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Abstract: This paper presents the results of a parametudystarried out with a a mechanical model recently
developed to simulate the shear strength contdbupirovided by a system of Near Surface MountedMNS&iber
Reinforced Polymer (FRP) strips applied to a Ret¥gd Concrete (RC) beam. That model, developedilifudf
equilibrium, kinematic compatibility and constitugi laws of both materials, concrete and FRP, acal loond between
themselves, takes into consideration the posgititiat the NSM strips may fail due to: loss of bquigbonding),
concrete semi-conical tensile fracture or stripsienrupture. The model also takes into considenata) interaction
between progressive force transferred by bondécsthrounding concrete and its tensile fracture l@nii-directional
interaction among adjacent strips placed on thesidies of the strengthened beam cross-sectionlweie first part of
the paper attention is focused on the bond-baskavim of a single NSM FRP strip mounted on a cetecprism. The
influence of each geometrical-mechanical parameterthe peak force transferable through bond stsessethe
surrounding concrete, excluding the possibilityedher concrete fracture and strip rupture, is yed. In the second
part of the paper attention is focused on the cehmgmsive behavior of a single NSM FRP strip moupted concrete
prism. The influence of each geometrical-mechanp=iameter on the peak force transferable to tmeowwoding
concrete, also including the possibility of botmerete fracture and strip rupture, is analyzed. Wi part of the
paper is devoted at assessing the influence of gasmetrical-mechanical parameter on the maximusarsktrength
contribution provided by a system of NSM FRP stapglied to a RC beam. The results of these stadipresented

along with the main findings.
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Introduction
Shear strengthening of RC beams by NSM techniquosisis in gluing FRP strips by an adhesive into #fiallow slits

cut onto the concrete cover of the beam web lafacas. This technique has been extensively iryesstil in recent
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years €.g: Mohammed Aliet al. 2006 and 2007, Biancet al. 2006 and 2007, Diast al. 2007, Dias and Barros 2008,
Rizzo and De Lorenzis 2009; Dias and Barros 20014,8). A three dimensional mechanical model wasntyg
developed to simulate the NSM FRP strips sheangtihecontribution to a RC beam (Bianco 2008, Biagical. 2009a-
b). That model was developed fulfilling equilibriukinematic compatibility and constitutive laws ladth materials —
FRP and concrete — and bond between themselvas &nghysical point of view that model assumes tthating the
loading process of a RC beam strengthened in dhetltre NSM technique, the strips effectively crogsihe Critical
Diagonal Crack (CDC) oppose its widening by anaigtio the surrounding concrete to which they transhrough
bond stresses, the force originating at their sgetion with the CDC. The relative movement of tive parts into
which the CDC divides the beam web, imposes orsthips’ available resisting bond lengths an indrea®nd slip
(Bianco et al. 2009a). As function of the mechanical and geomtproperties characterizing a certain NSM shear
strengthened RC beam, the failure mode assumeddiy strip can be one of the following: a) compketeraction of
the NSM FRP strip due to loss of bond throughoet dtrip available resisting bond length, in casenahconcrete
mechanical properties are relatively high, whichnsleed, a very limit situatiord€bonding, b) concrete semi-conical
fracture that reaches the strip free extrentggngrete semi-conical failuyec) concrete semi-conical fracture that stops
progressing midway between loaded and free endls,consequent debonding of the remaining portiothefavailable
bond length rhixed-semi-cone-plus-debondjrend d) rupture of the strip independently of aitidl concrete fracture
(strip rupture. Note that the last three failure modes areléritvhile the first is more ductile (Bianet al. 2009a). The
mechanical model herein applied to carry out patdmstudies takes also into account the possytiitiait strips placed
on the two sides of the beam web can interact @aith other. The analytical details of the mechamicalel are herein
omitted, for the sake of brevity, but they can band elsewhere (Bianco 2008, Bianebal. 2009a-b). The good
predictive performance of this model was appraigedhe basis of a large amount of experimentalltegBianco
2008).

In the first part of the paper, the model is apptie evaluate the influence of each geometricallaeical parameter on
the peak force that a strip, near surface mounted concrete prism and subjected to an increasipgsed end slip,
can transfer through bond stresses to the surrogratincrete. To that aim, the deformability of tdumcrete prism is
accounted for, while the possibilities of eithencrete fracture or strip rupture are excluded lsuasng the tensile
strength of both materials, concrete and FRP, itefinlarge.

In the second part of the paper, the model is agpb evaluate the influence of each geometricalhmeical parameter
on the ultimate load that a single strip, near axefmounted on a concrete prism and subjected tocaeasing
imposed end slip, can comprehensively transferhto durrounding concrete. For this purpose, theilpitisges of

occurrence of either concrete semi-conical terisdleture or strip tensile rupture are accounted for



In the third part of the paper, the model is aplie evaluate the influence of each geometricalbapical parameter

on the peak shear strength contribution provided bystem of NSM FRP strips to a RC beam.

