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ABSTRACT

Near Surface Mounted (NSM) strengthening technibas been used in a sustainable way for retrofitting
existing structures. This technique, which utiliZSRP laminates inserted in the concrete coverpban used
due to the several advantages when compared vétketthnique based on the application of thesemeiimy
materials on the concrete surface (EBR techniqdighough several studies have been developed srtdbic
in the recent past, open issues still deserve m&seauch as the influence of the adhesive typethen
performance of the NSM-CFRP system. The presenk @etails an experimental program carried out theor
to assess the effect of using three adhesives distinct mechanical properties on the bond behasfothe
NSM-CFRP system, through direct pullout tests (DPMHus, the following variables were consideredhe
present study: (i) the type of adhesive; (ii) thess-section of the laminate; and, (iii) the boadgth. The
experimental pullout force-slip responses were iobth and digital image correlation (DIC) was used f
obtaining additional information about the bond hetdsms developed. In general, two of the threesighs,
with similar mechanical characteristics, provideslsantially similar bond behavior, with high levet o
effectiveness, whereas the third adhesive, whichehenuch lower elastic modulus than the other pwoyided
the lowest effectiveness in terms of the investidatarameters.
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INTRODUCTION

Fibre reinforced polymers (FRP) have been extehsimeestigated for repairing and/or strengthenaxisting
structures. These materials can be introducedeircdincrete cover of the element to be strengthémedgh the
near surface mounted (NSM) technique. An epoxy sitthes commonly used to fix the CFRP laminate to
concrete. This bonding agent plays a critical rote the composite performance of the system. Extensi
research has been developed to assess the bonddoehaf this strengthening system using carbomefib
reinforced polymers (NSM CFRP system). AccordingCmelhoet al. (2015) the performance of the NSM
CFRP system depends mainly on the: (i) geometthefgroove and of the FRP; (ii) mechanical propertf
the concrete; (iii) mechanical properties of thbexive; (iv) FRP cross-section and its externdaser, and, (v)
surface roughness in the groove. Digital Image €ation (DIC) is a method that allows to evaludte t
displacement fields at the surface of a structeiehent, as well as to compute the deformatioddidiuring the
test. Essentially the method is based on compavingconsecutive images of the element surface,reefnd
after its deformation, through the application of a@ppropriate correlation technique (Cétual 1985). More
information about this technique can be found else (e.g., Pereirat al. 2012; Carloni and Subramaniam
2013). In the literature few investigations canfbend dedicated to analyzing the influence of adleeand
cross-section geometry of the laminate on the t@ithvior of NSM CFRP system, e.g. Macedial. (2008).

In this research the effect of three adhesiveditarg CFRP laminates to concrete substrate acogrth the
NSM technique is analyzed, by means of direct ptitests. The main motivation for testing two stiffhesives
and one of much lower stiffness lies on the repbagvantage of using highly deformable (flexibldhesives
in external bonding (EB) of CFRP laminates to R@rhs as strengthening (Derkowski et al. 2013). Ia th
research the type geometry of the CFRP cross-seasowell as the bond length were also analyzedaand
study variables. The experimental program is dedlaiind the main results are presented and anaiyzdwe
subsequent sections.
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EXPERIMENTAL PROGRAM
Test program, specimens and test configuration

The experimental program was composed of 51 dpeldut tests (DPT) where the influence of adhesjye,
cross-section geometry and bond length of the l8M CFRP system were analysed. Table 1 presents the
experimental program which includes: (i) three ailleetypes - Adhesive 1 (ADH1), 2 (ADH2) and 3 (ABH

(ii) two cross-sections of CFRP laminate - 10x1#°nfL10) and 20x1.4 min(L20); and, (iii) six bond lengths
(Lp) - 50, 60, 80, 100, 200 and 300 mm. Concrete csipcimens were adopted with values up to 100 mm,
while concrete prismatic specimens were adoptek lwitvalues of 200 and 300 mm. Each series was composed
of 3 specimens, being its generic denomination XDHYY _LbZZ, where X represents the adhesive type (1, 2
or 3), YY is the width of CFRP in millimeters and #hdicates the bond length also in millimeters.

