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Abstract: This paper presents a review of current knowleztyéhe bond behavior of fiber reinforced
polymer (FRP) systems inserted in the cover of meteeelements, commonly known as the near-surface
mounted technique (NSM). In the first part, by sind the physics of the phenomenon, the typical
failure modes, the most common bond tests and fitlieomost important design guidelines for FRP
NSM systems are introduced. In the second pardtabdse of bond tests composed by 431 records is
presented and the accuracy of existing design tinédeis assessed with this data. Lastly, the
formulations proposed by these design guidelinesegalibrated based on the experimental resutteein

database.
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1. Introduction

The near-surface mounted technique (NSM) is ortheomost effective techniques to strengthen coacret
structures, mainly in bending and shear. It cossistinserting the reinforcement material in thearete
cover of the element to be strengthened. The uibasfreinforced polymers (FRP) as reinforcing
material in the context of the NSM technique hasnhiatensively studied in the last 15 years allgnits
widespread application.

The methods for application of FRP NSM systems deépa the FRP cross-section geometry.
Nevertheless, the main steps are common to all$yRms as follows: (i) execution of grooves on the
face of the element to be strengthened; (ii) cleguoif grooves with compressed air or water under
pressure (in the end the grooves’ surfaces shaultttypand without any bond-inhibiting substancés);
preparation of the FRP (cutting with the desiratta and cleaning); (iv) preparation of the adhesiv
(groove filler) according to its technical spedifiions; (v) application of the adhesive in the gex) (vi)
insertion of the FRP into the grooves under slfglassure to force the adhesive to flow betweer-Rig
and the groove borders. This phase requires speaialin order to assure that the grooves are aieipl
filled with adhesive. When this is not the case, fitrmation of voids might occur; (vii) removal of
excess adhesive and groove external surface lgvelin

When compared with the Externally Bonded Reinforeen{EBR) technique, NSM has the
following key advantages [1-3]: (i) reduced amoohpreparation work, requiring only the opening of
the grooves avoiding removal of degraded surfaceragularization of remaining surface; (ii) lessme
to premature debonding because the bonded araayés,| allowing a more efficient use of the
reinforcement material (in some cases, FRP faitarebe achieved); (iii) ease in extending the
reinforcement to adjacent elements; (iv) greatetqation of the FRP against external aggressivatage
or acts of vandalism; (v) smaller visual impact.

In terms of FRP cross-section, rectangular, sqoareund bars are commonly used. As the
grooves have vertical and parallel sides, squadeestangular bars explore better this grooveshusoy
since a more uniform adhesive thickness is achieMedeover, with the use of round bars, split @& th
groove filling cover may occur due to the existstigesses perpendicular to the FRP. In the casguafe
and rectangular bars this normal stress compomgsinaainly towards the groove lateral concrete.

Comparing square and rectangular bars, the lati@imize the ratio of surface to cross-section

area, minimizing the bond stresses for the sanmléciorce in the FRP. Other advantage of using



rectangular bars is related with the simplicityopening the grooves: a single saw cut is normaltugh
for obtaining the groove while with round/squareshiavo saw cuts and removal of the concrete in
between are usually required. The main disadvarghgectangular bars is the need for a deeper groov
to provide the same reinforcement area.

In terms of the adhesives used to bond FRP bamsricrete, epoxy adhesives are the most
common, even though some researchers have usedtcemetar [4, 5]. In general, cement based
adhesives have lower mechanical strength and highrarg time. On the other hand, they present bette
performance when subjected to high temperatures.

The most recent comprehensive review on the NSkhigae was published in 2007 [6]. In order
to provide a wider overview of the technique, itswept focused on the bond. Moreover, since then, a
manifold of experimental works focusing on bondfpenance of FRP NSM systems have been
developed. Hence, the scope of this work is to ideoa review on the bond behavior of FRP NSM
systems in concrete. This review includes, in thet part, an introduction to the typical observyaiure
modes, the most commonly used bond tests and tweeahost important design guidelines. In the
second part of this paper, a database of 431 hemtsl is presented, the accuracy of the design lingde

is tested and several modifications to these guieglformulations are proposed.

2. FRP NSM technique

2.1. Failure modes at structural level

Considering a reinforced concrete element stremgtthén bending (and/or shear) with a FRP NSM
system, six failure modes combining different srefsites on the three intervening materials (comcre
reinforcement steel and FRP) can occur.

Assuming firstly the failure of a single materiabncrete crushing, FRP rupture or FRP debonding
are possible. These failure modes should be avainhee they lead to brittle failures. Concrete bing
may occur when longitudinal steel reinforcemenbrest too high and/or concrete strength is too ldw;
FRP reinforcement ratio is too low and its bondawhth is high enough, FRP rupture can occur; finall
if the strengthening configuration does not alltwr mobilization of the FRP system’s full strendtRP
debonding may occur even before steel yielding.

When the FRP NSM system is properly designed, tpected failure modes are the concrete

crushing and steel yielding, steel yielding and FRfture or steel yielding and FRP debonding. The



internal cross-section equilibrium is achieved iy balance between concrete in compression and the
contribution of both longitudinal steel and FRRension. Hence, the most efficient design solutidh

be the one which explores more efficiently the fiaicement materials (steel and FRP) thus condutting
concrete crushing after longitudinal steel yieldbeing the FRP safely close to failure. This leads
ductile failure, with all materials being used oytheir capacity.

The last two failure modes (steel yielding with F&ner in rupture or debonding) are the most
difficult to prevent because the existing predietinodels of bond strength are not robust enoughAget
a result, there is significant uncertainty regagdime definition of the critical failure mode, himihg the
quality of strength predictions even for concratgshing failures. In fact, if it was possible tegict the
highest load that the FRP can attain without delmgndhen it would be possible to design the FRP
system not failing in tension. Then, it would als®possible to check, by the internal cross-section
equilibrium, whether or not the concrete strendfitmas full load transfer.

In order to better understand the failure by delrondf the FRP, Figure 1 presents a general
example of a reinforced concrete beam strengthenikeednding with a FRP NSM system. This figure
indicates the regions where the three major delognidilure modes can occur [7, 8]. End debonding is
associated with the concentration of stressestheands of the FRP and starts from its extreroityé¢
center of the beam, causing the failure of thengtiteening system. Debonding caused by diagonal shea
cracks, usually designated critical diagonal crdekonding, is associated with the development of a
dominant shear crack. As soon as the crack reabbdsRP, it can propagate horizontally along th® FR
NSM system towards the closest extremity, caugieddilure of the strengthening system. Debonding
caused by flexural cracks, commonly designatednmdiate crack debonding, is in a manner similar to

shear crack debonding phenomenon, but initiatea texural crack.

2.2. Failure modes at local level

Each one of the three debonding failure modes ptedéefore can be in turn separated in four differ
local failure modes taking into account, not otilg failure of the three materials involved in tHeF-
NSM system (concrete, FRP and adhesive) but aésesxisting interfaces (FRP/adhesive and
adhesive/concrete). Figure 2 presents those faihages for an example of a FRP NSM system with a

rectangular bar.



To better explain these four failure modes, condidat the load is transferred from the FRP to
concrete. Hence, it is expected that the firstaaiiregion where failure can take place will be th
interface between FRP and adhesive. The resistarnhbes failure mode depends essentially on theeteg
of transverse confinement, bond length and adhesgrhanisms between FRP and adhesive.

Failure within the adhesive depends also on theegegf transverse confinement and on the
mechanical properties of the adhesive (mainly shesistance). Failure at the interface betweensidbe
and concrete depends on the same factors as filne faf the interface between FRP and adhesive,
considering that the relevant adhesion mechanisrmusbetween adhesive and concrete.

