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Abstract

The near-surface mounted (NSM) strengthening tegelenis capable of effectively increase the beacaqpacity
of structural concrete elements. This techniqueciviiiasically consists of placing FRP reinforcemenséde
small grooves cut in the concrete cover, has bégelwinvestigated in terms of structural performamand ability
to improve the flexural and shear behaviour offagited concrete beams and columns. However, fi#dearch
has been carried out concerning to the NSM longrteerformance and durability. Motivated by the neéd
increasing the knowledge on the expected durakilitthe NSM technique using CFRP laminates, thigepa
presents an experimental program in which diretitqut tests are carried out for evaluating the dbehaviour
of specimens aged through wet-dry cycles. A toté8®specimens are tested, analysing the effettedbond
length, the groove width, the groove depth andatliag effect on the bond behaviour. Digital imagerelation
method is also used to identify the bond resistaethanism developed in an element strengthened dERM
technique. Finally, using the experimental resaltsanalytical-numerical strategy is applied talgisth the local

bond stress—slip relationship.
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1. Introduction

The use of fibre reinforced polymer (FRP) materialstrengthen reinforced concrete elements hasrstmbe a
useful and efficient option thanks to its good naatbal properties, lightness, resistance to casrgshon-
electromagnetic properties and easy to install gotace [1-3]. One of the more recent developed gtheming
technique with FRP materials is the near-surfacantedl (NSM) method [2,4]. This technique involves tise
of FRP materials placed into grooves opened ordherete cover and filled with an epoxy adhesiveictvis at
the same time the bond agent between the FRP armbiitrete. When compared NSM technique with theemo
traditional EBR (externally bonded reinforcemerhnique some advantages arise [4] such as: thieafidess
work for the installation; the reduced probabitifydebonding; the simplicity to be anchored to adjg member
to prevent debond failures; the protection thatciiwecrete cover gives and which reduces expoditi@ecidental
impact and mechanical damage, fire, and vandalisrd; the unchanging in the aesthetics of the stnengd

element.

Although some research has been conducted inrhetgtal behaviour of NSM as a strengthening tegpimaifor
increasing the flexural and shear behaviour offoeged beams and columns as well as for strengtlgemeam—
column joints [4-9], there is not enough knowledgp®ut the NSM durability, a critical aspect thatsirioe taken
into account when designing a structural strendtfienAccording to Bulletin no. 4®f fib [10], common
environmental conditions for studying the durapitif a concrete element are wet-dry cycles in tlesgnce of

salts, freeze-thaw cycles, thermal and moisturéesyat fixed temperature, and cycles of salt fog.

Even though some research has been developeaieddields, such as the study of the bond degmadaecause
of an aggressive environment between GFRP pradifes concrete [11], as mention above, research dil NS
technique related to durability is rather limiteBlurke [12] and Burkeet al [13, 14] carried out several
experimental tests to investigate the performafflexural NSM FRP strengthening systems appliectioforced
concrete slab strips, and subjected the specimehese exposure conditions: constant room temper&t21°C),
constant low temperatureZ6°C) and high temperatures (+100°C and +200°@xdtiests showed debonding at
epoxy/concrete interface to be the main failure epdde non-affection of CFRP strips after beingnsitied to
constant low temperatures, and the existence offigignt losses, in terms of resistance, at elel&denperature,
especially when considerably exceeding the glasssiion temperature of the epoxy adhesive. MitcHd]

undertook freeze-thaw studies with flexural slabgrggthened with the NSM technique and some pull-ou



specimens; slabs and pull-out specimens were stgahtid cycles in which temperature varied freB0°C to
+20°C; results showed a reduction in ultimate loh8% for slabs and a 27% for pull-out specimersnd the
predominant failure mode, in both cases, debondimgpoxy/concrete interface. Palmietial [16] studied the
bond behaviour between NSM FRP strips and conaetelevated temperatures through double shear, tests
temperatures ranged from +20°C to +100°C, andteesiubwed that when temperatures were higher treaglass
transition temperature of the epoxy adhesive, failmodes changed from the splitting of adhesivthéoFRP
failure. Yu and Kodur [17] tested concrete specis&rengthened using NSM CFRP strips and rods\aidaged
the bond strength in a temperature range of +2@@H°C; results showed that bond strength decrdasadarly
an 80% when temperature is over +100°C. Silval [18] developed an experimental program usingcphil-
out and slab specimens strengthened with NSM CER#3,sand submitting these specimens to thermaksy
temperature ranged froml5°C to +60°C, and it was found that, in pull-op¢amens, a slight improvement in
terms of bond strength happens when applying theoyaes; however, neither the failure mode notbsla

behaviour were influence by the thermal action.