Bond-based behavior of a single NSM FRP strip subg to an imposed end slip
Applying the model to the case of a single NSM FRfip mounted on the surface of a concrete prisig. (E), and

neglecting the possibilities of either concrete iseomical tensile fracture and strip rupture ocditiris possible to
determine the bond-based constitutive law of thig a2 (LRﬂ;a',_i ) . This latter is the curve providing the bond-based
force Vf?d that the generig-th strip, with resisting bond lengthg;, can transfer, through bond stresses, to the
surrounding concrete as function of the value @f ittcreasing imposed end slify; (Fig. 1a-b). The bond-based
constitutive lawV/® (LRﬂ;J,_i) of a given NSM FRP strip depends on the followr@gameters (Biancet al. 2009a-b)
(Fig. 1d-e): strip cross section thickness and widthb; ; strip resisting bond lengthg;; ; concrete prism cross section
thicknessa, and width b, ; concrete deformabilitye; (which is function of the concrete compressiversgth f..,);
strip’s Young’'s Modulusk; and values of bond stresgy(r,,7,) and slip @, d,,J;) defining the local bond stress-slip

relationship (Fig. 1e). The analytical details reszey to evaluate the constitutive law of a giveBIMNFRP strip are

herein omitted, for the sake of brevity, but they de found elsewhere (Bianebal. 2009a-b). The constitutive laws

VE! (Lg; ) of NSM FRP strips of different values if,; can be plotted both in a bi-dimensionsgf; 4, ) and in a

three-dimensional \(£9; Ly, 8., ) Cartesian orthogonal reference system. The pesmid-bransferred force\/f*i’d'max

increases, by increasinlgg; , up to the value\/f*i’d'max( LRfe) corresponding to the effective resisting bond 1Bnigxy,,

which is the value ofLg; beyond it any further increase of the resistingcbtength Lg; does not yield any further

peak load gain. In a bi-dimensional representdtiog. 1a), the poin(Vf'?d;c)'Li ) representative of the state of the NSM
strip of resisting bond lengthg; moves, for increasing values @ ;, on the same branch, non-linear ascending or
linear horizontal for values ofg; < Ly OF Lgs > Ligse, respectively, common for each valuelgf;, as long aslg;;

is larger or equal to the value of thecessary bond transfer lengthi® (d;) (Biancoet al. 2009a-b). Thel®(;),

which is function ofd; only, is the bond length that would be necessamsytirely transfer to the surrounding concrete

a force equal to the one originating in the stoigded end, due to the impositiondf (Biancoet al.2009a). When the
constitutive Iawsz'i’d(LRﬁ;J,_i) of NSM FRP strips of different and increasing eswf resisting bond length are

represented in a three dimensional reference systey form a continuous surface (Fig.1b).



The parametric study presented in this paragrapbezos the influence of each parameter on the peadét-transferred

force for different values of.g;. Note that for each parameter was considered geraomprehending values a little

beyond those having a strict physical confirmationgrder to assess not only their influence onghgsical behavior
of an NSM FRP strip, but also their influence frarmere analytical-numerical standpoint (Table hje Tesults of the

parametric studies are reported in the following.

A variation of the concrete Young's Modulug, does not yield any variation MM for whatever value of g,
(Fig. 2a). An increase of the FRP Young's Modulis yields a resisting-bond-length-dependent incremis‘aéfli’d'maX
(Fig. 2d). In fact,VP*™® increases withE, , with a rate that is as higher as larger is tHaevaf Ly, . Moreover, the

curves providingv2*™® as function ofE,; and Lg; show two phases: a first one, coincident for &lhe values of

Lgs, for which an increase oE; can be better felt sinceg;; is larger than the corresponding value of theciffe
resisting bond IengtrLRfe(Ef) and a second one, different for all of the valakd 5, in which an increase o
can less be felt sincegg is smaller than g (E () .

An increase of the strip cross section dimensieitser a; or b; , yields a resisting-bond-length-dependent incredise
VP4™ In particular, for the case of the strip crosstise thicknessa, , the curves providing/P*™ as function of
a; , for different values ofLg;, are superimposed as long as itLig; = LRfe(af) and present a different increasing
rate, as larget g is, for values ofLgg < Lrg(ay) -

A variation of the prism cross section dimensi@ither a, or b, does not yield any appreciable variatiom/rﬁ’F'max,
for whatever value ot g;; (Fig. 2c,f).

The peak bond-transferred Ioaufd'max increases by increasing the resisting bond lenogtto a certain value beyond

which any further increase does not produce amdurgain in terms of resistance (Fig. 1c). Thagghold value of
length, according to the terminology already addpte the Externally Bonded Reinforcement (EBR)ésein labeled

aseffective resisting bond lengths,.. Note that for the values of the mechanical patarseherein adopted (Table 1),
Lrse is equal to 486 mm.