Finally, cohesive failure within the concrete degienlso on the degree of transverse confinement
and on the mechanical properties of concrete.

Another aspect that should be stressed is thahtédacial failure modes have a similar physical
appearance (i.e. the elements will become simptpnnected), while in the case of cohesive failure
modes (in adhesive or concrete) several variattansbe found, e.g. crushed, spalled, splitted arstate
resulting from a combination of these types ofufiak.

Summarizing, FRP debonding can occur at one dfitfe® zones indicated in Figure 1 along one
of the four regions indicated in Figure 2. Althoutdgtbonding can occur simultaneously in more than on
zone (see Figure 1) and along more than one régemFigure 2) in the same reinforced concrete

element, at each level (structural and local) drfaiture modes will be determinant.

2.3. NSM bond tests
The bond behavior of FRP NSM systems has been iexpetally studied using the so-called bond tests.
Several bond test configurations have been propiesexhalyzing in detail the debonding phenomena
introduced in section 2.1. These configurationstmagrouped in direct pullout tests (DPT) and beam
pullout tests (BPT). The DPT are more represerdgaifvend debonding and critical diagonal crack evhil
BPT are recommended to study intermediate crackrubkhg.

DPT for FRP NSM systems were derived from the axgsbnes for reinforcement steel [9]. In the
later, a concrete block is cast with a bar of steé@k center with a predefined bond length. Tewt t
consists on pulling the steel bar from the concoédek. The applied force and the correspondept sli

(i.e., the relative displacement between the bertha concrete block) are registered during theeent



test. This relation between force and slip allomesdefinition of the usually nominated bond-slipja
which is used to characterize the bond.

When DPT is used to study FRP NSM systems, theiEREcentrically located in the concrete
block in order to be representative of NSM systesnwide range of adaptations of the original sdiap
been proposed to study FRP NSM systems. Differstps lead to different stress states in concrete,
which will be suitable to model different aspect$BP NSM systems. A detailed description of the
different test setups found in the literature amel¢orresponding critical appraisal of these ivioied in
section 3.

BPT for FRP NSM systems were adapted from the hmalout tests for reinforcement steel [10].
In this case, two concrete blocks with same gegnagtx connected by a hinge system at the top ard by
steel bar near the bottom. When the BPT is appli¢eRP NSM systems, besides the use of FRP instead
of steel, different bonded lengths between FRPcamdrete are commonly used for each block
composing the system. In one block, the FRP isifadeng its entire length, while in the other ifixed
in a smaller predefined length in order to locatize study of the debonding process.

Ideally, both types of tests should be used ty feitlaracterize the bond behavior. In spite of that,
as will be seen in the following sections, DPT available in larger numbers due to the main ademesa
of this configuration in terms of practical use: Dfests are easier, faster and less expensiveBRan
ones. Moreover, the information given by the DPMire important, since end debonding and critical

diagonal crack occur for lower bond strengths.

2.4. NSM guidelines
In the past, several researchers have proposediions regarding the bond strength predictioRRP
NSM systems in concrete [6, 11]. The calibratiothofse formulations is normally limited to the redd
number of tests used, as well as by the type hfrfaimodes observed in their experimental programs.
More recently, some of the existing formulationgeviested using experimental results availabléén t
literature and some modifications were also propgdsa, 12].

In this work, the focus was given to the existingdglines for the use and design of FRP NSM
systems in concrete. At least four guidelines vigeatified, namely the CAN/CSA S6-06 from Canadian

Standards Association [13], the ACI 4402R-08 fromekican Concrete Institute [7], the HB 305-2008



from Standards Australia [8] and the draft versadthe new annex of EN 1992-1-1 (Eurocode 2: Part 1
1) by the TC250-SC2-WG1-TG1-N17 from the Comitédpfren de Normalisation (CEN) [14].

Regarding the CAN/CSA S6-06 guideline, it was ranigidered in this study mainly because it
does not propose a closed-form solution for thduaen of the bond strength of FRP NSM systems. In
fact, it refers that the bond strength should baiokd either by testing the FRP NSM system todssiu
or it should be provided by the manufacturer.

The new annex of EN 1992-1-1 was also not consitierthis study, since it is only applicable to
FRP bars with rectangular cross-section (FRP 3trdpsaddition, its formulation require some adhesi
properties, such as tensile and compressive shenghich are not often provided by the authorthef
published experimental works, resulting in a maabamount of specimens suitable to be analyzed.
Additionally, the expression proposed by this gliigeto estimate the bond strength depends on some
coefficients which shall be provided by the mantfeer for each FRP NSM system, or adjusted by
testing.

Therefore, only the remaining two guidelines weralgzed and are presented in the following
paragraphs: (i) the “Guide for the Design and Qmsion of Externally Bonded FRP Systems for
Strengthening Concrete Structures” (ACI 4402R-08)nfthe American Concrete Institute [7] referred in
the present paper as ACI; and (ii) the “Design et for reinforced concrete structures retrofitiéth
FRP and metal plates: beams and slabs” (HB 305}Z6@8 Standards Australia [8], referred herein as
SA. The formulation of both guidelines is basedtmassumption that a certain bonded lenigghié
required to develop the entire bond strength offIR® NSM system, designated as development length
(Lg). If Lp> Lg the maximum bond force is achieved. Otherwisejlitbe linearly reduced according to
the ratioLy / Lg.

To simplify the comparison between ACI and SA gliites, Figure 3 presents their bond-slip
laws while the following paragraphs describe eagkeine’s formulation. This figure also shows two
idealized bond-slip models assumed as represeatatithe real behavior in FRP NSM systems in
concrete: in general, a linear branch can be ass@ionehe pre-peak branch; depending on the fitictio

degree, a horizontal plateau can exist or noterstiftening phase.



2.4.1. ACI Formulation
In the ACI formulation, the key parameter is theximaum bond strengthrf.x) for the entire system
(FRP/adhesive/concrete). If the bonded lengthié greater or equal than the development lergth (
the idealized bilinear shear stress distributimmglthe bond length can be approximated to a rgatan
distribution. Hence, an average bond strengtlg)( constant and equal to 6.9 MPa for all FRP NSM
systems, is assumed.

By imposing this average bond strength limit to ¢benection’s maximum capacity, theand
the maximum pullout force installed in the FRR) can be estimated using equations (1) and (2),
respectively. According to this standardLif> Lq the failure will occur by FRP rupture. Otherwisavill
occur by one of the four bond failure modes reférefore (see Figure 2), namely failure at therfates
FRP/adhesive or adhesive/concrete or cohesivedadiuthe adhesive or concrete. However, since all
modes are addressed using a single expressiondimation exist about the critical failure mode.

In this formulation Fmax is predicted using only four parameters: FRP petémfy), cross-section

area f) and design tensile strengfh)(and the bonded lengthgj.

Ld = A! ffd/pf Z-a\vg (1)
A ffd If Lb 2 Ld
I:fmax = A fdei |f Lb < Ld (2)

d

2.4.2. SA Formulation

The SA formulation is somehow more robust thanpifevious one as it was developed by solving the
fundamental second order differential equation goiwng the bond phenomenon of FRP NSM systems
assuming the theoretical bilinear bond stressrslgtionship without plateau (see Figure 3). Thilidar
law can be simplified to a single linear descendiranch since the error associated to this sinoplifbn
was found to be marginal [15]. With this stratetg values ofq andF«ax can be estimated by using
equations (3) and (4), respectively. Besides thamaters defining the bond-slip lawx and dma),

these equations include the axial stiffness oRRR® bar EA;) and the perimeter of the failure surface
(Lper). SA defines that this failure perimeter is locelemm from the FRP bar perimeter. The SA

standard also includes expressions for the estmati the bond strengtitx) and corresponding slip



(dmax). The evaluation of these entities (see equatidnand (6)) are dependent on the concrete
compressive strengtfi) and on the ratio between the depth and the vafiailure perimeter gpe).

