;
- a dran gage was glued on the CFRP a the mid span of the specimen (see Figure

20 ());

- findly, in the bonded zones, the CFRP was again cleaned using acetone.

n—> Making the —>
grooves

<::| | CFRP <:| | CFRP/groove
application preparation

Figure 19— Main steps used in the preparation of the specimen.

18 José Sena Cruz, Joaquim Barros and Ravindra Gettu



Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading

The laminate was fixed to concrete usng the epoxy-adhesive described in the
Section 3.3.1. In the regions where the CFRP was bonded to concrete, the groove was
filled with the epoxy adhesive and the latera faces of the CFRP were covered by a thin
layer of the epoxy adhesve (see Figure 20(g) and (h)). Then, the CFRP was inserted into
the groove and was dightly pressed to force the epoxy adhesive to 1ow between the CFRP
and the groove sdes. Findly, excess epoxy was removed and the surface was leveled.
Figure 21 shows the find condition of the specimens. The specimens remaned in the
laboratory environment for two months before being tested.

4.2 Monotonic loading results

4.2.1 Visud observations and faillure mode

To detect the occurrence of eventua cracks on the concrete, the bonded zone was painted
white (see Figure 21). Cracks on the concrete surface, however, were never observed. The
falure dways occurred in the laminate-adhesve-concrete bonding zone. More detals of
the failure pattern is described el sewhere (Sena- Cruz and Barros 20023a).

4.2.2 Pullout force
To evaluate the pullout load on he CFRP (at the loaded end of the bond length), F, two

different approaches were adopted. The first one uses the loads measured with the load cell
(F) and tekes into account the interna lever am (b=102.5 mm), i.e, the distance

between the longitudinad axis of the CFRP and the center of the sted hinge (see Fgure 1),

reulting in

150F
FI = /2 = Fleq (Eq 1)
b

The second gpproach uses the dtrain values recorded by the strain gage glued on the
CFRP laminate (e,) and the vdues of E, =171GPa and A =14.04 mm’ for the

Y oung's modulus and the cross sectiond area of the CFRP, respectively, resulting in

José Sena Cruz, Joaquim Barros and Ravindra Gettu 19



Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

F=EeA=F, (Ea.2)

© (d)

C]

Figure 20— Specimen preparation: (a) making the grooves; (b) cleaning the grooves with water under
pressure; (c) cleaning the grooves using compressed air; (d) specimen final state before the reinforcement;
(e) final state of the laminate bond zone; (f) final state of the CFRP laminate.

20 José Sena Cruz, Joaquim Barros and Ravindra Gettu



Bond behavior of Near-Surface Mounted CFRP laminate strips monotonic and cyclic loading

) (h)
Figure 20 (Cont.) — Specimen preparation: (g) groove filled with the epoxy; (h) epoxy on the CFRP surface at
the bond zone.

e :II'.'- _,p-"

iie f

Ry -

Figure 21 — Final state of the reinforced specimen.

Figure 22 () shows a typicd time evolution of the pullout force of the specimen
B3_Lb120 M, cdculated usng the firs and the second agpproaches, F,, and F ,
repectively. Appendix |1l includes these relationships for al tested specimens. Figure
22(b) reports the time evolution of the F /FI eq Tatio, from which it can be shown thet, up
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to the peak load, the difference in the forces derived from the two approaches increases,
and remains within between 10% to 20% in the stabilized softening phase.
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Figure 22— Time evolution of the pullout force (a) and ratio between F / F, (D) of the specimen
B3_Lb120_M.

To assess the reasons than can judtify the differences in the force values dotained by
these two approaches, the cdibration of the load cdl and the system used to evauate the
drain were checked, the influence of the variation of the internal arm and the influence of
the friction between the specimen and the applying load system were andyzed.

Load cedll

The load cdl of a datic load carying capacity of +100 kN used for the experiments is
periodicdly cdibrated by Indron technicd daff. To cetify the cdibration, a
dynamometric ring (DR) was used, and no sgnificant differences were registered between
the vaues given by the DR and the Ingtron load cell.