As regards the influence of the parameters charaictg the local bond stress-slip relationshiparises that\/f'?d’max is
marginally affected when a realistic range mf values is considered, for whatever valuelgf, (Fig. 3a). The peak
bond-transferred forc@s&’fli’d"“alX increases with a resisting-bond-length-dependaetitoy increasing the value of either
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rporr,.In particular,Vfti’d'maXincreases by increasing with a rate that is larger as shorter is the valuég;; , while

VP4 increases withr, with a rate that is higher as larger is the vafieLg; (Fig. 3b-c).VP*™ decreases for

increasing values 09, with a resisting-bond-length-dependent-rate: tt,fthe larger the value diy; , the smaller is

the rate with Which\/fti)d'm‘"‘X decreases for increasing valuesdpf(Fig. 3d).

An increase of eithed, or J; (Fig. 3e-f) yields an increase Mﬁd'max with a rate that is resisting bond length
dependent. In particular, for the casedsf, the curves providing/fli’d'm"jIX as function ofd,, for the different values of

Lgsi , are superimposed, presenting the same trendngsbLg; is larger or equal tdgg(J;) .

Note that, for all of the parameters analyzed,ciimwes providingvf?d'max as function of the generic parameter for the

various values oflLg;; tend, by increasing the value @f;, to an envelope curve. Moreover, for valuesLgf; larger

Qd,max

than a certain value, the curves providid as function of the generic parameter are all sogsed to the

envelope one.

Comprehensive behavior of a single NSM FRP strip $ject to an imposed end slip

The model was also applied to study the comprehersthavior of a single NSM FRP strip, mounted arolacrete

prism and subjected to an increasing imposed epdRsir this purpose, the possibilities of both cmte semi-conical
tensile fracture and strip tensile rupture were &d&en into account. Typically, according to thed®l herein adopted
(Bianco 2008, Biancaet al. 2009a), increasing the imposed end slip to thglsiNSM FRP strip, co-axial and
progressively larger semi-conical concrete fractisebsequently form around the strip since the fiesiyload steps

(Fig. 4b,c). Contextually at the occurrence of eaghcrete semi-conical fracture, the initial vatighe resisting bond
length L%ﬂ progressively reduces. Moreover, due to the folonaif successive co-axial semi-conical fractundasies

around the strip, the resulting concrete fractuneetope surface, which corresponds to the lastlanygr semi-conical
surface, starting from the loaded end, progresgipehetrates within the concrete prism (Fig. 4c3ah happen that the
vertex of the last semi-conical concrete fractundage places midway between the loaded and frdeoeneaches this

latter. Moreover, contextually at the occurrenceath of those concrete fractures, the point reptative of the state

of the strip, with coordinateévﬁ; LRﬁ;J,_i) leaps, for a constant value @f;, from the bond-based constitutive law
vpd ( LEﬂ;J,_i) of the previous value of resisting bond lengtky; to the one corresponding to the new value of tiegis

bond lengthL%: (Fig. 5). The leap of the poir(t\/ﬁ; LRﬁ;J,_i) representative of the state of the strip from boad-



based constitutive law to the other is only visille three dimensional representation, as lorthegsoncrete fracture
is superficial (Fig. 5¢,e). Whemuperficial concrete fractureneans that, each time the point representatitkeotate

of the strip leaps from one bond-based constituve to another, the updated value lof;; is larger or equal to the

necessary bond transfer Iengr.[’,ﬁd(a',_i) (Fig. 5¢c,e). On the contrary, the leap of the pcﬁ\nﬁ; LRﬁ;JLi) representative

of the state of the strip from one bond-based dotise law to the other is also visible in a twdmeénsional
representation, as long as the concrete fractwleap (Fig. 5a,d). Wheeep concrete fracturmeans that, when the

point representative of the state of the strip detipthe last bond-based constitutive law, the malue of Lg; is

smaller than the necessary bond transfer lengffd;;) corresponding to the current value 8f, (Fig. 5a,d). When
the point (Vﬁ; LRﬁ;J,_i) representative of the state of the strip eventuatips on the bond-based constitutive law of a

strip with null resisting bond length, the ultimatenfiguration is characterized by a semi-coniaatarete fracture

whose vertex coincides with the strip free enatah also happen that, after an initial semi-corgoalcrete fracture, at

a certain point of the loading process, the stuiptures and the poir(t\/ﬁ; LRﬁ;JLi) representative of the state of the

strip abruptly falls on the plar(d_Rﬁ; JU) and the relevant forc¥;, annuls (Fig. 5c,f).

Note that, whatever the failure mode characterizihg specific single NSM FRP strip, due to the cwity
characterizing the surface envelope of the bonéda®nstitutive laws, it always exists aguivalent value of the

resisting bond lengthLy), which is the value of the resisting bond lengthwhich corresponds a bond-based

constitutive lawVp? (Lg% ;) whose peak valu&/p*™ is equal to the peak valuéf’™ of the comprehensive

constitutive IaV\Nﬁ(L%ﬂ;JLi) of the initial value of the resisting bond lengtfy; (Fig. 5).