Table 1 Experimental program.
CFRP cross-section

. Type of specimen’s Bond length .
Type of adhesive eometryw X t Series
yp geometry 9 [mrr)1/2] [mm]
60 ADH1_L10_Lb60
Cubic 18’1%'4 80 ADH1_L10_Lb80
Adhesive 1 (L10) 100 ADH1_L10_Lb100
(ADH1) Cubic 80 ADH1_L20_Lb80
20x1.4 100 ADH1_L20_Lb100
o (L20) 200 ADH1_L20_Lb200
Prismatic 300 ADH1_L20_Lb300
Cubic 80 ADH2_L20_Lb80
Adhesive 2 20x1.4 100 ADH2_L20_Lb100
(ADH2) o (L20) 200 ADH2_L20_Lb200
Prismatic 300 ADH2_120_Lb300
1014 50 ADH3_L10_Lb50
Cubic (L10) 100 ADH3_L10_Lb100
Adhesive 3 150 ADH3_L10_Lb150
(ADH3) . 80 ADH3_L20_Lb80
Cubic 28’;%'4 100 ADH3_L20_Lb100
Prismatic (L20) 300 ADH3_120_Lb300

The geometry of the pullout specimens and testigordtion adopted for both types of geometries is
presented in Figure 1. In the cubic specimen, whimhsisted on concrete cube blocks with 200 mmdgee
grooves were performed on their lateral faces wittross-section geometry of 5x15 fim general, or 5x25
mn¥ for insertion of CFRP laminates L10 and L20, resipely. In order to avoid the premature specimen
failure by the formation of a concrete fracture edretween the load end and the top of the blod®,rifh of
unbounded zone was guaranteed between these tnts fioi the case of ADH3 series the distance adowtes
50 mm). A steel plate of 20 mm of thickness waglusdfix the upper part of the concrete block te #tiff base
through four M10 steel threaded rods, ensuringigibd vertical displacements. In the prismatic @p®ns,
which consisted of concrete prisms of 150x150x60@,nonly grooves with a cross-section of 5x25 Hfor
insertion of laminates L20 were performed. Theatise between the loaded end and the top of then pviss
also equal 100 mm. The specimen was supportedsteebframe through a steel plate, threaded rad&dntal
bars and a hydraulic jack. The tests were perforometer displacement control at the loaded end auppwo
displacement rates: for stiff adhesives ADH1 andH®D?2 um/s, and for flexible adhesive ADH3, 5 pn#s.
load cell, placed between the grip and the actuavas used to measure the applied fofgeand a linear
variable displacement transducer - LVDT1 - was ugedheasure the loaded end slip (relative displacgm
between the concrete and the CFRP laminate ab#uked end).

In order to help with interpreting the evolution thie degradation mechanisms of the anchorage zone
during testing, the surface of the specimens athvitie laminates were inserted was analysed usDigital
Image Correlation procedure (Blabetral, 2015). The evolution of the crack pattern wasutheented during
the monotonic loading by processing a sequencenafjés with a constant time step. The lens usedahad
aperture of f11 and the focal length was 100 mndl. lights were used to illuminate the surface ofgpecimen.
The camera sensor was a full frame size, with 3é&xMponsidering that the priority was to trace thiiation
and propagation of the cracks during testing, ttiecpal tensile strain fields were mapped consitga very
fine facet mesh. This mapping was particularly imgot to identify the location of the first cracksth respect
to the CFRP laminate load end and to document theeps of initiation and propagation of new cradisng
the entire loading sequence.



M aterials char acterization

The compressive strength of the concrete was asbesing cylinders with 150 mm of diameter and 800 of
height, at 28 and 110 days after casting. The nusdof elasticity and the compressive strength assessed
according to LNEC E-397-1993:1993 and NP EN 123239 recommendations, respectively. An average
modulus of elasticity H.m) of 27.0 GPa, with a coefficient of variation, Codf 0.5% and an average
compressive strengtffi.) of 35.4 MPa (CoV = 4.8 %) were obtained at 28sdajt 110 daysEcm = 28.3 GPa
(CoV = 2.5%) and.m = 38.5 MPa (CoV = 2.1%) were obtained. The meatarproperties of the adhesives
were assessed according to ISO 527-2:2012. Thewfnly average values were obtained for the elastic
modulus E,) and tensile strengtifi); ADH1 - E:=11.67 GPa (CoV = 0.51%) afg25.59 MPa (CoV = 7.40%);
(i) ADH2 - Es=7.57 GPa (CoV = 6.15%) arigk17.19 MPa (CoV = 5.43%); (iii) ADH3 Es=0.012 GPa (CoV