Although SA and ACI guidelines present similar tghes for assessigmax, there are interesting
differences between them. The most relevant is tiate ACI only accounts for two types of failure
modes (either be FRP rupture or an unspecifie@bilite four premature bond failure modes), SA
accounts for three (FRP rupture, concrete cohdailtge or an unspecified premature bond failuredmo
out of the remaining three, i.e. cohesive at theeatle or at the interfaces).

While in ACI guideline, the first branch &%wx equation I, > L) is associated with FRP rupture,
in SA standard it is associated with concrete cebdailureinstead. SA second brandh, & Lg) is
associated with the remaining three premature f@ihde modes (again, not specifying which). Figall
the right-hand side of both branches introduce$-RE rupture failure mode by limiting the maximum
pullout force to the tensile strength of the FRP.

The use this formulation requires the definitiortle# following parameters: FRP geometry (for
the evaluation of e and@pe), FRP design tensile strength)( modulus of elasticityH;) and cross-
section area), bonded lengthl) and concrete compressive strendih (

Finally, it should be stressed that SA formulatreas developed for rectangular FRP bars.
However, in the scope of the present work, it was extended to square and round FRP bars. The

necessary adaptations will be detailed further.
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2.4.3. Construction details

In addition to the evaluation of tlemwx andLg, it is also necessary, from both regulatory arattical
standpoints, to define a set of construction detaihe guidelines presented before (ACI and SAYigeo
some of these construction details.

From the bibliographic survey performed (detailedhie next sections), a review on these
construction details was made and is summariz&aite 1. In this table acceptable limits for theayre
width (bg), depth ¢5) and spacingag), as well as edge distanag)(are given. It shall be stressed that the
values in this table were obtained from differexpgerimental programs, using different FRP NSM
systems and test configurations.

As can be seen, in terms of groove width, onlyeelolimit was found in the literature. This limit
aims at avoiding adhesive splitting due to theaksliresses in the FRP. However, an upper limitkho
also be defined in order to prevent the cohesiearsfailure of the adhesive [3]. Regarding the geoo
depth, from the literature it is clear that the d@erformance increases with the grooves’ depth;
however, thigparameter is limited by concrete cover. A minimuatue for the spacing between grooves
(ag) is proposed to avoid group effect between consec&RP reinforcements. Similarly, a minimum

value forae is suggested to avoid the premature failure oktige of the concrete element.

3. Databases of bond tests
In order to allow a deeper understanding on thelllmhavior between FRP and concrete in FRP NSM
systems, two databases of existing experimentgrpnos were gathered, one for direct pullout tests
(DPT) and other for beam pullout tests (BPT).

Regarding DPT, experimental results were gathewad & total of 26 documents [3-5, 19-41].
From those, 363 useful specimens were collectadBPd, only 6 documents [4, 42-46] were found in
the literature from which 68 useful specimens veslected. Table 2 presents a summary of the range o
the most important parameters included in the refedatabases. The following paragraphs summarize
the main variables studied in the experimental @t collected, as well as the major conclusioas th

can be drawn by considering them all together.
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Bonded length

In general, increasing the bonded lendt}) (eads to an increase in terms of the FRP maxiipulthout
force Fmax) and the corresponding strdisinay). Contrarily, the average tangential stresse®th b
interfaces (FRP/adhesive and adhesive/concretegakee due to the higher contact area between tRe FR
and surrounding materials and the non-uniform ithistion of bond stresses along the bond lengths&he
findings are valid both for DPT [3, 4, 20, 21, 31] and BPT [4, 42, 44-47] specimens.

Regarding DPT only, since there are specimensweiti small values dfy, it was found that the
average bond stresses at the interfaces increéisétwiincrease df, up to a threshold.(), after which
it decreases. The; value was found to be equal td 24, 48] and 9.d: [32] for CFRP round bars.
Taking into account that those values depend odidaete values dfy, that were tested, a global
threshold of 100 mm can be defined. For both CRERangular bars [3] and GFRP round bars [35] this
limit is suggested to be equal to 200 mm.

Even though the parameters that influence the itiefinof this limit (L) are not yet clearly
identified, its existence has been proved experiatignIn fact, a minimuniy, is required to allow the
mobilization of the entire bond-slip law. IfLa larger tharlq is available, as the region near the loaded
extremity becomes unbonded, the bond stressestmigréhe “extra’l,. However, the maximum
tangential stress value would not change sincedssumed that the local bond stress is a mechanica

characteristic of the strengthening system.

FRP fiber type and external surface

The type of FRP as well as the external surfacg gslaimportant role in bond response of FRP NSM
systems. In identical DPT specimens and FRP NSkésysonfigurations, it was found th&dnax
increases when moving from basalt to glass and filass to carbon FRP bars [25, 27, 28, 37]. Thés is
consequence of the observed increasing stiffness ffrasalt to carbon.
As expected, smooth surfaces are more prone todaih the FRP/adhesive interface. On the other
hand, such failure modes are less sudden thamgseabserved in roughened surface bars [27, 28].
Comparing FRP bars with different external surfatess found thaFmax increases from
manually roughened to sand coated to ribbed swf@&. This behavior is related with the increafe
the mechanical interlocking between the adhesidetlae FRP surface provided by each type of external

surface.
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For BPT specimens it was verified that ribbed veese more efficient than sandblasted ones [4].

This observation is in agreement with the resutseoved in DPT.

Groove surface

In the context of strengthening reinforced concsttectures, grooves are opened on the existingretm
cover. In spite of that, there are some studigkerliterature associated with pre-molded groo¥é3. [
Rough grooves (as a result of opening groovesiiadcaoncrete) behaved much better than smooth ones
(associated with pre-molded grooves) since therlaite more prone to failure at adhesive/concrete

interface [4].

FRP axial stiffness

For the case of DPFmax increases with FRP axial stiffne$sA() up to the value of 8000 kN, from
which no further load increase was observed [26]cdnfirm the existence of such limit, Figure 4a
presents the relationship betwdef and&max. For round FRP cross-sectica, decreases witBA
(lognormal trend wittR?=0.79). In the other cases (i.e. rectangular andrggbars), since the dispersion
of values is low nothing can be concluded, evenghahe trend in rectangular bars seems to beitdént
to the one observed in round bars.

Similar conclusions to the ones observed in the D&Tbe pointed out for the case of BPT
specimens (see Figure 4b). The major differenaeshat: (i) no square specimens exist; (ii) thadre

lines in rectangular and round FRP cross-sectiamare almost the same.

FRP _cross-section geometry

Literature has been confirming that the FRP cress$ien geometry also influences the bond
performance. In fact, when the diameter (or thetlwidr the case of rectangular cross-sectionshef t
FRP ¢k) increasesrmax and&max also increase and the tangential stress at FRESaahinterface g r/a)
decreases due to the greater contact area bethe&RP bar and the adhesive [4, 5, 20].