Pull-out tests are one of the most reliable wayswafiuating the bond performance presented in ginening
techniques. It important to note that the assessofahe bond performance is a very important aspsiace it
governs both the ultimate load-carrying capacity serviceability aspects, such as deformation aackowidth
[19,20]. In the last years several test setups baea proposed for analysing in detail the debanghrenomena.
These configurations can be grouped in direct puiltests and beam pull-out tests. The former aneem
representative of end debonding and critical diafjacracks while the latter are recommended to study

intermediate crack debonding.

In the last years, the use of the Digital Imager@ation (DIC) method for capturing the displacetféid of a
structural element and studying its deformation inaseased. DIC method provides full-field displamants on
quasi-planar objects by maximizing the similarifyf@atures in images corresponding to differenpdeition
states [21]. Basically, DIC method consists of iefj adjacent square subsets (defined in termauaiber of
pixels) in a reference image, normally, the undenfed configuration, and applying a mathematicafedation
between that reference image and other images lvdaipture the deformed configuration of the spenistady
in several states) determine a displacement vpetosubset; the surface of interest must have ekiggbpattern,

with an average size of the white-to-dark spotan&@dvantages of DIC method [22] are the possibift



controlling an experiment, and/or registering datausing optical means (i.e. contactless) as oghts gauges

or extensometers, which may be useful when dealitly aggressive, hot or corrosive environmentsinathe
case of studying soft solids for which gauges ctaibeoeasily adapted; and, the option of registedat of an
extensive region of the specimen, thus directlyamiing the displacement field of a structural elamand
facilitating the work with heterogeneous mater@istructures where aspects such as strain lotatisadamage
localisation or crack initiation and propagatiomigat be knowra priori. Some examples of the successful uses
of DIC method in FRP research includes the studthefbond behaviour between FRP and masonry [28] an

direct determination of the cohesive stress trartifeing debonding of FRP from concrete [24].

With the aim of increasing the knowledge on theadbility of the strengthened concrete elements ugiagNSM
technique, this paper presents an experimentargnmog which a series of pull-out tests are conelditd study
the effect that wet-dry cycles in the presenceatiEgwhich simulate the effect that an accelerafgidg process)
may have in the performance of this technique. Wwike, DIC method is used in one specimen to agbess
distribution of the displacement and strains figld<oncrete elements strengthened with the NSMrigcie.
Finally, using the experimental results and apgyan inverse analysis procedure, an analyticalesgion for the

bond stress—slip relationship is obtained.

2. Experimental Program

2.1. Specimens and test configuration

Specimens tested consisted of concrete cubic bleithk200 mm of edge, where a CFRP laminate withdanm
of thickness and a 10 mm of width was installed small groove located in the middle of one ofrtfetes. The
CFRP laminate was fixed to the concrete with arxg@mhesive. It should be remarked that the CFR® rvea
attached along the total groove length, but only defined distance referred up to now as bondlehg Due to
the possibility of a premature failure of the speen because of the possible formation of a fraatores at the
loaded end, this bond length started 100 mm fragntdlp surface of the cubic block. In addition, eebplate of
20 mm of thickness was placed on the top of thekodmd fixed to a rigid base by using M10 threaaat$ fasten
by a torque of 30 Kim, so as to avoid any possible vertical displacerderning pull-out test. Geometry of the
specimens is shown Fig. 1. BothL,, groove width\,, and groove depti)q, were variable values dependent

on the specimen tested.



A total of 30 specimens distributed in thirteeniegrwere tested, containing each series one, twihree
specimensT able 1 summarizes the experimental program carried diisp®cimens belonging to one series had
equal characteristics. For each set of the parasieteW, andDy, two series were considered: (i) one acting as
reference, and kept in a climatic chamber at 20%€C5%5% of relative humidityREF specimens), and (ii) other
exposed, after an epoxy curing period, to 90 wgtajicles YWD specimens); each cycle lasted 24 hours and
involved wetting the specimens during 12 hoursrgnersion in water with 3% of NaCl at20°C, and drying
the specimens at about8’C.REFspecimens and its correspondéfid specimens were tested at the same time.
Hence, name given to each series follows the fofmatWy Dz X" with X, y andz the values ok, Wy andDy
respectively, anX the keywordREFor WD which points if the specimens were or not subpktbevet-dry cycles.
Additionally, there existed a lonely specimen irdéd with the keywordREF*; that specimen was identical to
otherREF specimens but it was tested 250 days after epasiggeperiod (note thaREF specimens were tested

90 days after epoxy curing period).

Pull-out force was applied to the CFRP laminatelgyrip linked to an actuator. Between these twmelds, a
load cell with a static load carrying capacity @0XN (linearity error of €0.05% F.S.) and a LVDT were used
to, respectively, register the force and contrelt#st by displacement with a rate qirb/s. Relative displacement
(slip) between concrete/epoxy and CFRP was recdogigolacing another LVDT (rangeb mm with linearity

error of£0.09% F.S.) attached to the top part of the coadsktck and in contact with the composite material.