Srain gage

To ascertan if the strain gages were measuring reliable vaues a dip gage was dso used to
evaduate the drain (see Figure 23). Smilar results were recorded by the strain gage and clip
gage (see Figure 24).
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Influence of the length variation of the internal lever arm
The variation of the pullout force, DF,, when the internd lever am (b) of the specimen,
i.e, the disance between the CFRP laminate and the sted hinge, has a variation of Db

(Db >0 whentheinternd arm increases), can be given by:

DF =. P
b+Db

F (Eq.3)

T —
o
0
CFRP laminate J

-

125

Strain

gauge
Clip P
gauge i i

n
i

L
N
@

Figure 23— Geometry and test layout of the CFRP laminate (a); detail of the zone where the
displacement/deformation measuring instruments were applied (b).

125

(b)

Figure 25(a) shows the relationship between DF, /F, and Db, for Db up to 10 mm.

During the pullout bending tedt, the internd lever am, b, does not remain congtant. Figure
26 represents a deformed configuration of the specimen, where it was assumed that the
gpecimen moves like a rigid body and the CFRP laminate remains in its initid pogtion. A
vaiation of 74mm in the internd lever am was obtained when the point load has
deflected 5.0 mm in the veticd direction. For this variaion of the internd lever am,
Figure 25(a) shows that avariation of -6.7% of the assumed pullout force is obtained.
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Figure 24 — Stress-strain relationships, where the strain was eval uated using a strain gage and clip gage.
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Figure 25— Influence of the variation of the internal lever arm (a) and the value of the friction coefficient (b)
on the relative variation of pullout force.
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Figure 26 — Variation of theinternal lever arm due the rigid body movement of the specimen.
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Influence of the friction between the specimen and the loading system

To decrease the friction a the line inteface between the loading sted devices and
concrete, one layer of Teflon was interposed. The friction, however, was not fully
diminated, as Figure 27 shows, where a drop in the pullout force occurred when the

red stance due to the friction was exceeded.
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Figure 27— Time evolution of the pullout force of the B1_Lal20_M specimen.

The influence of the friction between the concrete specimen and the load-gpplying
sysdem on the vaiaion of the pullout force can be determined from the following

expresson:

40
DF =- —F Eq. 4
' 150 ' (a9
where | is the sted-concrete friction coefficient. The DF /F -] relationship is depicted

in Figure 25(b) for distinct valuesof | . For example, DF, is—5.3%o0f F isj =0.2.

Amongg the factors that can judify the difference in the pullout force vaue obtained
from gran gage and equilibrium, the most important are the variation of the internd lever
am and the exisence of friction between the specimen and the loading system. Since the
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grain gage goproach is not influenced by the variation of the internd lever arm, the pullout
forceis caculated using the strain gage gpproach in following sections.

4.2.3 Sip at thefree and loaded ends

Fgure 28(a) depicts a typicd time evolution of the dip measured a the free (LVDTL1) and
loaded (LVDT2) ends (see Fgure 1). As expected, the dip at the loaded end has a linear
evolution (dip measured by the controller LVDTZ2). The dip a the free end has a nonlinear
time evolution. Appendix Il includes the time evolution of the dips of al tested specimens.

Figure 28(b) shows a typicd time evolution of the pullout force, the dip a the free
and loaded ends. Andyzing the time evolution of the dip, the following four branches can
be distinguished (Appendix |1 includes the graphs of al tested specimens):

- AB where dip occurs only at the loaded end;

- BC where dip occurs at the loaded and free ends. The free end dip up to point C,
however, was negligible;

- CD wherethe dip rate a the free end is higher than the dip rate at loaded end,;