For the case of CFRP round bars, the influenak sdems to be also dependent on the groove
size.Fimax increases witlds if the ratio groove depth to bar diametdy [dr) is kept almost constant [31],
i.e. if the groove geometry (assuming that the widtequal to the depth) also increase at the satae

But if the groove geometry is kept equal whigincreases, thelfimax decreases [37], due to the reduction

12



on the adhesive thickness. As explained in se@idrB, there is a minimum adhesive thickness requir
to prevent the cohesive failure at the adhesivg3Th the reduction on the groove size changed the
failure mode from cohesive at concrete to cohesivbe adhesive.
For the case of CFRP rectangular bars, increabm§RP bar widthl%) increases thEsmax
mainly due to the larger cross-sectional area®RRP [3, 33].
Comparing directly specimens with FRP bars witlfiedént cross-sections, it is also confirmed
that rectangular bars are more efficient, in teofnsxploring the FRP capacity, than round bars,[45]

since, as previously referred, rectangular bartoegbetter the surface to cross-section area.ratio

Groove’s geometry

The influence of thgroove's geometry was assessed by testing idesjieaimens where only the
groove dimensions were changed. When both groavwertiions increase at the same proporti@rx
increase [31]. If the failure mode is cohesivehatadhesive then the average strength at theaoterf
FRP/adhesive increases with groove size (keepingtant the ratio width to depth) [4]. If the faiur
mode is at the interface adhesive/concrete, theageestrength at the interface FRP/adhesive waxifou
to decrease in [4] and to increase in [24, 48]. Wihereasing separately each groove dimensiorgins
that depth has positive effect By, due to the increase in terms of confinement gediby
surrounding concrete, while the width has negatifect [40]. This emphasizes the need for an upper
limit to groove’s width as referred in section 3.4If the failure mode is cohesive in concrete [87ht

the interface FRP/adhesive [4], increasing the yegatimensions had no influence Bfax.

Shape Ratio

Two different shape ratios were considered inwosk: one for the widthls, = by / b, and other for the
depth,kqy =dgy/ dr. In these expressiofsandd; are the thickness and width in quadrangular FRB, ba
respectivelyds is the diameter for round FRP bars, wiijeanddy are groove width and depth,
respectively. If both shape ratiksandky are greater than 1.5 no splitting occurred aefexy adhesive
in [25] while splitting was observed in [27, 28hi$ suggests that these geometry ratio limits ate n
enough to avoid of adhesive splitting. Additionallyher parameters (or relations) may be requived t

control the adhesive splitting, for instance makimgse ratios dependent on the external FRP surface
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Cover of the FRP

From the results gathered, the effect of adhesivercof the FRP was only studied for CFRP rectaargul
bars. It was found th#&mw.x and the average bond strength at the two intesfée®P/adhesive and
adhesive/concrete) increase with the increaseeofdler [5]. It was also found that, when the CFERP
inserted in deeper grooves but without cover (thteeaive only exists in the interior part of the@re

and up to the outer face of the CFRP), the redudtidgerms of strength and post-peak behavior ®f th
pullout forceversus slip relationship is small [33]. In any case,hibsld be kept in mind that in this case

the failure mode was the same for both specimetisamd without cover (cohesive within the concrete)

Concrete strength

As for the externally bonded reinforcement, corepgays a critical role on the performance of ttf&W
strengthening technique. By default the maximuntopiiforce Emax) increases with the concrete
compressive strengtfi up to a threshold value [3]. This threshold vatoeresponds to the change of
the failure mode type from cohesive within conctetanother mode. As expected, when the failure
mode is not cohesive within concrefighad no effect ifrmax [40, 42].

For the case of specimens where failure occurrélderconcrete, a reasonably constant value was
obtained for the ratio betweé&iwx and the square root &f implying that the ultimate load is directly
related to the tensile strength of the concrete [3]

In [31] the effect of the concrete strengthFanx seemed to be dependent of the FRP bar surface
configuration and on the bonded length. Differanface configurations result in different adhesion
mechanisms which, as referred in section 2.2, hawajor influence in the obtained failure mode.
Regardind.y, it was found that the influence fafis greater in specimens with lowsy, which is

corroborated by the results presented in [45].

Bond test type

One critical aspect in the analysis of bond in N§pdtems is the inexistence of a standard configurat

for both direct (DPT) and beam (BPT) pullout testsfact, in the DPT experimental works studiedjrfo
different configurations were used to study thecbbahavior in FRP NSM systems. Figure 5 summarizes
those configurations which have been separatedédopumber of test sides (single or double-sheat) an

the concrete stress state during the tests (cosipresr tension).
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In general researchers use single-shear test coafign. Variations can be found in terms of
concrete block shape, which can be cubic, prisnmateven C-shaped, in spite of the prismatic béieg
most used. Comparing single with double-shear,tdst<first ones present the following advanta@gs:
simpler preparation procedures since only one éhcencrete block is used; and (ii) simpler contbl
testing procedure and results analysis since giedgion is more localized. Comparing compresaiuth
tension single-shear tests, it would be expectatFHha would be higher in compression tests, as a
consequence of the confinement provided by the@tigpnditions. However, there are results of
identical specimens from compression [3] and tenf2®] tests, wher&max is quite similar, even though
concrete presented lower mechanical propertidsercase of tension tests. The main reason thdtean
pointed out for this similarity is related to arbemded length that was left between the bonde@meqgi
and the top of the concrete element. This can halieced a compressive strength in the top of the
concrete block, limiting the difference between poassion and tension tests. In fact, the effect of
leaving such unbonded length was assessed in cesipneests and it was verified to achi®ygx
identical to specimens where no unbonded lengthlefag3]. In any case, this must be verified
experimentally since there are other parametershwiniay be influencing these conclusions.

The greater differences observed in the compressitension pullout test setups can be found
when the failure occurs within concrete. In compi@s tests, a concrete cohesive failure is generall
observed, characterized by a concrete layer attiatchtihe composite element (FRP/adhesive) after
failure (e.g. [3]). For the case of tension tetfts,concrete cohesive failure is characterized Wedge of
concrete starting from the free end of the conpedi its loaded end (extremity closer to the logdi
point). Additionally, this wedge of concrete is lted by the location of the steel bars that reicéarthe
pullout specimen (e.g. [25]). Taking into accourg type of debonding phenomena that DPT are
intended to represent, namely, end debonding aticatidiagonal crack (see Figure 1), it can bensee
that tension tests are more representative thap@ssion tests.

Unlike the case of DPT, almost all BPT tests stiidised a common test configuratiaf.(
section 2.3).

Comparing DPT and BPT databases, it is interestingpte that larger bonded lengths are used
with DPT test. In fact, the BPT configuration remsi larger concrete blocks to study longer bonded

lengths, making BPT more expensive, as alreadyregfen section 2.3.
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Failure modes

As referred in section 2.2, there are five distiiaduire modes that can occur in a pullout test, FRP
rupture or one of the four premature bond failuates (see Figure 2). However, the authors of the
experimental works analyzed tend to report mora thee failure modes for the same specimen.
Sometimes this happens due to the occurrencewddes failure during the tests, hiding the posisybil
of observing the real failure mode. Additionally,the case of BPT specimens, the test configuration
itself could lead to erroneous identification ofifee modes. In fact, the BPT are performed witt te
region (face where the FRP is applied) downwardsdmore difficult to observe the development of
the failure mechanism.

In order to have a homogeneous interpretationffenvariety of failure modes that sometimes
authors report, in the present work, those faitnoeles were grouped taking into account the most
probable weakest component in the connection (edacFRP or interfaces). With this assumption,
several different specific failure modes can beugea under one of the five major failure modes’
designations since in all of them the weak linthis same.