For the case of thREF* specimen, pull-out test was also monitored usingjtél Image Correlation (DIC)
method, placing an 8-bit Charged-Coupled Device@Baumer Optronic FWX20 digital camera equippethwi

a Nikon Zoom Nikkor AF 28-105mm f/3.5-4.5D IF lenSomponents of the optical system as well as the
measurement parameters used are listdalote 2. Images acquisition frequency was 0.2 Hz, and tlasment
was performed by using GOM ARAMIS® DIC-2D v6.02 tvadire [25]. The lens aperture was set to f/11 for
enhancing depth of field and avoiding diffractidfeets, and lighting intensity and shutter time seadjusted in
order to obtain a uniform illumination, avoid pixshturation and prevent motion blur in the imagasnd
exposure. With this setup, the displacement arminstesolution associated were in the rangexd02 pixel and
0.02% respectively [25,26]. In order to createaalprandom (isotropic) and contrasted grey lev&rithution in

the target surface, concrete was firstly uniforrasithg iron paste and polished with 300-grit sanépag@nd then



painted using a white matte background appliedhemegion of interest, followed by a spread distiitn of black

painting.

2.2. Preparation of the specimens

All the concrete specimens (blocks for pull-outdesnd cylinders for the concrete mechanical cheriaation)
were cast from a unique batch. Block specimens e&stas monolithic cubic elements without any geo®nce
concrete was considered to have reached enougstams® (more than 28 days after casting), a sieuilat
strengthened process of the NSM technique wasedaotit. The process involved cutting carefully gheoves,
cleaning both the grooves and CFRP surfaces, mdparepoxy adhesive and applied it along the temgth,
keeping the CFRP laminates located at the middteefjroove. An epoxy curing period of 50 and 689sdfor
D25 andD15 series respectively was adopted. During the cyseripd, botiREF andWD specimens were kept
in laboratory environmentVD specimens were subjected to wet-dry cycles orthyr afiis epoxy curing period

had passed.

2.3. Material characterization
Cylindrical concrete specimens with 150 mm of diten@nd 300 mm of height were tested at 28 dayagef

according to NP EN 12390-3:2009 [27] to evaluatedbncrete compressive strength.

CFRP laminates used in pull-out specimens, with @BR/2000 trademark, were manufactured and suppired
S&P® Clever Reinforcement Company, and consistednadirectional carbon fibres agglutinated by anxgp
vinylester resin, with a smooth external surfadee Techanical characterization of the tensile ptaseof these
laminates was performed both in its original stage,as received in the lab, and after having Isedjected to the
wet-dry cycles in the same conditions of pull-op¢a@mens. Characterization tests were conductent@iog to
ISO 527-5:1997 [28] adopting a displacement rat2 wim/min, and using a clip gauge mounted at midethéon

of the test specimen to determine the elastic madul

Similar to CFRP laminates, mechanical propertiespufxy adhesive were also evaluated both with atitbut
exposing the material to the wet-dry cycles. Tastlnd the tensile strength out were undertakeseaon 1SO
527-2:1993 [29] and a clip gauge mounted at mideligon of the test specimen was used to deterrhmelastic

modulus.



3. Results

3.1. Materials

Concrete compressive tests showed an average ceshmatrength of 26.37 MPa, with a coefficienvafiation
(CoV) of 4.0%. Based on this result, concrete usetthe pull-out specimens can be considered of umdow
resistance, which is expected to be the typicaistasce to be found in an element susceptible @aigoe

strengthened using the NSM technique.

For the case of CFRP laminates, mechanical chaizatien tests carried out without subjecting thatenial to
wet-dry cycles yielded a tensile strength of 2438lBa (CoV=5.8%) and an elastic modulus of 158.0 GPa
(CoVv=0.9%). After wet-dry cycles, mechanical prdjer of the CFRP material experienced a slightatem:
tensile strength was found to be equal to 2281.4 NiBoV=5.8%), and elastic modulus resulted 154.a GP
(CoV=4.1%). Thus, the effect of the wet-dry cyodesailed a decrease of 6.3% for the tensile sthreagtl 2.1%

for the elastic modulus. It interesting to notetthia nearly all cases, the failure mode of the €Fpecimens

occurred in explosive fashion because of a progesapture of the fibres at mid-height of the spemns.