- DE where dip rates are similar at both free and loaded ends.
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Figure 28— Time evolution of the slip at freeend (s, ) and loaded end ( § ) (&), and time evolution of the
pullout force (F, ), sip at freeend (s, ) and loaded end ( § ) (b), of the specimenB3_Lb120_M.
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The physica interpretation of these four branches is described in detall esewhere
(Sena-Cruz and Barros 20023, 2004). The vaues of the F /F . raio for the points B, C

and D were evauated from he obtained experimentd results, where F, is the force a B, C
or D points and F ., is the maximum registered pullout force. These results are included
in Table 10, from which it can be verified that: the force a point C is near the F, vaue
the forces a points B and D are about 20% and 65% of the F,, vaue, respectively, but

when compared to the vadues of F /F, ., & point C, alarge scatter at points B and C was
obsarved, mainly a point B. Along the bond length, homogeneity of the thickness and the
physicd properties of the epoxy adhesve are difficult to ensure. Furthermore, the behavior
of the epoxy adhesve is perturbed by the presence of inevitable voids (Sena-Cruz et d.
2001). These factors influence the dress transfer between the laminate and the concrete
and may have contributed to the scatter at points B and D.

Table 10- Averagevaluesof the F,/F, . ratiofor thepoints B, C and D.

] Ratio F, / F e
Series
B C D
Lb60_M 0.180 (43.9%) 0.996 (0.5%) 0.598 (3.5%)
Lb90 M 0.246 (66.1%0) 0.989 (0.5%) 0.654 (1.4%)
Lb120 M 0.229 (20.9%) 0.993 (0.5%) 0.669 (2.4%)

4.2.4 Pullout forcevs. dip
Fgure 29 to Figure 31 show the entire rdationship between the pullout force and the dip a

the free and loaded ends (F-s, and F - 5) for the series of distinct bond length.
Appendix Il (from Fgure 11.13 to Fgure 11.15) includes the F - 5 redionship up to
§=20mmandthe F-s, upto s, =0.5mm.Andyzng F -§ and F - s; curvesitis
observed that, after a short linear branch, the response become nonlinear. The pesk load
has occurred a loaded end dip in the range of 0.38 mm to 1.24 mm. After sudden decay
beyond the pesk, the pullout force decreases smoothly with the increment of the dip,
decribing a nonlinear softening branch. The dgnificant resdud pullout force indicates

that frictiond mechaniams in concrele-adhesve-laminate interfaces are mobilized. Smilar
response was registered in al tested specimens.
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Figure 29— Pullout load vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb60_M.
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Figure 30— Pullout load vs. free end dlip (@) and vs. loaded end slip (b), of the seriesLb90_M.
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Figure 31— Pullout load vs. free end slip (@) and vs. loaded end slip (b), of the seriesLb120_ M.
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Andyzing F - s, curves it is obsarved that s, a maximum pullout force is very
gndl. After pesk load, however, smilar responses of F-§ and F - s, curves were

recorded (see also Figure 11.13(b) to Figure 11.15(b)).

425 Bonddressvs. dip
Bond dress is obtained through dividing the pullout force, F, by the contact area between

CFRP and epoxy adhesive, Fl/(Z(Wf +t )Lb) where w, and t, are the width and the

thickness of the CFRP. Figure 32 to Figure 34 illustrate the reationship between the bond
dress and the dip at the loaded and free ends for the series of distinct bond lengths.

4.2.6 Discusson of results

Table 11 includes the average vaues of the main parameters andyzed. In thistable, s, .,
and s, ae the dip a the free and loaded ends a the pesk pullout force (K, )
respectively. t . is the average bond strength, defined according to previous paragraph
replacing F by F, . The expresson s,/ f, is the raio between the CFRP stress a
pesk pullout force, s, ad the CFRP tensile strength (f,, = 2800 MPa). Findly, t, is

the resdua bond sress, i.e, the bond stress at the end of the test (a loaded end dip of
about 9.0 mm). The influence of the bond length on the man parameters andyzed is
represented in Figure 35 to Figure 37.

The loaded end dip a the pesk pullout force increases linearly with the bond length,
L,. The free end dip a pesk pullout force was very smal. The larger vaues of the

coefficient of variaion of s are judified by the lack of precison of the LVDTs for

f max

measuring such smdl vaues.
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Figure 34— Bond stressvs. free end slip (a) and vs. loaded end slip (b), of the seriesLb120_M.
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As dready seen in previous research (Sena-Cruz and Barros 2002b), the peak pullout
force increases with the bond length, but the incresse rate decreases with the bond length.
Applying an andyticd modd developed to smulate the bond behavior of the present
drengthening technique (Sena-Cruz and Barros 2003), it was verified that a the pesk
pullout force the fraction of the bond length in the softening regime increases with the
increase of the bond length. This indicates that the increase of the peak pullout force with
the bond length would have an asymptote shape.