From all failure modes, failure of the FRP mateisahe simpler to recognize and is usually
clearly reported by authors. Interfacial failuredas, FRP/adhesive and adhesive/concrete, arevedyati
simple to identify, even though sometimes theyraferred associated to other failure mechanisngs (e.
adhesive splitting or concrete spalling). The sggtused in this work for those cases was to check,
whenever photos of FRP and groove’s surfaces thftetest are provided. Interfacial failure modeb wi
result in clean FRP surface without adhesive agtdar in clean adhesive surface without concrete
attached. Sometimes in the end of the test conoreddhesive had split and those failure mechanesmms
referred in addition to one of the interfacial fmd modes but, after visual inspection, it was dietito
classify those failures as interfacial. The shepdff of the FRP ribs, sometimes reported when doun
bars are used, was also classified as a failur®Btadhesive interface. In fact, mechanical intdilg
between the adhesive and the ribs is part of theratice mechanism in those types of FRP bars, in
addition to chemical adhesion and friction betwadhesive and FRP.

Cohesive failures, within concrete or adhesive naainly due to the normal stresses that develop
together with longitudinal stresses during the quitlitest. At some point, the normal stresses cachre
concrete or adhesive tensile strength leadingstaujiture. When there are doubts because bothigehes

failures are reported, the specimen was classifiedrding to its final appearance. If the grooveains
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almost intact (the corners might be slightly dantBdailure was classified as adhesive, otherwise as
concrete failure. In fact, if failure occurs in théhesive layer, concrete would not be damagethrifage
in concrete exists, adhesive could still have lstroyed as a consequence of the explosive type of
failure that characterizes both cohesive failures.

The proposed approach is consistent with the titeeafor example, Soliman et al. [37] reported
specimens where failure was cohesive at the canenatn though cracks in the adhesive were fourd aft
the test. Oehlers et al. [33] also found similandgor in specimens without adhesive cover, whieee t
reduction in the resistance due to the lack of caveslatively small and concrete failure can be
achieved. This corroborates the assumption that Ea&lhesive cover splitting occurs, the connetctio
can still resist until concrete failure is reacldes to the lateral confinement. Hence, adhesiv#isp|
itself can sometimes be a consequence of otherdéathechanism rather than the mechanism responsible
for bond loss.

The classification approach presented above wabswblenever authors report more than one
failure mode. Unfortunately, in the majority of thpecimens available in BPT database, the failwéem
reported is a combination of several mechanismackleonly for the case of DPT an overview of the
failure modes can be provided, as illustrated guFé 6. This figure shows that all the five failunedes
referred before are relevant since they all cagquieatly occur. This highlights the complexity ofsth
technique when compared to the externally bondiedoreement technique where, in terms of premature
bond failure, only detachment of concrete is ret¢éva

Additionally, it should be stressed that the eviolubf the critical regions of failure suggested in
section 2.2 is experimentally confirmed. It was diyy@sized that, for identical specimens where only
bonded length is successively increased, intelfémilare modes would be the first to appear (frsit
FRP/adhesive interface, then at adhesive/concretljwed by one of the cohesive failure modes ted
last to occur would be the FRP rupture. That tiencerified, for example, in the specimens of Se@ac
et al. [3] and Bilotta et al. [25] where, for idamratl specimens, the maximum pullout force is lowben
failure at FRP/adhesive interface occurred, theanwfailure at adhesive/concrete interface occueretl
finally the higher pullout forces are registered$pecimens where concrete cohesive failure ocdurre
Identical trend was also found by Soliman et al] j8here it also can be seen that in some cases FRP

rupture is attained for bonded lengths higher thase that originated the cohesive failure of ceter
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4. Design formulations accuracy
The accuracy of the ACI and SA formulations wadusted with the gathered databases. For each
experimental test, the maximum pullout force wdeded as the comparison variable.

All the analyses were performed using two distamproaches: (i) data separated by the type of
FRP cross-section; and, (ii) considering all thecemens together. The main purpose of this stutty is
assess the impact of having a single formulatiorafloFRP cross-sections, since the FRP NSM system
behavior was found to be cross-section dependsisty@vn in the previous sections.

For all the analyses performed two error metriceevealculated, namely, the mean absolute error
(MAE) and the root mean squared erfRMSE). Those are defined in equations (7) and (8),aetbely.
In these equations, the ermffor thei specimen of the totd, is the difference between the maximum
pullout force numerical predictiofffuxnum) and its experimental valuBtaxexp), as illustrated in

equation (9).

MAE=iZ:l:|q| N @
RMSE = /Zi:qz / N -
€ :(Ff max,Num)i _(Ff maxEp )i 9)

4.1. ACI standard
As referred in section 2.4.1, ACI formulation adoptsingle value for the value of average bonahgtre
(Tavg), regardless to the type of FRP bar. In ordersgess the impact of such assumption, in this sectio
three different analyses are presented differinthenvalue ofrayg.

In a first analysis (A1), the value of 6.9 MPa sesjgd by the ACI foragy was used. This analysis
was used as reference and allowed assessing theegof ACI formulation. In a second analysis (A2)
a recalibration of,g was tested. This new value was obtained by minmithe sum of the predictions’
errors. Finally, in the third analysis (A3), a nexpression forr.,g was proposed as function of the
geometrical ratio defined in equation (10). In faictloes not seem reasonable to have a consthug va
for raw. In the present study the relation presented iratgn (10) was proposed as an alternative, where

parametersa andb were calibrated based on the results availabiflesrdatabase.
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A Y
= 0
- a[prb] (10)

In the case of direct pullout tests (DPT) databdse=number of specimens used in all the three
analyses, divided by FRP cross-section type, wésréctangular, 35 square and 153 round. Figure 7
presents the results obtained in the three analggesms of relationship between experimental and
predicted pullout force. As it can be seen in hlirts, the accuracy of the predictions improvedffost
to second analysis and from this to the third @oefirming thatz.y is cross-section dependent. This
conclusion is also corroborated by the error mettored in Table 3, which decrease from analydes A
to A3.

It was also interesting to find that, when all Spemns are considered together, the value of
6.91 MPa forr.g was obtained in the analysis A2, which is pradijdae value recommended by ACI.
This suggests that ACI's proposal is adequatesihgle value offay is to be used for all geometries.

In the case of BPT database, the number of spesiumed in all the three analyses, divided by
FRP cross-section type, was: 33 rectangular armd@id. Figure 8 and Table 3 present the results
obtained in the three analyses using BPT databdsse it can be seen that the same conclusionsndraw

before for DPT remain valid in BPT, i.e. from A1AB analyses the results were successively better.

4.2. SA standard
As referred before, the formulation included in 8% was developed for rectangular FRP bars and
assumes that the failure perimeter is located lapant from the FRP bar perimeter.

In order to assess the possibility of extending thimulation to square and round FRP bar cross-
sections, two different analyses were conducteféritify in terms of the location of failure perimet€he
first analysis (Al) coincides with that foreseerSifk formulation, thus the failure perimeter wasusmssd
to be located 1 mm from the FRP bar perimeter,do#ia FRP located in the middle of the groove.
Special care was taken to consider the differer® ERss-sections available in both databases. This
failure perimeter was nominatégs ¢ since it is related with the FRP geometry.

To make the failure perimeter independent fromRR® cross-section, a second scenario was
considered in which the failure perimeter was a®giito be located 1 mm from the groove perimeter. In
this second analysis (A2) the failure perimeter designated e Since it is related with the groove

geometry.
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After applying SA formulation with these two diffat failure perimeters, it was found that the
second scenario (i.eper,g) resulted in lower prediction errors, for both D&Td BPT databases. This
conclusion is quite interesting since it allows ingva single formulation for both types of tests in
addition to be FRP cross-section’s independent.