Ultimately, the comprehensive constitutive law adiagle NSM FRP strip mounted on a concrete priamlze one of
the following types (Fig. 4a): (1) either rupturktbe strip, preceded or not by a superficial seomical fracture, or
deep concrete semi-conical fracture up to thedrek (2) deep concrete semi-conical fracture viighdoncrete fracture

stopping midway between loaded and free end; sicfr€oncrete fracture with the last value assuilmgd r; shorter

(3), equal (4) or larger (5) than the effectiveastisg bond length.

In the following of this paragraph, a parametrigdst, regarding the influence of each of the geoicetmechanical
parameters on the peak valg'™ of the comprehensive constitutive Ia\m,t,(LRﬁ;JLi) of a single NSM FRP strip, is

presented. Note that even in this case, each pseamas varied within a range comprehending valuétle beyond
those having a strict physical confirmation, in@rdo asses not only their influence on the phydiehavior of an

NSM FRP strip, but also their influence from a manalytical-numerical standpoint.



Besides the parameters already introduced in tqurs paragraph, the comprehensive behavior wfggesNSM FRP

strip also depends on (Table 1): strip tensilensgfife f;,, angle between axis and generatrices of the cteneemi-

conical fracture surfacer (Fig. 4b,c). Among the derived parameters, thecozin average tensile strength,,
function of f,, is, in the present work, obtained as functionhef toncrete compressive strength by means of the

formulae reported by the CEB Fip Model Code 90.

ax

The curves representing the variation\6f*” with respect to the FRP strip tensile strendty) present a bi-linear

elastic-perfectly-plastic behavior for whateveruebf Lg; (Fig. 6a). Along the first linear branch, the fmé mode is

rupture of the strip, due to the reduced valuehef strip tensile strengtk{' (a; b, Cf, ). Along the second linear

branch, the failure mode is governed by superfictaicrete fracture for the shorter values of thtalrresisting bond

length and by deep concrete fracture for the lavgéres of the initial resisting bond length. Nthat, since the value

of f,, does not affect the pure bond-based behaviorNSkl FRP strip, for a given value dfy; and for values of

fy, larger than the one in correspondence of whichsthip no longer ruptures, the ultimate configuratand the
relevant peak load¥{"® no longer change by increasirfg, . Note also that the curves providing the value¥ 5" as
function of f, for the various values of%; tend to a limit curve which defines the envelop¢he various curves. In
fact, for the values herein assumed for the othearpeters, the curve providing™ as function of f, is exactly the
same regardless of the value assumedhy for values ofL%; larger than 40@enm(Fig. 6a).

The curvesz’i“aX(Ef; L,gﬁ) providing V{™® as function of the strip Young’s Modulug; present a pseudo bi-linear

trend for whatever value of%; . Along the first branch, the ultimate behaviocksracterized by superficial concrete

fracture and, since the equivalent values of tlséstiag bond length are larger or equal to theesponding values of

the effective resisting bond Iengtlh‘ﬁﬂi(Ef)z LRfe(Ef) ), the same trend characterizing the pure-bondwehean be
found (Fig. 6d). Nevertheless, due to the reducdjbﬂﬁgefi ascribed to the superficial concrete fracture, rttaximum
value of V{"™* for a given value ofl.%;, is smaller than the maximum &%™ for the same value of%;. The
pseudo horizontal branches of the curWS"""(Ef; L,gﬁ) correspond, for the shorter values If; (<350mm), to a
deep concrete fracture failure mode and, for tmgdo values ofL‘Eefi (=350mm), to the rupture of the strips. The

horizontal branches of the curvvﬁ"ax( E;; L,gﬁ) tend, for increasing values &y, to the limit curve corresponding to



the value of the strip rupture capacity = 42.0kN . Note that, on the horizontal branches of the mmf’l"ax( Es; Lgﬁ)

for the shorter values of%; , despite a fluctuation, due to concrete fractareund an average valug{"® is almost

constant even if, by increasirig; , concrete fracture deepens ad¢l, progressively becomes a smaller aliquoLEu‘i .

This is due to the fact that, by increasifg , the values of the resisting bond lengths necgdsatransfer the same

value of VE*™ reduce (Bianco 2008).

The curvesvf?“ax(af; L,gﬁ) and Vf’i“ax(bf; Lgﬁ) providing the value ofV{™® as function of the strip cross section

dimensions present, for whatever value L&ﬂ, a pseudo bi-linear trend (Fig. 6b,e). Along thet foranch of those

curves, due to the reduced area of the strip @esson, the failure mode is rupture of the stmpl & {'® increases

linearly for increasing values of eithe; or b; . Along the second branch of those curves, thenaté configuration is
of the mixed-semi-cone-plus-debonding type andfHershorter values dt?in , the failure mode is superficial concrete
fracture while for the longer values &f; , the failure mode is deep concrete fracture. Tavizhntal branches of those
curves tend, for increasing values d).f,)Qﬁ , to the limit curve corresponding to the value abproximately
V" =62.0kN . From a certain value of%; on (L%; =350mm for a; and L%; >400mm for b; ), the curves above

overlap on the limit curve and the maximum valu&/g¥* does not further increase for increasing valuesgf.