= 9.09%) and=2.67 MPa (CoV = 12.49%). The mechanical propeie€FRP laminates can be found in
(Fernandest al.2015) for L10 and in (Sena-Crez al. 2013) for L20.
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Figure 1 Geometry of specimens and test configamatia) cubic concrete specimen (axial cross-sejtio
(b) groove detailing; (c) prismatic concrete speminfaxial cross-section).

RESULTSAND DISCUSSIONS
Main results

Table 2 presents the main results obtained fronptitieut tests, including the average results fmheseries, as
well as the observed failure modes, includifigiax is the maximum pullout force reached during thst;te
TmaxavgiS the average shear bond strength at laminatesaghinterface, which was computed by dividfigax

by the contact area between the CFRP laminatehenddhesive, 2a¢ + tr) Ly), (see Fig. 1b, whener andt; are
the width and the thickness of the CFRP laminaspectively and., represents the bond lengtB)ax is the
slip atFimax. Typical average pullout foragersusoaded end slipR; —s) relationships are presented in Figure 2.
The responses are similar to those obtained by Femandeset al. (2015). They are mostly non-linear,
probably as a result of the non-linear behaviouhefadhesive, as well as due to the debondingepsoé-or the
series ADH1 and ADH2, short post-peak branchesoamerved, related to the failure mode in the fofm o
debonding at the laminate-stiff adhesive interfa@e.the other hand, the responses obtained foass&DH3
are characterized by the long post-peak branchkded to cohesive failure in the flexible adhes@emparing
the response of series ADH1 and ADH2 with the raspoof ADH3, significantly higher ultimate loaégnax
are obtained for the stiff adhesives and signifigahigher slips for the flexible adhesive. Simultaneously,
ADH3 provides lower stiffness on the NSM CFRP systhan ADH1 and ADH2, but higher ductility.

Failure modes

Failure modes obtained in ADH1 and ADH2 seriesudel the debonding at the laminate-adhesive interfac
(see Figure 3(a) — microscope photography) andnamifailure (see Figure 3(b)). In series ADH3 fhiture
mode observed was a mixed failure mode, i.e., spaws failed due to debonding at laminate-adhesiezface

in some parts of the bond length, as well as duthéocohesive failure of the adhesive close to hate-
adhesive interface on the other parts (see Figia)¢. 3