Having the failure perimeter location defined (Lgx g), a third analysis (A3) was then carried out.
In this third analysis, the parameters of SA foratioh that were obtained from experimental calibrat
were recalibrated using the databases presentethtad a strategy identical to that used by SAangt
[15]. This strategy consists on, based on the éxyertal results, calibrating the coefficients irded in
equations (5) and (6).

Identically to what was made earlier for DPT anasyd-igures 9 and 10 present the relationship
between experimental and predicted pullout forecetfe three analyses with SA formulation using DPT
and BPT databases, respectively, while Table 4eptsshe error metrics for all the analyses with SA
standard.

Since the first two analyses to choose the fatmémeter location (A1 and A2), depend on
different parameters and considering that those wet always provided by the experimental works’
authors, the number of specimens used in eachanesyHence, the legend of the first two analgdes
include the number of specimens used (presentpdrantheses).

In the case of the third analysis (A3), the legehdach figure includes only the final recalibrated
expressions. Since the failure perimeter considisréite same of A2 analysis (ilgeg), the number of
specimens is also the same, thus was not repeated.

Both Figures 9 and 10 show the better performahemalysis A2 (usindiper,g) When compared
with analysis Al (usindieef), as referred before. Regarding the recalibragioalysis (A3), it can be seen
that the predictions improved when compared withlysis A2, which uses aldge g but the original SA
expressions as presented in equations (5) andt{&) was already expected since the number of
specimens used in this work is larger than thad bgeSA'’s authors and an adjustment in the coeffits
of those expressions would probably be necessalgitianally, it can be seen that SA formulation
presents better results for FRP rectangular barsfibr round bars. This is related with the faett tBA
formulation was derived for rectangular bars, thasaccounting for the specific bond behaviour BPF

round bars.
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5. Conclusions
In this work an attempt was made to jointly analgdarge number of experimental works of pullostse
with FRP NSM systems. The following major conclusiadan be drawn:

- the great majority of the experimental works’tears tend to present several failure modes since
they look essentially to the final appearance efgpecimens. However, as referred in this docurntent,
would be preferable to indicate only the conditi@pfailure mode. Further research is necessargfioal
a standard method to define and describe the éathodes observed;

- regarding the definition of standard pullout $eéteam pullout tests identical to those from steel
are a consensual option. Once a standard georsathpsen, this type of test will be fully defindéalthe
case of direct pullout tests, further experimentatk shall be carried out to choose between corspes
or tension single shear tests. In fact, as it veadigd in this work, the final proposal of a stand direct
pullout test for FRP NSM systems would be one e§éhtwo;

- the ACI and SA guidelines needed to be upgradédvew features in order to be more
accurate. In this work, a proposal consideringedéht expressions for different FRP cross-sections
seemed to improve the accuracy of the proposa€inand SA. In fact, experimental results show that
different FRP cross-sections behave differentlhbiotterms of stress transfer and failure modes. In
addition, there are failure modes which are notieitly accounted for in these two formulations.i'h
gap should also be bridged in the future;

- regarding SA formulation, it was verified that#n be extended to quadrangular and round bars
by considering that the failure perimeter is 1 maomf the groove, rather than 1 mm from the FRP as SA
establishes. However, further improvements arergidessary since the predictions for FRP rectamgul
bars are significantly better than those obtairmeddund bars;

- a common trend verified in the first analyses)aflboth guidelines (ACI/SA) and both
databases (DPT/BPT), i.e. the analyses accordiegdb guideline, is that the amount of points belwav
45 degree line in the charts is in general greaterthe guidelines’ predictions tend to be conatve.
Contrarily, the remaining analyses tend to preaesitilar amount of specimens in both sides oflihat
Even though this may indicate that the suggestisibén this paper are less safe than those prapbge
the guidelines, those are actually more corrediadty considering the philosophy presented in the
Eurocodes [50], a prediction model should predietghenomenon on its average being the model’s

safety provided by safety factors to obtain theant€, no safety features should be included in the
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prediction model. In this scenario, the amountaifits in both sides of 45 degree line should beoatm
50%;

- Finally, considering the amount of parameterschitan influence the bond behavior of FRP
NSM systems, it can be said that the proposal falistic model for predicting their strength wilké
very difficult to obtain. However, considering thae number of different FRP NSM systems found in
the experimental works collected is quite smaltoitild perhaps be better to consider FRP NSM system
certification instead of trying to certify the NStdchnique itself regardless to the reinforcemeatesy

being used.

Acknowledgements

This work was supported by FEDER funds throughQiperational Program for Competitiveness Factors
- COMPETE and National Funds through FCT (Portuguesundation for Science and Technology) under
the project CutinDur PTDC/ECM/112396/2009. Thetfasithor wishes also to acknowledge the Grant

No. SFRH/BD/87443/2012 provided by FCT.

22



References

[1] ElI-Hacha R, Rizkalla S. Near-Surface-MounteddfiReinforced Polymer Reinforcements for
Flexural Strengthening of Concrete Structures. 8€uctural Journal. 2004;101(5):717-26.

[2] Parretti R, Nanni A. Strengthening of RC Mentbelsing Near-Surface Mounted FRP Composites:
Design Overview. Advances in Structural Engineer2@p4;7(6):469-83.

[3] Seracino R, Jones NM, Ali MSM, Page MW, OehlBtk Bond Strength of Near-Surface Mounted
FRP Strip-to-Concrete Joints. Journal of Composaeg£onstruction. 2007;11(4):401-9.

[4] De Lorenzis L. Strengthening of RC structurathwear surface mounted FRP rods [PhD Thesis]:
University of Leece, Italy; 2002.

[5] Macedo L, Costa I, Barros J. Assessment ofrifiaence of the adhesive properties and geométry o
CFRP laminates in the bond behavior. BE2008 - BEttoutural 2008. Guimaraes, Portugal. 2008. p. 10.
[6] De Lorenzis L, Teng JG. Near-surface mounte® F&nforcement: An emerging technique for
strengthening structures. Composites Part B: Erging. 2007;38(2):119-43.

[7] ACI. Guide for the Design and Construction oté&nally Bonded FRP Systems for Strengthening
Concrete Structures. Report by AClI Committee 4408RAmerican Concrete Institute, Farmington
Hills, MI, USA. 2008. p. 76.

[8] SA. Design handbook for RC structures retrefitivith FRP and metal plates: beams and slabs. HB
305 - 2008. Standards Australia GPO Box 476, SydN&yW 2001, Australia. 2008. p. 76.

[9] RILEM. RC 6: Bond test for reinforcement stezl.Pull-out test. RILEM Recommendations for the
Testing and Use of Constructions Materials. 198218 - 20.

[10] RILEM. RC 5: Bond test for reinforcement stekl Beam test. RILEM Recommendations for the
Testing and Use of Constructions Materials. 198213 - 7.

[11] Lee D, Cheng L. Bond of NSM systems in conerg@tengthening — Examining design issues of
strength, groove detailing and bond-dependent imiexfit. Construction and Building Materials.
2013;47(0):1512-22.

[12] Bilotta A, Ceroni F, Nigro E, Pecce M. Straiasessment for the design of NSM FRP systemséor th
strengthening of RC members. Construction and Bigl#/aterials. 2014;69(0):143-58.

[13] CSA. Canadian Highway Bridge Design Code. CBNA S6-06, Canadian Standards Association,

Canada. 2006. p. 734.

23



[14] CEN. Strengthening with FRP. Draft version BO2SC2-WG1-TG1-N17. Comité Européen de
Normalisation, Bruxeles. 58.

[15] Seracino R, Saifulnaz MR, Oehlers DJ. GenBebonding Resistance of EB and NSM Plate-to-
Concrete Joints. Journal of Composites for Congtmic2007;11(1):62-70.