The curvesvf?“ax(ac; L,gﬁ) and Vf?“ax(q; L,gﬁ) providing the value ofV{"™ as function of the concrete prism cross

section dimensions present, for whatever valuéf,@f, a pseudo bi-linear trend (Fig. 6c,f). Along tliestfbranch of

those curves, since the prism cross section islsthalsuccessive co-axial semi-conical fracturéases, whose axis is
a progressively larger amount (h.ﬁﬂ, soon intersect the concrete prism faces (Fige)4@hus, the concrete semi-
conical fracture capacityf?f , Obtained integrating the concrete average teasimgth throughout the surface resulting
from the intersection of the right semi-conicalfage with the prism faces, is very low (Bianeal. 2009a-b). Due to
the small value of the concrete fracture capaaityng the first branch of the curvkﬁ”a"(ac; L,gﬁ) and V{i”ax(Q; L,gﬂ) :

the failure mode is very deep concrete fracturd thie vertex of the last semi-conical fracture acefreaching the strip
free end (Fig. 4b,c). Along the second branch obéhcurves, for increasing values of eitleeror b,, and for the

shorter values of %, concrete fracture becomes, as long as the lasgesitconical surface intersects the prism walls,

progressively more superficial. From the valueitfex a. or b., in correspondence of which the largest semi-ainic



surface no longer intersects the prism faces, tiraate configuration and the corresponding valfi&/§?*, for a given
value of L%, remains practically unchanged. Along the secamith of those curves, for values iff; larger than a
certain value [ =300mm for a, and L%; = 250mm for b,), the failure mode is governed by the strip ruptand

those branches overlap on the limit curve corredjpgnto the value o¥/{"® = V" = 42.0kN (Fig. 6c,f).

The curverTax(L,gﬁ) providing the value ol/{"™* as function of the value of%; also presents a pseudo bi-linear

trend (Fig. 7c). Along the first branch, the fadunode is concrete semi-conical fracture, eithpedicial or deep, with
an ultimate configuration of the mixed-semi-conasptlebonding type. Along the second branch, tHaré&imode is

rupture of the strip. Note that even in this casdoa the pure bond behavior, it is possible tgkrout aneffective

value value of L%;, which can be labeled ammprehensive effective resisting bond leng,, beyond which any

further increase 011_%fi does not produce any further gain in termsvgf™. In general, theomprehensive effective

resisting bond Iength_%fe, due to the occurrence of one of either concnetetdre or strip rupture, is shorter than the

effective resisting bond lengtly,. (see also Fig. ).

The curvesV{i”ax(a; L,gﬁ) and Vfri”ax( for L%ﬁ) providing the value of/{"™ as function of either of the parameters

defining the concrete mechanical properties, eithgr or a , present, for whatever value hﬁﬁ, a nonlinear trend in

which, in the most general case, three successaseches can be singled out (Fig. 7a,b). Along tist branch, for

small values of eitherf,,, or a, since concrete mechanical properties are very tmmcrete fracture is so deep to

reach the strip free extremity. This first brané¢hhe curve is continuous since, going from onaigdb the other of the

parameter analyzedf(, or a ), the peak value/{™® is always equal to the concrete semi-conical firgctapacity

Vf?f associated to the maximum semi-conical surfacedda form inside the concrete prism. Along thistfbranch,
the concrete fracture capaci4f’ ( L%ﬁ), integral of f,, on the maximum semi-conical surface varies withticwity

for an increase of eithef,,,(f.,) or . In this latter casey' (L%ﬂ) varies with continuity if either the maximum

semi-conical surface intersects (for larger valoles ) or not (for smaller values af ) the concrete prism faces (Fig.

4). By increasing the values of eithdy,, or a, concrete fracture progressively becomes morerSciaé and the

equivalent value of the resisting bond length bee®mprogressively larger aliquot b%ﬁ . Along the second branch of

the curvesz’i“aX(a'; Lgﬁ) and Vf’i"ax( form L%ﬁ) the ultimate configuration is of the mixed-semneeplus-debonding



type. Such second branch is characterized by afdldofluctuation of the values/{'®, by varying either of the

parameters analyzedf(,, or a) and for a given value of_%ﬁ, around the values corresponding to an average and

continuous curve: a micro-fluctuation ad a mactwtihation. The former is a fluctuation that hasuanarical origin
and is due to the way in which the concrete semiead fracture phenomenon was modeled (Bianco 2008} latter,

which consists in the presence of some steps upw@due to the fact that, for increasing valugshe concrete
mechanical properties, the number of successivectihs of L%ﬁ (Fig. 4), contextual to the occurrence of suceessi
concrete semi-conical fractures, reduces for irgingavalues of either of the parameters analyzeg (or a ). Along
the third branch, attained indeed only for the éargalues ofL%; and for increasing values of the concrete mechanic

properties, the ultimate configuration is composdda superficial semi-conical concrete fractureloiaked by the

rupture of the strip itself. Such third branchherefore horizontal and equal to the value of thip supture capacity
that, for the values herein assumed for the otlsarpeters, is equal td2.0kN. The curvesz’i"aX(a'; L,gﬁ) and