Table 2 Main results obtained from the pulloutgest

Type of Type of : Fimax Tmax.avg Simax Fimax/fru
adhesive laminate Series [kN] [MPa] [mm] [%0] FM
ADH1_L10_Lb60  22.49 (1.5%) 16.44(1.5%) 0.50 (13)8%60.77 (1.5%)  I-FA(3)
L10  ADH1_L10 Lb80  25.97 (2.1%) 14.24(2.1%) 0.68 (3.3%)y0.20 (2.1%)  I-FA(3)
ADH1 ADH1_L10 Lb100 29.57 (3.4%) 12.97 (3.4%) 0.93 (7)1%79.92 (3.4%)  I-FA(3)
ADH1_L20 Lb80  46.69 (4.5%) 13.63 (4.5%) 0.50 (7.0%58.36 (4.5%) I-FA(2)
Lpo ADH1_120 Lb100 48.91(4.1%) 11.43(4.1%) 0.64(7)1%61.14 (4.1%) I-FA(3)
ADH1_L20_Lb200 59.53(3.0%) 6.95(3.0%) 1.10 (22)7%/4.41 (3.0%) I-FA(1);F(1)
ADH1_L20_Lb300 61.03 (2.6%) 4.75(2.6%) 1.27 (17)2%/6.28 (2.6%) F(2)
ADH2_L10_Lb60' 24.25 (1.59%)17.73 (1.59%) 0.55 (11.35%) 65.55 (1.59%) I-FA(3)
L10  ADH2_L10 Lb80' 36.52 (2.09%)20.02 (2.09%) 0.88 (2.15%) 98.71(2.09%) F(3)
ADH2 ADH2_L10 Lb100' 35.60 (2.98%)15.61 (2.98%)0.81 (10.98%) 96.22 (2.98%)  F(3)
ADH2_L20 Lb80  48.40 (4.6%) 14.13 (4.6%) 0.48 (29)0%60.50 (4.6%) I-FA(3)
Lpo ADH2_120 Lb100 54.06 (4.4%) 12.63 (4.4%) 0.75(24)9 67.57 (4.4%)  I-FA(3)
ADH2_L20_Lb200 55.19 (6.4%) 6.45(6.4%) 0.88 (10)0%68.98 (6.4%) I-FA(1);F(1)
ADH2_L20_Lb300 60.36 (3.4%) 4.70 (3.4%) 2.01 (17)7%/5.45 (3.4%) I-FA(2);F(1)
ADH3_L10_Lb50 2.35(6.0%) 2.06 (6.0%) 1.12 (11.2%).34 (6.0%) I|-FA+C-A(3)
L10  ADH3_L10 Lb100 5.03 (6.9%) 2.21(6.9%) 1.33 (14.7%)3.59 (6.9%) I-FA+C-A(3)
ADH3 ADH3 L10 Lb150 8.12(6.3%) 2.38 (6.3%) 1.71 (2.9%)p1.95 (6.3%) |-FA+C-A(3)
ADH3_L20_Lb80  5.71(11.8%) 1.67(11.8%) 1.88 (7.4%Yy.14 (11.8%) I-FA+C-A(3)
L20  ADH3_L20 Lb100  9.89 (0.5%) 2.31(0.5%) 2.11 (4.0%)2.36 (0.5%) I|-FA+C-A(2)

ADH3 L20 Lb300 28.57 (10.4%)2.22 (10.4%) 2.71 (20.6%) 35.71 (10.4%FA+C-A(3)
Notes: the values between parentheses are thesponding coefficients of variation (CoV); FM (Fa#guModes): I-FA = Debonding
failure at laminate-adhesive interface; C-A = Cafe$ailure of adhesive close to laminate-adhesiterface; F = CFRP failure; the values
between parentheses are the number of specimens thiefailure occurredResults collected from publication Sena-Cetial. (2015).
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Figure 2 Typical average pullout forgs.loaded end slip relationship, obtained in the expental program for
the same bond length bf= 100 mm and two CFRP width: (a) ADH1; (b) ADH2) &DH3.
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Figure 3 Failure modes observed in the experimgmtajram: (a) and (b) ADH1 and ADH2; (c) ADH3.

Influence of study variables on the bond behaviour

The influence of adhesive type and cross-sectiammgdry of the CFRP laminate were assessed forrdifte
bond lengths, and the summary of the results isgmted in Figure 4. As expected, and in accordémdhe
literature (e.g. Sena-Cruz 2005; Coe#ii@l. 2015; Pengt al 2015),Fimax tends to increase with the increase of
Ly, coinciding the upper limit oFmax with the tensile strength of the CFRP laminatg.(ADH2_L10 series
with Ly of 80 and 100 mmFimax is higher for L20 series than L10 series, whicbbably is related to the higher
contact area at both interfaces and the consecgug@rior capacity of stress transfer from the latginto



concrete. In general according Eanax, less stiff ADH2 is more efficient than stiffer ALl, while ADH3
providesFimax values significantly lower than the previous orfes: instance, in series L20 for_Lb80 thgax
obtained with ADH3 is only 12% of the average vabiained when ADH1 and ADH2 are used. However, the
performance of ADH3 tends to be closer to serietHAand ADH2 with the increase &f (see series L20
with_Lb300).