For the epoxy adhesive, the obtained tensile stihengs 17.33 MPa (CoV=5.8%), registering an elasticlulus
of 6.35 GPa (CoV=5.8%), when the material was kaplab environment not suffering any aging action.
Conversely, these tensile properties varied tosileestrength of 15.65 MPa (CoV=22.2%) and artielasodulus
of 5.87 GPa (CoV=17.1%) when the epoxy adhesive expssed to the wet-dry cycles along with the pul-
test specimens. Consequently, a decrease of 9.4%.&Pb6 for the tensile strength and modulus oftieifs
respectively, took place. Likewise, the CoV of bptioperties significantly increased. Comparing ¢hessults
with those obtained for the CFRP laminates, itésicthat degradation in the epoxy adhesive dwestedry cycles

is much more important than in CFRP laminates.

3.2. Pull-out tests

The 30 pull-out specimens were tested by pullimg@RFRP laminate out from the concrete block uhélfailure
of the composite system occurred. During the whe#ts both the pull-out force and the relative ldispment
between the concrete block and the CFRP laminate registered. This relative displacement measweaeithe

result of the sum of the slip between both mate@ald the elastic deformation of the CFRP lamirtdéace, for



obtaining the slip, the elastic deformation hatieésubstrated from the total measurement. Thissgsowas made
assuming, in all cases, a value for elastic modedusl to that obtained in mechanical charactéomaif CFRP
laminates without being subjected to the wet-digley, 158 GPa (note that the difference betweernvtidue and
that obtained after the CFRP laminates were expdaettie cycles is only 2.1% which can be considered
negligible).Fig. 2 shows typical pull-out forceersusslip relationships. The results obtained are suriz®a in
Table 3, which shows, for each specimen, the maximum leathedFimax, and its corresponding loaded end
slip, smax as well as the maximum average bond stresseBRP@&poxy interface;, and at the epoxy-concrete
interface,r,, and the failure mode. Values farandz,; were computed according t0= Fimax/ Lo X Pcrrpandz, =
Fimax / Lb %X Pgroova WherePcrrp and Pgroove are the perimeter of the CFRP cross-section aaghénimeter of the
groove cross-section in contact with the adhesigpectively. Moreover, for each series, averadigegaalong

with their corresponding CoV value (place betweareptheses) are shown.

Three different failure modes were identified ($&g. 3): (i) concrete splitting, which affected a largea of
concrete around the bonded region (C); (i) CFRRraat the loaded end section (F); and, (iii) aiediing at the
adhesive-laminate interface (D). It should be réwmdithat, despite being possible the debondinigesatihesive-
concrete interface, that never took place as egdedince the concrete groove surface was roudiaer the

external surface of the CFRP laminate.

For the case dD15 specimens, where laminates were close to the etssurface, concrete splitting was the main
failure mechanism; however, when the groove widdls wcreased, as in L60_W8_D15 series, concreitérgpl
did not take place, probably because this increrirettie groove width resulted in lower bond stressethe
concrete-epoxy interface, which at the same tirdeiged stresses in concrete, thus avoiding splitéaiglitional
information about the resisting bond mechanics lélligiven further. In contrast with tieL5 series, debonding
was the main failure mode identified25 specimens, and it was the consequence of reaahiigh bond stress
(seer; andr) in the interfaces between concrete, epoxy anththanate, and a lower stress state in concrete (no
that the mobilized concrete area was higher dwedeeper grooves). It is interesting to mention i@eneral,
debonding occurred without observing any signiftcanrack in neither the epoxy nor the concrete. ey,
CFRP failure was not so common and only occurrednie specimen (L90_ W4 D25 REF _1); this could be

related to the higher bond length and groove’shdegtich exists in this specimen, what preventediiteonding.



Moreover, the effect of the wet/dry cycles mardyalfected the failure mode: only in series L90_ViD25 the

failure mode changed from F/D to C.

A general analysis of results shows that with tieegase of the bond length, the maximum pull-otgefancreases;
that means that the bond length of 60 mm (sdr&} is less than the effective length for the studigdtem.
Likewise, similar to that observed in failure megisas, the influence of groove depth is importérg:increment
displayed in the case BfL5 series when bond length changes from 60 mm tor@It60_W4_D15 series against
L90 W4 D15 series) gives an average value of a 28BPlle for D25 series (L60_W4 D25 series against

L90_ W4 D25 series), this average increment is arllp%.