Vf’i"ax( ferm L%ﬁ) , for increasing values of%;, progressively become closer to each other up/éslapping on a limit

curve for values ol%; larger than a certain limit value that, for théues herein assumed for the other parameters, is

equal to 450nmfor a and to 30anmfor f,,. Note that the curve‘s!f?“ax( for L%ﬁ) start from a value off.,, equal to

8.0MPa. This is due to the fact that the concrete avetagsile strengthf,, was calculated from the concrete

average compressive strength by means of the faemelported by the CEB-FIP Model Code 90 that plewvialues of

fum larger than zero for values of, larger than8.0MPa. Note also that, if eitherf,,, or a were increased

infinitely, for a given value ofL%ﬁ, the value ofV{™ would tend to the corresponding bond-based peald lo
Vf?d'max( LROﬁ), as long as this latter is smaller than the strijiure capacity.

The peak force&/{™ that an NSM FRP strip of a given resisting bondyta L%ﬁ can resist does not vary by increasing
the value of the parametey,, characterizing the adopted local bond stresskslationship, for whatever value of the

initial resisting bond Iength_%fi (Fig. 8a). Actually, the parametey was already found not to affect the peak bond-

transferred force\/f?d'max (Fig. 3a). Nonetheless, due to the occurrencetlidrgphenomena such as either concrete

tensile fracture or strip rupture, the peak valdeth® curve Vf’i“ax(ro; L,gﬁ) is lower than the peak value of the

corresponding curve/f'i’d'max(ro; LRﬂ) for a value of Lgg; = L%;. For the shorter values df%,, the failure mode is
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governed by concrete tensile fracture, either digi@ror deep while, for values of_%fi larger or equal to a certain

value, the failure mode is the strip rupture.

The values of the parametersand 7, have a negligible influence on the peak valuéhefdomprehensive constitutive

law of a NSM FRP strip of a given resisting bondgth L% (Fig. 8b,c). In fact, the curve‘s’f?“ax(rl; L,gﬁ) and
Vf’i“ax(rz; L,gﬁ) do not show appreciable variations, by increasiitiger 7, or 7,, for whatever value ol.%;. For the
shorter values oil_%ﬁ, the failure mode is governed by concrete terfsileture, either superficial or deep while, for

values ofL%fi larger or equal to a certain value, the failuradeds the strip rupture.
Each of the bond slip values characterizing thalloond stress-slip relationship, eith@ror o, or d;, has a marginal
influence on the peak value of the comprehensivestitotive law of a NSM FRP strip of a given valokethe initial

resisting bond Iength_%fi (Fig. 8d-f). For the shorter values h@{ﬁ, the failure mode is governed by concrete tensile
fracture, either superficial or deep while, forues of L%ﬁ larger or equal to a certain value, the failuredenés the
strip rupture. Note that the curves providing as function of either of the various parameterfindey the local
bond stress-slip relationship tend, for increasialyies of L%ﬁ, to overlap to the limit curve corresponding te 8irip

ruptureV{® =V

NSM FRP strips’ shear strength contribution to a RCbeam
The mechanical model adopted in the previous papdgy, when applied faithfully to its original feegs (Bianco 2008,

Biancoet al. 2009a), allows the shear strength contributiorvidied by a system of NSM FRP strips to a RC bégm
to be evaluated as function of the CDC openingepg(Fig. 9). The relationV; (y) may be evaluated for whatever
relative geometrical position that the occurred CE&ould assume with respect to the system of NSN? BRips.
Nonetheless, in the present work, three geometdoafigurations only k =1,2,3) were taken into consideration:
(k =1) the minimum number of strips that can effectivedgss the CDC with the first one placed at a distaequal to

the strips’ spacings; from the CDC origin; k =2) an even number of strips symmetrically placechwéspect to the

crack axis; k =3) an odd number of strips with the central oneirittg the maximum available bond length by being

located along the crack axis (Bianco 2008). To wata! the relationshiy; , (y) it is necessary to introduce, besides

the input parameters already introduced in theiptsvparagraphs, also the following ones (Figuretf®d beam web

cross section depth,, and widthb,,, the CDC inclination anglé with respect to the beam longitudinal axis, thgst
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inclination angle with respect to the beam longitaflaxis 8 and the CDC opening angle incremgnt The typical

relationshipV; , (), sum of the contribution of the strips effectiveljossing the CDC, is characterized by abrupt
decays ofV; that correspond to the failure of the variouspstifFig. 9c-f). Typically, according to that modeiring

the loading process of a RC beam strengthenedear sho-axial semi-conical concrete fractures faround each of
the strips effectively crossing the CDC since tinst load steps. Due to the formation of successiv@xial semi-
conical fracture surfaces around each of the stthes resulting concrete fracture envelope surfatating from the
CDC, progressively penetrates within the web coreither side of the CDC plane (Bianeal. 2009a).