Smilar behavior was observed for s . /f, axd t A . ratios Also, the bond

strength decreases with the increase of the bond length.

Table 11 - Average values of the main parameters eval uated.

Series Sfmax Smax Flm'»( tmax sImax/ffu tr/tma<
(mm) (mm) (kN) (MPa) (%) ¢)
0.06 043 187 0.39
Lb60_M (19.83%) (11.25%) (5.1%) 136 475 (8.27%)
0.03 0.79 239 044
Lb90_M (35.44%) (9.02%) (4.1%) 116 60.7 (4.36%)
0.06 113 217 045
Lb120_M (22.01%) (8.09%) 2.8% 101 705 (2.34%)
Note: the valuesin parentheses are the coefficients of variation of the corresponding series.
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Figure 35- Influence of the bond length on the loaded end slip at peak pullout force (a) and on the

peak pullout force (b).

José Sena Cruz, Joaquim Barros and Ravindra Gettu

31



Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

15

T T T T T 80 T T T T T T T T T T T

[=]

o 3]

a = o
— o i) 60 [ ] —
© c
o 10 | _ 3]
= 7
N q) G
= =
=) 2 a0t J
) g
% 7
o (&)
z °f 1 5
[e] . 20 .
o )
=
0 1 | 1 | 1 | 1 | 1 | 1 0 L 1 L 1 L 1 L 1 L 1
45 60 75 90 105 120 135 45 60 75 90 105 120 135
Bond length (mm) Bond length (mm)
@ b
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4.3 Cydlicloading results

4.3.1 Freeenddip, loaded end dip and pullout force

Figure 38 and Figure 39 present the typicd time evolution of the dip a free and loaded
ends and the pullout force of the C1 and C10 series, respectively (Figure 11.16 to include
Figure 11.27 dl results). As these figures show, the free end dip has remained practicaly
congtant while the loaded end dip has decreased with a decrease in load in the unloading
branches. In the loading/rdoading branches, the dip a both the free and loaded ends has
increased with the pullout force. The loaded end dip has a nonlinear time evolution in the
unloading branches since these were performed under load control. Figure 39(b) shows
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that the cycles a 75% of the bond drength before pesk load have induced strength
degradation in the bond.
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Figure 38— Time evolution of thedlip at freeend ( s, ) and loaded end ( ) (@), and time evolution of the
pullout force ( F, ) of the specimenB1_Lb120_C1.
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Figure 39— Time evolution of the slip at freeend ( s, ) and loaded end ( § ) (8), and time evolution of the
pullout force ( F, ) of the specimen B1_Lb120_C10.

4.3.2 Pullout forcevs. dip
Figure 40 and Fgure 41 to Figure 43 show the entire rdationships between the pullout

force and the dip a the free and loaded ends (F - s, and F - §) for the series C1 and
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C10, respectively. Appendix Il (from Figure 11.28 to Fgure 11.31) includesthe F - s, up
to s, =0.5mm and the F - 5 rdationship up to § =1.0mm . For the series with equd

bond length the monotonic curve was adso included. This curve is the average response of
the specimens composing this series.

These figures reved that the envelope of the cydic tests had a shape smilar to the
monotonic tests. The drength was affected margindly by the influence of the cydlic
loading. Figure 40(a) indicates that the unloading/reloading cycles before pesk load did not
induce any free end dip.
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Figure 40— Pullout load vs. free end slip (@) and vs. loaded end slip (b), of the seriesLb120_C1.