Fig. 4 shows the effect of wet-dry cycles on the serssed. In this graph, the relative difference,e@mts of
percentage, between the mean value§ef; obtained forREF specimens and foWwD specimens of same
characteristics (i.e. sanhg, Wy andDg) are depicted. As can be seen, in the cag¥lbfseries, the ageing effect
produced by the wet-dry cycles leads to decreasiagnaximum pull-out force bearable by the specintieis
effect is much higher in the case of L60_W4 _D15esewhere reduction is around 14%. When bond leiggth
increased (L90_W4 D15 series), the aging effectdsiced in more than a half, what reveals thatrttpaibond
length closer to the effective length has alsorg beneficial effect in terms of aging. Consequgrdksuring an
appropriate bond length in the NSM technique shdwdda crucial objective when designing this kind of
strengthening. With regard to the influence ofgheove width, it is observed that L60_W8_D15 setieseffect
of wet-dry cycles had a small influence (less tB&) in the maximum pull-out force. This could be dawn to
the fact that in these specimens there is a 50% mmume of epoxy adhesive surrounding the CFRRniat@
than in the case of L60_W4_D15 series, which mdkées“extra” amount of adhesive protect the adhesiv

laminate interface from the degradation producethbywet-dry cycles.

On the other hand, in the caseD&5 specimens, a confusing behaviour is observed:footeries L60_W4 D25
and L90_W4_D25 the wet-dry cycles had a positifeotf increasing the value Bfnax achieved. However, this
can be explained because of the epoxy curing pefi@®5 series which was 150 days, unliRd5 series which
had a curing period of 600 days. Consequentlyay be possible that the epoxy curing perioddab series was
not enough, and as a result, the wet-dry cycleshmag contributed to an accelerate curing of tlexgpdhesive.

Conversely, this positive effect was not experiradrin L60_W8_D25 series, where the aging processeca



very small decrease (barely a 1.3%lriRx Reason of this phenomena can be attributed,agitoilwhat has been
commented above for L60_W8 D15, to the great amofiepoxy in the specimen, which resulted, not anly
preventing degradation in the adhesive-laminateirbdecreasing the curing effect of the wet-drgleg in epoxy

also.

3.3. Comparison with other studies

The obtained results were compared with thosernexdn the literature. Sena-Crat al. [30] subjected a series
of concrete slabs strengthened with CFRP lamin@iigssusing the NSM technique to several environalen
conditions, including wet-dry cycles, during 360dar20 days. Results showed that after 360 daysefgb
submitted to wet-dry cycles, specimens experimeatethcrement in load capacity of around a 7%; hare
after 720 days, a reduction of a 7% occurred. Sitval. [31] subjected some beam pull-out specimens tednet
cycles also during 360 and 720 days, obtaininglaimnésults; hence, after 360 day of submittingcépens to
wet-dry cycles, load capacity increases about a, 1@diée the effect for 720 days was experimentimgduction
of nearly a 7%. Goebel [32] studied the effectafidh degradation between concrete and CFRP strijpg iNSM
technique due to several environmental conditipesforming several pull-out tests. This researsh &dsted the
effect of using different types of epoxy adhesivethe interface concrete-CFRP. For the case ofdmetycles,

it was found that after submitting specimens te tioinditions an average gain of 12% in the strewgshobserved.

The obtained values in the previous investigatemesclose to that registered for the specimenspted in this
work. As was the case of the specimens testeckipitbsent paper, the probable reason for havingcaement

in the load capacity in some results may be theseguence of an insufficient epoxy curing period. thes kind

of specimens, results obtained in this paper (s&6®_W4_D25 and L90_W4_D25) gave similar valu€s4%
and 7.7% respectively) to that obtained by the rotfo¢hors. Regarding to the specimens of Sena-€rak[30]

and Silvaet al. [31] tested after 720 days, these specimens sdffeond degradation due to the wet-dry cycles,
meaning that epoxy cured period was less thantitingt That effect is similar to what was observedséries
L60_W4 D15, L60_W8 D15 and L90_W4_ D15 of this paperhich epoxy cured period was extended to 600

days.
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3.4. DIC outputs

As mention in sections abovBEF* specimen was also monitored by using the DIC ntktlocomparison
between the measured loaded end slip using the Lafilthe DIC method is depictedrig. 5, showing that the
overall behaviour is very similar both using DICthed and an LVDT, and thus validating DIC resultse use

of DIC method enables to obtain much more infororatihan using a simple LVDT, especially in terms of
displacements and deformations in any point osthdied regionFig. 6 presents, for different levels of pull-out
force and for both directionsandy (beingx the direction of the pull-out force which is apgaliat the left side of
the picture), the displacementdy(andUy) and the strainse{ andey), as well as the distortional fiekly (yxy)
registered. These images show that displacengraadUy are symmetrical in relation to the longitudinalsaof

the laminate X direction), being higher in the groove region. Miigde ofUy results to be 10 times higher than
Uy, and its maximum value (around 0.2 mm) is locatetthe debonding region. In the case of strainsgimam
values when achieving the maximum pull-out forceuned at the vicinity of the free end region, lggihe strain
levels ofex andey very similar. Strain images and the distortiorialdf also reveal and confirm that diagonal
compressive forces, or struts, are developed irathesive and then transferred to concrete, produi‘fish-
spine” crack pattern [33], as schematically depidgteFig. 7a, and which was also observed in the results of the

pull-out specimens after being examine by usinggital microscopeHig. 7b).