The mechanical model mentioned above, was appieddluate the influence of each of the input patans (Table 2)
on the peak NSM FRP strips shear strength contoibub a RC bearr‘;/{f}f‘X and the obtained results are presented

below.

The Reference Beam (RB) assumed for the paramgtinities along with the range of values assumedeéah
parameter, are listed in Table 2. The values optirameters characterizing the RB have been chosarch a way to
result approximately the average values of thoaedan be met in real practice. In some casespéeific parameter is
varied within a range that comprehends valuestla liteyond those having a strict physical confiiorgtin order to
assess not only their influence on the physicahbien of RC beams strengthened in shear by the K&kinique, but

also their influence from a mere analytical-numaristandpoint. The range of variation df, was limited to the

values 10-90MPa (Table 2) for which concrete can be consideredstasctural concrete in accordance to the
international regulationg(g. CEB-FIP Model Code 1990).

The load stepy slightly influences, for the range of values iniethit was herein varied (0.0001°-0.01°), the peak
NSM shear strength contributidmf"fx (Fig. 10a). In this scenario, it is deemed reallento assume a value of the
load step equal tgy=0.01° since it guarantees a good compromise betweenagcof prediction and computational
demand.

The peak NSM shear strength contributmﬁfx decreases by assuming increasing values of the i@&iBation angle

@ since, other parameters being the same, the nuhisénips effectively crossing the CDC decreaség. (10b).

The peak NSM shear strength contributwﬁf,fx, for the range of values herein assumed for theroparameters,
increases linearly for increasing value of the wedtiss section depth,, (Fig. 10c), since both the number of strips

effectively crossing the CDC and their availabledhdengths increase in turn. Actually, up to aa&ervalue ofh,,, the

linear increase of/f”’“f;‘X is primarily due to the increase of the stripsilatde bond lengths while, for larger values of
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h,,, since the strips available bond lengths stabettéarger than the comprehensive effective regjdiond length (Fig.

7¢), the linear increase Mf”’“,fx is due to the increase in the number of stripsatiffely crossing the CDC.

By increasing the RC beam web cross section wigjth(Fig. 10d), the peak NSM shear strength contrtiilfutsi’f”",i‘X

presents a two-phases behavior with an almost-clgadivision between themselves in correspondefice value of

approximatelyh,, =15 cm. For values of the web width, <15cm, by increasindy,, , Vf”"fx increases almost linearly

up to a maximum while, for values of the web width>15cm, any further increase di, does not yield any further
increase of\/f’f‘fx. This is due to the fact that, fdy, <15cm, the strips symmetrically placed on the opposiess of

the strengthened web interact transversally witbheather while, for values ob, >15cm, due to the lack of
interaction between strips placed on the oppositessof the beam web, any further increaséapfdoes not produce

any change in the overall response.

The peak NSM shear strength contributi\iﬁ‘fx presents, with respect to either of the CFRP ’stiiposs-section

dimensions &; or by ), a three-phases trend (Fig. 10e-f). In the fitsise &; <1.5mm or b; <8 mm), the prevalent

failure mode is tensile rupture of the strips a\:‘ﬁ?x increases almost linearly by increasing eitheror b; . In fact,

after a soon and shallow concrete fracture, moghefstrips crossing the CDC rupture due to thedtuced cross-

section area. In the intermediate stretttb& a; < 4.5mm or 8<b; <12mm) Vf“]?x increases, by increasing either

a; or b, by a decreasing rate since the number of strpiengoing rupture progressively reduces and thebeurnf
strips failing for concrete fracture, either supzal or deep and up to the free end, increasesndithe third stretch
(a; >4.5mm or b; >12 mm), all of the strips effectively crossing the CDatl for either deep or superficial concrete
fracture and their contributiod{"™® to the overall shear strength contributidfi* no longer depends on eithaf or

b; (Fig. 6). However, for very large values of eittedrthe strip cross-section dimensions, the modegessively

loses accuracy underestimating the concrete frac@pacity since the approximation of the condreieture surface as

a semi-cone whose axis lies on the web face (ffimay no longer be acceptable (Biamt@l. 2009a).