4.3.3 Bond dressvs. dip

The bond stress vs. dip a the free and loaded end dips registered in the C1 and C10 series
are depicted in Fgure 44, and in Fgure 45 to Figure 47, respectively. Appendix Il includes
these relationships up to a dip of practical interest (Fgure 11.32 to Figure 11.35). The
observations pointed out in F-s, and F - 5 reations are gpplicable to the bond stress

dip relationships aso.
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Figure 41— Pullout load vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb60_C10.
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Figure 42— Pullout load vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb90_C10.
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Figure 43— Pullout load vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb120_C10.
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4.3.4 Discusson of results

Table 12 includes the average vadues of the man parameters andyzed. Comparing these

vaues to those obtained in the homologous monatonic series, the former are smdler, in
generd. Series Lb120 was the only exception to this tendency, and no clear judtification
can be made for this behavior.

An example of the influence of the loading cycles on the dHiffness degradation
evolution of the C1 series is presented in the Figure 48(a). This diffness was defined as the
dope of the line connecting the points (circles in Figure 48(a)) corresponding to unloading
and rdoading initiation.
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Figure 44— Bond stressvs. free end slip (@) and vs. loaded end slip (b), of the seriesLb120_C1.
Table12- Average values of the main parameters eval uated.
Series Sfma< Smax Flma< tmarx SImax/ffu tr/trm(
(mm) (mm) (kN) (MPa) (%) @)
0.05 118 296 108 75.53 047
Lb120_C1 | (35 709) (2.81%) (6.9%) (6.9%) (6.89%) (4.33%)
Lb60 C10 0.03 0.35 16.6 121 4222 0.33
- (90.41%) (13.43%) (5.2%) (5.2%) (5.19%) (8.10%)
Lb90 C10 0.04 0.69 222 108 96.35 042
- (40.05%) (11.96%) (4.7%) (4.7%) (4.67%) (5.25%)
288 105 7315
Lb120 C10 004 120 0.48
- (7.56%) (8.36%) (4.1%) (4.1%) (4.09%) (4.74%)

Note: the valuesin parentheses are the coefficients of variation of the corresponding series.
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Figure 45— Bond stressvs. free end slip () and vs. loaded end slip (b), of the seriesLb60_C10.
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Figure 46 — Bond stressvs. free end slip (a) and vs. loaded end slip (b), of the seriesLb90_C10.
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Figure 47— Bond stressvs. free end dlip (@) and vs. loaded end slip (b), of the seriesLb120_C10.
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Figure 48(b) represents the diffness variation with the loaded end dip of the
Lb120 C1 series This chart shows that up to the pesk pullout force the stiffness decreases
gonificantly, while in the firg phase of the softening branch a dight incresse was
registered, followed by a reduced decrease. The mechanisms involved in the pre- and post-
peek pullout force dictates this distinct behavior. Up to the pesk pullout force, significant
CFRP-adhesve and adhesve-concrete debonding occurs, dong with adhesve cracking,
leading to a sgnificant decrease of the bond Hiffness. In the podt-pesk regime, the sudden
decay of the pullout force induces a typicd increase of diffness that occurs when the
materids are submitted to large indtantaneous load or displacement variations. When this
phase dabilizes the bond diffness is governed by the friction between the failing surfaces

in the bond length, which decreases smoothly as dip increases.

Figure 49 includes the normdized pullout force as function of the number of cycles
of the C10 series. The normaized pullout force was defined, for each specimen, as the
ratio between the maximum pullout force of the rdoading brach of the cycle in andyss
and the test peak pullout force. This chart reveds that the influence of the load cycles on
the drength degradation was samilar in dl series, with an average srength degradation of
17%.
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Figure 48 — Stiffness degradation evolution of the specimen B1_Lb120 C1 (a) and the Lb120 series (b).
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After the fifth cycle, a larger degradation occurred in the specimen B3 Lb60 C10,
gnce these cycles were peformed in the post-pesk regime, while in the remaning
specimens al cycles were executed before the peak.
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—v—B1_Lb90_C10 —o—B2_Lb90 C10 ——B3_Lb90_C10
—%—B1_Lb120_C10—%—B2_Lb120_C10 —— B3_Lb120_C10

Normalized pullout force

04 s | s | s | s | s
0 2 4 6 8 10

Cycle

Figure 49— Normalized pullout force as a function of the number of cycles.