4. Numerical Simulations

4.1. Local bond slip and pullout load—slip relatgip

The local bond phenomena between two materialgh{g1 case, CFRP laminate and the epoxy adhesive) is
normally characterised by a second order diffea¢mquation. This expression may be establishadrins of
forces [34,35] or, as is the case of this papey, Ibeaderived in terms of slip [19,36]. In the fallmg lines, a brief
overview of the analytical formulation used in thiper is presented, being possible to find motaldelsewhere
[19,37]. It is interesting to note that the adoptethlytical model has previously shown a good [tect
performance on modelling bond between CFRP andsagh@é other investigations on the NSM techniqoe f
strengthening concrete [37] and glulam [20] matsria

The equilibrium of an infinitesimal lengthx of a CFRP laminate place into a concrete grodlesifivith an epoxy

adhesive can be written as:

Oy tywp + 20w dx=(og +doy Jtwy (1)
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beingor the normal stresg, andws the CFRP laminate thickness and the width, w@s(x)) the bond stress on
the contact surface between the CFRP and the epdixgsive, which is a function of the slig{x) registered
between both components. If it is assumed thalCfRBP has a linear behaviour, then normal stredgeastly
proportional to normal strais, so Eq. (1) can be rewritten as:

2 dx @)

whereE; represents the CFRP elastic modulus. Neglectiagl¢fiormability of both the concrete and the adkeesi

in the slip deformation, thes = dgdx, so Eq. (3) is obtained:

d’s 2
72_1'
dx Erts

®3)

Eq. (3) is the second order differential equatioat tgoverns the local bond phenomena of the CFRihde-
adhesive interface. Eq. (3) can be solved oncéotted bond stress relationshigs has been established. In this
paper, this relationship has been defined by EqwHich has only four parametets; sn, o anda’; the former

two are the bond stress and its correspondingwslie the latter two are parameters which defime ¢hape of

the curves.
a
S .
Tm{s] if s<s,
(s) = m (4)
S .
T g if s>s,

4.2. Numerical procedure

In order to solve Eq. (3) taking into account lobahd stress relationships of Eq. (4), a numerical algorithm
was developed. This algorithm broadly consist daoting the four parametety, sn, « anda’, by inverse analysis
from experimental results. For that, a set of patens were defined, and based on them, the Equg8)solved
using the relation of Eq. (4), following the schensbowed irFig. 8, and considering the boundary conditions of
free and loaded ends showed in Eq. (5) (wiRerepresents the pull-out force experimentally meadurThat led

to obtain a numerical pull-out foreersusslip curve which was compared with the experimem&, computing
the error as the existent area between both cuwWhen the error was considered high, a new searpeters

was defined and the process was repeated. Morigsdwtéhis algorithm can be found elsewhere [19,37
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s(0) = s¢ S(Lp) =
x=0={N@0)=0 ; x=L,={N(L,)=N 5)
£ (0)=0 £r(Ly)=NI(E-A)

4.3. Numerical results

The numerical procedure described above was apiglifite specimens experimentally tested to obteeir tocal

bond stress—slip relationship, which translates fimding the appropriate values of the parameigrsm, « and

o' . For each series, the average relationship betthedpnaded end slip and the pull-out force was tisealibrate
the relationship. For the CFRP elasticity modutusalue of 158 GPa was used, the same value aasbated

in experimental test to compute the elastic deftionaof the laminate.

Numerical results for each series experimentalbyed are shown i able 4, including, besides the value of
parametersm, Sm, @ anda’, the normalized erroErr (the error obtained as the area between the empatal and
the numerical curves, divided by the area of thee@rmental curve), and the error ratios in the mmaxn pull-out
force Ei,num/ Fiexp and in the loaded end slip value correspondintpéomaximum pull-out forcesfum / S exp)-
As can be observed, normalized error is acceptabléeving a mean value of 6.76%. Likewise, incabes, the
maximum value for rati¢ num/ FiexpiS less than a 1.15%, which shows the good pretish the estimation of
the maximum pull-out load. For the case of ratiam/ Sexp also good values were achiev&dg. 9 presents a
graphical comparison between some of the experahant numerical pull-out foroeersusslip curves, showing
a good fit between experimental and numerical tesliherefore, from the results obtained, it carcdecluded
that the numerical inverse analysis carried oabis to predict with good accuracy the pull-outéorersusslip
relationships of the specimens tested. The avdragd stress of all series is equal to 20.8 MPas Value is in
agreement with value obtained in other studies[29). As expected;, is commanded by the maximum pull-out
force obtained experimentally. A large variatiomigained for the parametersandea’. This behaviour is related

to the fact that these parameters control the sbbfte pull-out forceversusslip.