[16] Hassan T, Rizkalla S. Bond mechanism of nemfase-mounted fiber-reinforced polymer bars for
flexural strengthening of concrete structures. S@uctural Journal. 2004;101(6):830-9.

[17] Blaschko M. Bond behaviour of CFRP strips glurto slits. FRPRCS-6. Singapore. 2003. p. 205—
14.

[18] Kang J-Y, Park Y-H, Park J-S, You Y-J, JungWAnalytical evaluation of RC beams strengthened
with near surface mounted CFRP laminates. FRPRG&®u1sas City, Missouri, USA. 2005. p. 16.

[19] Rashid R, Oehlers DJ, Seracino R. IC DebondingRP NSM and EB Retrofitted Concrete: Plate
and Cover Interaction Tests. Journal of Compoéite€onstruction. 2008;12(2):160-7.

[20] Thorenfeldt E. Bond capacity of CFRP stripsagl to concrete in sawn slits. FRPRCS-8. Patras,
Greece. 2007. p. 10.

[21] Teng JG, De Lorenzis L, Wang B, Li R, Wong TiNym L. Debonding Failures of RC Beams
Strengthened with Near Surface Mounted CFRP Stiipsnal of Composites for Construction.
2006;10(2):92-105.

[22] Mitchell PA. Freeze-thaw and sustained loachbility of near surface mounted FRP strengthened
concrete [MSc Thesis]: Queen’s University, Canad,0.

[23] De Lorenzis L, Lundgren K, Rizzo A. Anchoragagth of near-surface mounted fiber-reinforced
polymer bars for concrete strengthening — Expertalénvestigation and numerical modeling. ACI
Structural Journal. 2004;101(2):269-78.

[24] Novidis DG, Pantazopoulou SJ. Bond Tests afrfENSM-FRP and Steel Bar Anchorages. Journal
of Composites for Construction. 2008;12(3):323-33.

[25] Bilotta A, Ceroni F, Di Ludovico M, Nigro E,é&&ce M, Manfredi G. Bond efficiency of EBR and
NSM FRP systems for strengthening concrete membeusnal of Composites for Construction.
2011;15(5):757-72.

[26] Bilotta A, Ceroni F, Di Ludovico M, Nigro E,dece M, Manfredi G. Experimental bond test on
concrete members strengthened with NSM FRP systafigence of groove dimensions and surface

treatment. CICE 2012. Rome, Italy. 2012. p. 8.

24



[27] Palmieri A, Matthys S, Barros J, Costa I, Bi#oA, Nigro E, et al. Bond of NSM FRP strengthened
concrete: round robin test initiative. CICE 201®nfe, Italy. 2012. p. 8.

[28] Palmieri A, Matthys S, Taerwe L. Double borear tests on NSM FRP strengthened members.
CICE 2012. Rome, Italy. 2012. p. 8.

[29] Barros J, Costa I. Bond Tests on Near SurRei@forcement Strengthening for Concrete Structures
Report of the Round Robin Tests 22 carried out ByEORE Project at University of Minho. University
of Minho, Guimaraes, Portugal. 2010. p. 53.

[30] Yun Y, Wu Y-F, Tang WC. Performance of FRP by systems under fatigue loading.
Engineering Structures. 2008;30(11):3129-40.

[31] Kalupahana W. Anchorage and Bond BehaviouMedir Surface Mounted Fibre Reinforced Polymer
Bars [PhD Thesis]: University of Bath, United Kirayd; 2009.

[32] Yan X, Miller B, Nanni A, Bakis C. Characteaiton of CFRP Rods Used as Near Surface Mounted
Reinforcement. 8th International conference oncstimal faults and repair, Engineering Technics ®res
Edinburgh, Scotland. 1999. p. 12.

[33] Oehlers DJ, Haskett M, Wu C, Seracino R. Endliregl NSM FRP plates for improved IC debonding
resistance. Journal of Composites for Construc2608;12(6):635-42.

[34] Shield C, French C, Milde E. The effect of adive type on the bond of NSM tape to concrete.
FRPRCS7. Kansas City, Missouri, USA. 2005. p. 385-7

[35] Wang B, Teng JG, Lorenzis LD, Zhou L-M, OWwih W, et al. Strain monitoring of RC members
strengthened with smart NSM FRP bars. ConstruaiwhBuilding Materials. 2009;23(4):1698-711.

[36] Lee D, Hui J, Cheng L. Bond characteristictN&M reinforcement in concrete due to adhesive type
and surface configuration. CICE 2012. Rome, 1taG12. p. 8.

[37] Soliman SM, El-Salakawy E, Benmokrane B. Baedformance of Near-Surface-Mounted FRP
bars. Journal of Composites for Construction. 203(1;):103-11.

[38] Lundgvist J. Numerical analysis of concreteneénts strengthened with carbon fiber reinforced
polymers [PhD Thesis]: Luled University of Techrmlo Sweden; 2007.

[39] Seo S-Y, Feo L, Hui D. Bond strength of nearface-mounted FRP plate for retrofit of concrete
structures. Composite Structures. 2013;95(0):719-27

[40] Al-Mahmoud F, Castel A, Francois R, TourneurABchorage and tension-stiffening effect between

near-surface-mounted CFRP rods and concrete. Camdr€oncrete Composites. 2011;33(2):346-52.

25



[41] Capozucca R. Analysis of bond-slip effect®Ri@ beams strengthened with NSM CFRP rods.
Composite Structures. 2013;102(0):110-23.

[42] Sena-Cruz JM. Strengthening of concrete stinest with near-surface mounted CFRP laminate strips
[PhD Thesis]: University of Minho, Portugal; 2004.

[43] Kotynia R. Bond between FRP and concrete imfoeced concrete beams strengthened with near
surface mounted and externally bonded reinforcent@omstruction and Building Materials.
2012;32(0):41-54.

[44] Martin T, Cleland D, Robinson D, Taylor SE.geximental study of bond stress for near surface
mounted basalt fibre reinforced polymer strips onarete. Bond in Concrete 2012. Brescia, Italy.2201
p. 991-8.

[45] Merdas A, Fiorio B, Chikh NE. Bond behaviorazrbon laminate strips and rods into concrete by
pullout-bending tests. Bond in Concrete 2012. Begdtaly. 2012. p. 1087-92.

[46] Novidis DG, Pantazopoulou SJ. Beam Pull OwtS@ef NSM — FRP and Steel Bars in Concrete.
Fourth International Conference on FRP Composite&Sivil Engineering (CICE2008). Zurich,
Switzerland. 2008. p. 7.

[47] Lundgvist J, Nordin H, Taljsten B, OlofssonNumerical analysis of concrete beams strengthened
with CFRP - a study of anchorage lengths. Inteomati Symposium on Bond Behaviour of FRP in
Structures (BBFS2005). Hong Kong, China. 2005 47-24.

[48] Novidis D, Pantazopoulou SJ, Tentolouris Epé&mmental study of bond of NSM-FRP
reinforcement. Construction and Building Materi@607;21(8):1760-70.

[49] De Lorenzis L, Rizzo A, La Tegola A. A modifigull-out test for bond of near-surface mounted
FRP rods in concrete. Composites Part B: Engingefi02;33(8):589-603.

[50] CEN. Eurocode - Basis of structural design. F390:2002 E. Comité Européen de Normalisation,

Bruxeles. 2002. p. 87.

26



Table Captions

Table 1 — Recommended construction details for NB® systems

Table 2 — Summary of the main variables includethéngathered databases.
Table 3 — Error metrics obtained in all the anadys@h ACI standard.

Table 4 — Error metrics obtained in all the anadys@h SA standard.
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Table 1 — Recommended construction details for NB® systems.