5 CONCLUSIONS

To assess the bond peformance of laminate drips of Carbon Fiber Reinforced Polymer

(CFRP) to concrete under monotonic and cyclic loading, pullout-bending tests were carried

out. The influence of the bonded length (Lb) and the load higory were andyzed through

tests with Lb=60, 90 and 120 mm and through monotonic tests (M) and cyclic tests (C1 -

one cyde of loading/unloading a different dip levds C10 - ten cycles of

loading/unloading a a fixed load levd). From the results obtained in the experimenta

program, the following conclusions can be pointed out:

1.  Thenonlinear branch before the peak in the pullout force increased with Lb;

2. Thepeak pullout force increased with Lb;

3. The bond strength ranges from 10 MPa to 14 MPa, with a tendency to decrease with
anincrease of Lb;

4.  The ratio between the maximum tensle dress in the CFRP laminate and its tendle
grength increased with Lb;

5.  Theloaded end dip at peek pullout force showed alinearly increasing trend with Lb;

José Sena Cruz, Joaquim Barros and Ravindra Gettu 39



Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading

6. The envdop of the pullout force-dip reationship in the cydlic tets was amilar to the
curve obtained in the corresponding monotonic tests;

7. A continuous decrease of the pesk pullout force was observed in  the
unloading/reloading cycles before pesk pullout force. The pesk pullout force,
however, was not affected by this effect;

8. In the unloading branches of the loading cycles performed in the post-pesk regime,
no dip at the free end was recovered,

9. The diffness (i.e, average cydlic inclinaion) up to the pesk pullout force was
affected by the cycle loading, with a dSgnificant decrease. At the initigtion of the
softening phase the stiffness increased dightly, followed by a smooth decrease.
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APPENDIX |
Tablel.1— Dimensions of the groove in the test region.
Specimen Width (mm) Depth (mm)
Freeend Loaded end Freeend Loaded end
B1_Lb60_M 4.75 4.75 1493 14.76
B2_Lb60_M 4.71 4.70 1529 1520
B3_Lb60 M 453 4.60 1454 14.17
B1_Lb90 M 4.88 4.79 15.09 14.70
B2_Lb90 M 491 4.85 15.18 14.92
B3_Lb90 M 4.69 4.78 1455 14.36
Bl Lb120 M 4.96 504 15.27 1441
B2_L1b20 M 4.70 473 14.05 14.22
B3_Lb120 M 442 471 14.90 14.33
Bl Lb120 C1 4.88 494 15.36 14.81
B2 Lb120 C2 4.67 4.69 15.26 1464
B3_Lb120 C2 4.66 4.60 14.22 15.02
B1_Lb60_C10 458 491 1454 14.68
B2_Lb60_C10 4.88 5.02 14.49 14.29
B3_Lb60_C10 4.96 497 1452 1458
B1_Lb90_C10 519 516 14.70 1471
B2_Lb90_C10 5.02 504 1457 14.44
B3 _Lb90_C10 4.81 4.62 1525 14.87
B1 Lb120 C10 4.73 4.90 14.88 1459
B2_Lb120 _C10 477 4.89 14.88 14.22
B3_Lb120 C10 497 4.90 14.67 14.34
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APPENDIX I1
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Figurell.1- Timeevolution of stress at the CFRP laminate of the specimensB1_Lb60_M (a),
B2_Lb60_M (b) and B3_Lb60_M (c).
1.0 1.0 1.0
0.9 0.9 0.9
go. 8 go. 8 Ego 8
5 & 7
o =} =]
'é 0.7 éo. 7 é 0.7
0.6 0.6 0.6
0.5 0.5 0.5
0 400 800 1200 1600 2000 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Time (s) Time (s) Time (s)
@ (b) (©)
Figurell.2- Time evolution of ratio Fsy/Feq Of the specimensB1_Lb60_M (&), B2_Lb60_M (b) and
B3_Lb60_M (c).
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Figurell.3- Timeevolution of free end and loaded end slips of the specimensB1_Lb60 M (a),
B2_Lb60_M (b) and B3_Lb60_M (c).
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Figurell.4- Timeevolution of stress at the CFRP laminate of the specimensB1_Lb90_M (a),
B2_Lb90_M (b) and B3_Lb90_M (c).