5. Conclusions

This work has presented an experimental study tiralirect pull-out tests on the durability of thean surface
mounted (NSM) strengthening technique under wetegigfes. The bond performance between CFRP lansipate
epoxy adhesive and concrete has been investiggteebting a total of 30 specimens to analyse tfisence of

the bond length, the groove depth, the groove vadththe strengthening application age. The folhgwiariables
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were adopted in the present study to evaluatedhd performance: bond length, groove width, grodeeth and

aging effect (wet-dry cycles).

Failure modes observed in the specimen testeddadlaoncrete splitting, CFRP laminates failure dgldonding
at adhesive/laminate interface, being the firstimoee typical in specimens with grooves of 15 mptdend the

last one common of specimens with grooves of 25dapth.

Obtained results have shown a decrease of aroliéloan the maximum pull-out force due to the wet-clycles
for the specimens series with grooves of a deptialep 15 mm and a width of 4 mm, being the bomtjtle of
60 mm; however, when the bond length increasedtm®, the effect of the wet-dry cycles showed aicédn

of more than a 50%; likewise, when groove depth waieased to 8 mm, the decrement in the pull-ouge was
reduced to very low values. Conversely, for speosneith grooves of 25 mm, results showed an inereds
around 10% in pull-out force when specimens wetgestied to wet-dry cycles; this behaviour couldtbe
consequence of a low epoxy curing period appliedhia specific specimens. Nevertheless, specimatis w
grooves of a width of 8 mm experimented a sligltrdment in pull-out maximum force of around the 1ing
this value obtained similar to that registeredtfar case of the specimens with 15 mm of groovehdejih 8 mm
of groove width. Results have been compared witleroinvestigations carried out previously by othathors,

showing a good agreement with them.

Digital image correlation (DIC) method has beendugeanalyse the displacements, strains and dmtaitfield
in one of the pull-out specimen tested. DIC methasd revealed that maximum values of strains ocdwateéhe
vicinity of the free end region, and has shown thatbond resistant mechanism involved the devetoprof
diagonal compressive struts in the adhesive whriahsfer the force to concrete, resulting in theratizristic

“fish-spine” crack pattern.

Finally, based on the experimental test resulbtsiraerical analysis has been undertaken to estahkdocal bond

stress—slip relationship of the specimens testedmRhis numerical analysis, an average bond sthen§

20.8 MPa was obtained.
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Table 1: Experimental program

Series Lo (mm) Wy (mm) Dg(mm) No. of specimens
L60_W4 D15 REF 60 4 15 3
L60_W4 D15 WD 60 4 15 3
L60_W8 D15 REF 60 8 15 2
L60_W8 D15 WD 60 8 15 2
L90 W4 D15 REF 90 4 15 2
L90_W4 D15 WD 90 4 15 2
L60_W4 D25 REF 60 4 25 3
L60_W4 D25 WD 60 4 25 3
L60_W8_D25_REF 60 8 25 2
L60_W8_D25_WD 60 8 25 2
L90_ W4 D25 REF 90 4 25 2
L90 W4 D25 WD 90 4 25 3
L60_ W4 D25 REE 60 4 25 1

19



Table 2: Optical system components and measurements paramete

CCD Camera

Model Baumer Optronic FWX20 (8 bits, 1624x1236 fsxe
Shutter time 3ms

Frequency 0.2 Hz

Lens

Model Nikon Zoom Nikkor AF 28-105mift3.5-4.5D IF
Aperture f/11

Lighting Raylux 25 white-light LED

Working distance 470 mm
Conversion factor 0.033 mm/pixel

ARAMIS DIC-2D software

Facet size 15x15 pixels
Step size 15x15 pixels
Strain step 7 subsets

Measuring points  15x15 pixels
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Table 3: Pull-out tests results