Tmaxavg tends to decrease with the increasd.ipfor ADH1 and ADH2 (stiffer adhesives) due to the
higher contact area between the CFRP and adhesivtha non-uniform distribution of bond stressemglthe
bond length, as referred and justified in (Coetth@l. 2015). Using ADH3 (flexible adhesive), it can bated
that Tmax,avgtends to be similar for all tested bond lengthsiclv can be justified by a better and more uniform
distribution of bond stresses alohg due to the lower stiffness of the adhesive ADtiBich has an elasticity
modulus three orders of magnitude lower than tresarf ADH1 and ADH2. The cross-section geometrihef
laminate did not significantly influencgax.avg in the present workzmax,avgwas fond to be similar for L10 and
L20, for the tested bond lengths (except ADH2 sgri€his finding probably demonstrates that thedbstness
development at laminate-adhesive interface is iaddpnt of the cross-section of the laminate. Rnélican be
noted that the adhesive type has a significanuémite onZmaxayg Series ADH2_L10 reached high@faxavg
values than series ADH1_L10, while on ADH1_L20 a0H2_L20 the values obtained were similar in both
caseSImax,avgOn series ADH3 was significantly lower than in teese of both ADH1 and ADH2 series.
smax also tends to increase with the increase Lgf (except between series ADH2 L10 Lb80 and
ADH2_110_Lb100, probably due to the laminate fadluhat took place fok, equal or higher than 80 mm).
Smax iS also influenced by the cross-section geometrthe laminate. For instance, fag of 80 and 100 mm
with ADH1 and ADH2,smax tends to be higher for series L10, on contranABBH3 where it was higher for
laminate L20, namely fobL, of 100 mm. Finally,smax is higher for ADH3 L20 Lb300 series than for
ADH1 L20 Lb300 and ADH2_L20 Lb300 series.
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loaded end slip at maximum pullout force.

Digital Image Correlation Analysis

Figure 5 presents two typical cases where DIC nikttas applied in order to compare the field straihstiff

and flexible adhesives. Figure 5(a) and Figure 5fbesent the results obtained for specimen
ADH1 120 _Lb100_1 (“_1" means the first on specinwdrthe series) and ADH3_L20_Lb100_1, respectively
at peak pullout force. In the first case, diagar@icrete cracks appear, which are caused by thssstransfer
from the laminate to the concrete and producestypizal “fish spine” crack pattern due to the résmnd
mechanisms developed by the system (Sena-Cruz 200&) use of stiff adhesives tends to lead to the
concentration of damage on the concrete surrounttiegreinforcing region and at the adhesive-corcret
interface, remaining the adhesive almost intactdntrast, the use of flexible adhesives lead&eostgnificant
damage concentration at the adhesive only, rengathi@ other materials almost intact.
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Figure 5 DIC results obtained for the specimenmgal tensile strains at peak pullout force): (a)
ADH1 L20 Lb100 1 and (b) ADH3_L20 Lb100 1. Notee #trains are presented in absolute value.



CONCLUSIONS

This paper presents an experimental research orbdhd behaviour of NSM CFRP system and on the
evaluation the influence of the following paramstdi) bonding agents (adhesives) with differenchamnical
properties; (ii) CFRP cross-section geometry; diif,bond length. This assessment was performeduih
direct pullout tests (DPT). Specimens failed eithgrdebonding at laminate-adhesive interface olabyinate
failure with stiff adhesives depending on the bdedgth. In specimens strengthened adopting thabfex
adhesive, the failure occurred by debonding atrateradhesive interface at some parts of the bength,
together with the cohesive failure of adhesive elwsthe surface of laminate on the remaining partgeneral
an increase of the maximum pullout force with theréase of the bond length observed, as well agrdater
system efficiency on transferring stress betweeridminate and the concrete substrate when tHeagdtiesives
were used. As expected, the pullout force was higiten the larger cross-section geometry was addjpie
the laminate. Moreover, the deformations reachethatsame load levels when flexible adhesives weessl
were significantly higher than the ones obtainedmviising the stiff adhesives. In general the awetagnd
strength tended to decrease with the increase afl Hength when utilising stiff adhesives, remanding
approximately constant when the flexible adhesias wsed. The cross-section geometry did not sigmifiy
influence the average bond strength. Stiff adhaspmvided higher values of the average bond stinetihgn
flexible adhesives. DIC method allowed to docuntbatdevelopment of the bond mechanisms for botastyy
adhesives during the entire loading sequence. Fheotistiff adhesives led to a failure/damage cotraéon
mostly at the concrete substrate and at the lapvadhesive interface. In contrast, when the safféesive was
used the damage/failure was found to be in thesidbe
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