1.0 1.0 1.0
0.9 0.9 0.9
g g g
ot Lo.g | Losgt
13 W w
o =] o
Zo.7 =0.7 0.7
g & &
0.6 0.6 0.6
0.5 0.5 0.5
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Time (s) Tine (s) Time (s)

@ (b) (©
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Figurell.7- Time evolution of stress at the CFRP laminate of the specimensB1 _Lb120 M (a), B2 _Lb120 M
(b) and B3_Lb120 M (c).
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Figurell.11- Time evolution of pullout force (F, ), and the slip at freeend (s, ) and loaded end ( s ), of the
specimen B1_La90 M (a), B2 _La90 M (b) andB3_La90 M (c).
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Figurell.13- Pullout force vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb60_M.
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Figurell.14 - Pullout forcevs. free end slip (a) and vs. loaded end slip (b), of the seriesLb90_M.
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Figurell.16- Timeevolution of the slip at freeend ( s, ) and loaded end ( § ) (8), and time evolution of the
stress at the CFRP laminate of the specimenB1_Lb120 C1.
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Figurell.17 - Timeevolution of the slip at freeend (s, ) and loaded end (s ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB2_Lb120 C1.
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Figurell.18 - Timeevolution of the slip at freeend ( s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB3_Lb120 C1.
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Figurell.19- Timeevolution of the slip at freeend (s, ) and loaded end ( 5 ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB1_Lb60_C10.
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Figurel1.20- Timeevolution of the slip at freeend ( s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB2_Lb60_C10.
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Figurell.21 - Timeevolution of the slip at freeend (s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB3_Lb60_C10.
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading
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Figurell.22 - Timeevolution of the slip at freeend (s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP laminate of the specimenB1_Lb90_C10.
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Figurell.23- Timeevolution of the slip at freeend ( s, ) and loaded end ( § ) (&), and time evolution of the
stress at the CFRP laminate of the specimenB2_Lb90_C10.

10

Slip (m)

2500
st sl 2000 |
§ 1500
(%))
[72]
[}
2 1000
%)
500
0
550 1100 1650 2200 2750

—Stress (gauge)

—Stress (equilibrium

Tine (s)

(@

1100 1650 2200

Tinme (s)

(b)

2750

Figurell.24- Timeevolution of the slip at freeend ( s, ) and loaded end ( § ) (8), and time evolution of the
stress at the CFRP laminate of the specimenB3_Lb90_C10.
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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading
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Figurell.25- Timeevolution of the slip at freeend ( s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP |laminate of the specimenB1_Lb120 C10.
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Figurell.26 - Timeevolution of the slip at freeend ( s, ) and loaded end ( s ) (a), and time evolution of the
stress at the CFRP |laminate of the specimenB2_Lb120_C10.
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Figurell.27 - Timeevolution of the slip at freeend ( s, ) and loaded end ( S ) (a), and time evolution of the
stress at the CFRP |aminate of the specimenB3_Lb120 C10.
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Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading
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Figure1.28— Pullout load vs. free end slip (a) and vs. loaded end slip (b), of the seriesLb120_C1.
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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading
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Figure1.29— Pullout load vs. free end dlip () and vs. loaded end slip (b), of the seriesLb60_C10.
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Figure 11.30— Pullout load vs. free end dlip () and vs. loaded end slip (b), of the seriesLb90_C10.
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FigureI1.31— Pullout load vs. free end slip (@) and vs. loaded end slip (b), of the seriesLb120_C10.

José Sena Cruz, Joaquim Barros and Ravindra Gettu 53



Bond behavior of near-surface mounted CFRP laminate strips monotonic and cyclic loading
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Figurel1.32— Bond stressvs. free end slip (a) and vs. loaded end slip (b), of the seriesLb120_C1.
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Bond behavior of Near-Surface Mounted CFRP |aminate strips monotonic and cyclic loading
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Figure1.33— Bond stressvs. free end slip (a) and vs.
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Figurel1.34— Bond stressvs. free end slip (a) and vs.
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FigureI1.35— Bond stressvs. free end slip (a) and vs. loaded end slip (b), of the seriesLb120_C10.
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