Specimen Fimax (KN) Smax (MM) u (MPa) 2> (MPa) Failure
mode
L60_W4_D15_REF_1 29.1 0.47 21.3 14.3 C
L60_W4_D15_REF_2 29.7 0.75 21.7 14.6 C
L60_W4_D15_REF_3 28.2 0.60 20.6 13.8 C
L60_W4 D15 REF 29.0 (2.6%) 0.61(23.1%) 212 14.2 -
L60_W4_D15_WD_1 25.9 0.47 18.9 12.7 C
L60_W4_D15_WD_2 23.7 0.33 17.3 11.6 C
L60_W4_D15_WD_3 26.5 0.31 19.4 13.0 C
L60_W4 D15 WD 25.4 (5.8%) 0.37(23.6%) 18.5 12.4 -
L60_W8_D15_REF_1 26.9 0.72 19.7 11.8 D
L60_W8_D15_REF_2 26.7 1.03 19.5 11.7 D
L60_W8 D15 REF 26.8 (0.5%) 0.88 (25.05%) 19.6 11.8 -
L60_W8_D15_WD_1 25.9 0.80 19.0 114 D+C
L60_W8_D15_WD_2 26.2 0.82 19.2 115 D+C
L60_W8 D15 WD 26.1 (0.8%) 0.81 (1.7%) 19.1 11.5 -
L90_W4_D15_REF_1 37.8 0.99 18.4 12.3 Cc
L90_W4_D15_REF_2 35.0 1.12 171 11.4 C
L90_W4 D15 REF 36.4 (5.4%) 1.06 (8.7%) 17.8 11.9 -
L90_W4_D15_WD_1 345 0.48 16.8 11.3 Cc
L90_W4_D15_WD_2 34.2 0.64 16.7 11.2 C
L90_W4 D15 WD 34.4 (0.6%) 0.56 (20.2%) 16.8 11.3 -
L60_W4_D25_REF_1 27.0 0.44 19.8 8.3 D
L60_W4_D25_REF_2 30.8 0.46 22,5 9.5 D
L60_W4_D25_REF_3 26.3 0.51 19.2 8.1 D
L60_W4 D25 REF 28.0 (8.6%) 0.47 (7.7%) 205 8.6 -
L60_W4_D25_WD_1 32.3 0.45 23.6 10.0 D
L60_W4_D25_WD_2 30.4 0.62 22.2 9.4 D
L60_W4_D25_WD_3 30.8 0.54 22,5 9.5 D
L60_W4 D25 WD 31.2(3.2%) 0.54 (15.8%)  22.8 9.6 -
L60_W8_D25_REF_1 30.6 0.76 22.3 8.8 D
L60_W8_D25_REF_2 30.7 0.66 22.4 8.8 D
L60_W8 D25 REF 30.7 (0.2%) 0.71(10.0%) 224 8.8 -
L60_W8_D25_WD_1 29.6 0.92 21.6 8.5 D
L60_W8_D25_WD_2 30.9 0.56 22.6 8.9 D
L60_W8 D25 WD 30.3(3.0%) 0.74 (34.4%) 221 8.7 -
L90_W4_D25_REF_1 36.5 0.98 17.8 7.5 F
L90_W4_D25_REF_2 28.7 0.41 14.0 5.9 D
L90_W4 D25 REF 32.6(16.9%)  0.70(58.0%) 15.9 6.7 -
L90_W4_D25_WD_1 37.7 1.06 18.4 7.8 Cc
L90_W4_D25_WD_2 27.6 0.73 135 5.7 Cc
L90_W4_D25_WD_3 39.9 0.95 19.5 8.2 Cc
L90_W4 D25 WD 35.1(18.7%)  0.91(18.4%) 17.1 7.2 -
L60_W4_D25_REF* 1 27.4 0.67 20.0 8.5 D

Notes: C: Concrete splitting; F: CFRP failure; @bdnding at epoxy/concrete interface
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Table 4: Numerical results

Series m(MPa) sn(mm) a () a' (-) Err (%) Finum/ Fiexp (%)  Sinum/ Sexp (%0)
L60_W4 D15 REF 21.80 0.29 0.22 0.16 2.92 -0.01 0.00
L60_W4 D15 WD 20.60 0.03 0.07 0.07 10.33 0.03 -2.70
L60_W8 D15 REF 19.50 0.10 0.06 0.13 9.00 -0.64 2.56
L60_W8 D15 WD 19.30 0.46 0.22 0.07 17.83 0.20 0.00
L90 W4 D15 REF  18.70 0.24 0.25 0.13 9.72 1.12 7.69
L90_W4 D15 WD  22.00 0.28 0.18 0.04 3.00 -0.49 0.00
L60_W4 D25 _REF  21.50 0.13 0.17 0.08 1.18 -0.25 0.00
L60_W4 D25 WD  23.80 0.18 0.14 0.10 3.07 -0.07 0.00
L60_W8 D25 _REF  23.00 0.32 031 011 224 0.10 5.26
L60_W8 D25 WD  21.80 0.34 0.24 0.11 8.00 -0.05 5.33
L90_W4 D25 _REF  19.40 0.27 0.18 0.11 6.65 -0.97 0.00
L90 W4 D25 WD 18.20 0.26 0.22 0.11 5.9 0.29 0.00
L60_W4 D25 REF* 20.20 0.45 0.21 0.07 8.69 0.66 97.7
Averageerror (%): 6.76 -0.56 0.80
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Fig. 3: Failure modes: (a) Concrete splitting; (b) CFRRufai (c) Debonding at adhesive/laminate interface.
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