FRP bar cross-
Groove width | Groove depth Sg;)((:)i\r/lz Edge distance
section (bg) (dg) (20 ()
>1.5d, [4] >2.0d, [4]
Round f : >2.0d, [16] > 4.0d, [16]
>1.5d, [7]
ax{ 30.0 }
>53.0 [19] aggregate size
Quadrangular 2b, +3.0 [17] | 2d, +3.0 [17] >2.0d, [7] [17]
> 3.0b, [7] >1.5d, [7] >3.5d, [19]
>4.0d, [7]
>40.C[18]

Notes: All units are in millimetersk — FRP round bar diameter or quadrangular bar wigth FRP
guadrangular bar width.
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Table 2 — Summary of the main variables includethéngathered databases.

Parameter DPT BPT Variable DPT BPT
C 308 54 REC 175 33
Number of tests by FRP fiber type G 28 6 Number of tests by FRP cross-section type SQU 35 0
B 27 8 ROU 153 35
Lp [mm] [30-510] [40-305] E: [GPa] [37-273] [34-171]
f. [MPa] [18.4-65.7] [26.7-73.5] fr [MPa] [512-3100] [773-2833]
br [mm] [1.2-10.0] [1.4-2.5] A [mm?] [12-201] [13-143]
ok [mm] [6-40] [8-20] (EA) [kN] [1301-27300] [429-20268]
Fimax [KN] [8.8-205.1] [2.9-61.9] Smax [%o] [0.7-27.9] [1.1-27.8]

Legend: Type of FRP fiber: C — Carbon, G — Glass,Basaltl, — bond lengthf. — concrete compressive strendi: FRP thicknessii — FRP width or diameteFmax —

FRP maximum pullout force; Type of FRP cross-sect®EC — Rectangular, SQU — Square, ROU — Robnd;FRP modulus of elasticitfi, — FRP tensile strength; —

FRP cross-section argEA); — FRP axial stiffnessgmax — strain in the FRP correspondingFigax.
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Table 3 — Error metrics obtained in all the anadys@h ACI standard.

FRP
Cross- Rectangular Square Round All
Databasg section
MAE | RMSE | MAE | RMSE | MAE | RMSE | MAE | RMSE
Analysis
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
Al 16.53 2181 19.69 21.73 11.83 15.34 1485 19)34
DPT A2 16.01 24.10 19.42 23.13 11.25 14.18 1485 19)34
A3 13.19 | 18.17| 13.03 16.01 9.89 13.21 1443  19]12
Al 8.25 9.21 - - 12921 16.66 10.65 13.56
BPT A2 7.08 8.39 - - 11.53 1423 10.61 12.98
A3 7.29 9.03 - - 9.57 12.67 9.76 12.3p
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Table 4 — Error metrics obtained in all the anadys@h SA standard.

FRP
Cross- Rectangular Square Round All
Databasg section
MAE RMSE | MAE RMSE | MAE RMSE | MAE RMSE
Analysis
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]
Al 13.61 | 18.62| 23.53| 27.34 1406 16.26 145 18|87
DPT A2 10.71 15.14 20.04 23.84 10.1p 11.99 11.p6 15|16
A3 9.73 14.13 16.85 20.75 7.472 9.70 10.59 14114
Al 5.61 6.94 - - 11.13 12.39 8.45 10.32
BPT A2 5.24 6.71 - - 9.00 10.57 7.18 8.90
A3 4.81 5.84 - - 7.14 9.51 6.23 7.68
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Figure Captions

Figure 1 — Principal debonding failure modes irearh strengthened in flexure with a FRP NSM system.
Figure 2 — Four possible failure modes associaitiu debonding phenomenon.

Figure 3 — Bond-slip laws for FRP NSM systems.

Figure 4 — Influence dEAsin &max: (@) DPT database; (b) BPT database.

Figure 5 — Summary of DPT configurations used enlorks collected: single-shear compression (a) and
tension (b) test; double-shear compression (c}amsion (d) test.

Figure 6 — Summary of failure modes for the speasria DPT database. NOTE: C — concrete cohesive
failure; F — FRP rupture; A — adhesive cohesiviifaj F/A — failure at FRP/adhesive interface; A/C
failure at adhesive/concrete interface; NR — nporeed.

Figure 7 — Results for the analyses with ACI staddBPT database): (a) all 363 specimens; (b) 175
rectangular specimens only; (c) 35 square specimelys (d) 153 round specimens only.

Figure 8 — Results for the analyses with ACI staddBPT database): (a) all 68 specimens; (b) 33
rectangular specimens only; (c) 35 round specimahs

Figure 9 — Results for the analyses with SA stath@@PT database): (a) all specimens; (b) rectamgula
specimens only; (c) square specimens only; (d)d@pecimens only.

Figure 10 — Results for the analyses with SA steh(BPT database): (a) all specimens; (b) rectargul

specimens only; (c) round specimens only.
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1 — End debonding; 2 — Debonding caused by diagshvesdr cracks; 3 — Debonding caused by flexural
cracks

Figure 1 — Principal debonding failure modes irearh strengthened in flexure with a FRP NSM system.

33



Cohesive failure on
concrete

Cohesive failure on | .
adhesive /.

Failure at the interface
adhesive/concrete

Failure at the interface’
FRP/adhesive | -

Figure 2 — Four possible failure modes associaiéudebonding phenomenon.
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Figure 3 — Bond-slip laws for FRP NSM systems.
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Figure 4 — Influence dEAsin &max: (@) DPT database; (b) BPT database.
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Figure 5 — Summary of DPT configurations used slorks collected: single-shear compression (a) and
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Figure 6 — Summary of failure modes for the speasria DPT database. NOTE: C — concrete cohesive
failure; F — FRP rupture; A — adhesive cohesiviifaj F/A — failure at FRP/adhesive interface; A/IC

failure at adhesive/concrete interface; NR — nporeed.
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Figure 7 — Results for the analyses with ACI staddBPT database): (a) all 363 specimens; (b) 175

rectangular specimens only; (c) 35 square specimelys (d) 153 round specimens only. (Notgg in

MPa; As in mn?; pr andL, in mm)
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Figure 8 — Results for the analyses with ACI staddBPT database): (a) all 68 specimens; (b) 33

rectangular specimens only; (c) 35 round specimehs (Note:zug in MPa;A; in mn?; pr andLy in mm)
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Figure 9 — Results for the analyses with SA stath@@PT database): (a) all specimens; (b) rectamgula

specimens only; (c) square specimens only; (d)d@pecimens only.
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Figure 10 — Results for the analyses with SA steh@@PT database): (a) all specimens; (b) rectamgul

specimens only; (c) round specimens only.
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Notation

The following acronyms /symbols are used in thigsgra

Acronyms

ACI American Concrete Institute guideline
BPT beam pullout tests

DPT direct pullout tests

FRP fiber reinforced polymer

NSM near-surface mounted technique

SA Standards Australia guideline
Symbols

Orax maximum bond slip

Shrrox strain atFfmax

Prer failure perimeter ratio

Tavg average bond strength

Tavg FIA average tangential stress at F/A

Trex maximum bond strength

As FRP cross-section area

by FRP thickness

by groove width

ds FRP width or diameter in quadrangular or round paaspectively
dg groove depth

E FRP modulus of elasticity

fe concrete compression strength

Ffmax maximum pullout force installed in the FRP
fra FRP design tensile strength

fru FRP tensile strength

Ko groove to FRP width ratio

Kd groove to FRP depth ratio

L bonded length

Lg development length

Lper SA failure plane perimeter

P FRP perimeter
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