By increasing the spacing; between adjacent strips, even though the conioibytrovided by the single strig{"™

would increase as a consequence of the increabe afoss section of the relevant concrete prisgs(Pa and 4b-c),

the overall contribution to the peak NSM shearrgitk Vf“]?x significantly decreases (Fig. 11a) since the nunadfe

strips effectively crossing the CDC decreasesiin. thor the third geometrical configuratiok € 3), for which, from a
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certain value ofs; on, the number of strips effectively crossing @@C remains unchanged and equal to one central

strip only, the same plastic stretch, already higitéd for the single strip (Fig. 6¢) can be fowaggin.

By increasing the value of the inclination of thegps with respect to the beam ax, the peak NSM shear strength

contribution decreases (Fig. 11b) mainly becausergparameters being the same, both the numtsgrips effectively
crossing the CDC and their initial available boeddths decrease.

The strip's Young’s ModulusE; has, on the whole and for the values assumed @& pgresent study
(E; =100+ 250GPa), a negligible influence or\/f"?kax (Fig. 11c). In fact, for the range of values B analyzed,
already the single strip peak contributivif™® does not vary for increasing values Bf , for each value oﬂ_%ﬁ and

whatever the ultimate configuration (Fig. 6d). Thex¢en the overall shear strength contribuﬁd[f)‘ does not vary for

increasing values oE; , within that range.

The trend of the peak NSM shear strength contohu\lf“?kax with respect to the strip tensile strength, shows two

phases separated by an almost clear-cut turningt @mproximately in correspondence of the value3d@fGPa

(Fig. 11d). For values off;, smaller than 3.GPa, the ultimate behavior is governed by the prewatapture of the
strips. For values off;, equal to or larger than 3®Pa, the ultimate behavior is governed by concretetine and,

whatever the depth of concrete fracture penetraéanh strip’s peak contribution does not changénfireasing values

of fg,, whatever theil%; (Fig. 6a).

The variation of\/f"?fx with respect to the concrete mechanical propergigiser f,,, or a , presents a non-linear trend

in which three successive stretches can be singledFig. 11e-f). For values ofr <30° and f.,,<30MPa, the
prevailing failure mode of most of the strips effeely crossing the CDC is concrete tensile fragtoeaching the
strips’ free ends (Fig. 7a-b). Along the seconcetstr, for values of30°<a < 40¢ and 30< f,, < 60MPa, by

progressively increasing the concrete mechanicgigties, eitherf,,, or a, concrete fracture progressively becomes

shallower (Fig. 4c) and¥/{"¢* increases by a decreasing rate. In fact, alongehend stretch, since the cuvg™ (a)

or V"™ ( f,,,) are characterized by ; -dependent rate (Fig. 7a-b), augle* is equal to the sum of the contribution
max

V{" of strips with different values of%; , Vi increases by a decreasing rate. Along the thiedcdt, for values of

a >40° and f.,, >60MPa, V{'?* does not further vary for increasing values diitf_, or a . In fact, for values of
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a>40° and f,, >60MPa, the peak of the single strips’ contributiaff"® does not vary, independently of the

failure mode (Fig. 7a-b).

As already found out for a single NSM FRP stripjeated to an increasing imposed end slip (Figtt&,values of the
parameters defining the local bond stress-sliptioglahip do not affect, for the values of the otharameters herein
assumed, the peak NSM FRP strips shear strengthitagion (Fig. 12). In fact, due to the occurrenck other
phenomena such as either concrete semi-conicalletefinacture or strip rupture, the peak bond-transd force

Vfli’d'm"jIX that the initial values of the resisting bond légngould be capable of transferring, can neverttaned.

Conclusions

A mechanical model, recently developed to evaltlié¢eNSM FRP strips shear strength contribution @G beam
throughout its loading process, was herein appgbezhrry out parametric studies. These latter epems the studies of
the influence of each geometrical-mechanical pataman: 1) the peak load that a single NSM FRP stain transfer,
through bond stresses, to the surrounding conanetglecting both concrete semi-conical fracture stnigh rupture; 2)
the peak load that a single NSM FRP strip can ceimmsively transfer, taking also into account tlossjble
occurrence of either concrete fracture or strigutgy 3) the peak shear strength contribution éhgtoup of NSM FRP
strips can provide to a RC beam.

The bond-based constitutive law of a single NSM R, which is the curve providing the force tlastrip with a
given value of resisting bond length can trangtemugh bond stresses, as function of the imposeldsép, forms a
continuous surface when plotted in a three-dimeradigraph for increasing values of resisting basmyth. The peak
bond-transferred force, which is the peak valughef strip’s constitutive law, increases, for in@ieg values of the
resisting bond length, only up to a certain thréghlabeledeffective resisting bond lengtheyond which any further
length increase does not produce any further fgate. The peak bond-transferred force increasdh, aviate that is as
larger as larger is the value of the resisting blengdth, for increasing values of either the sfrigoung’s Modulus or
the strip’s cross section dimensions. The peak Wicarsferred force increases also, with a rateithas larger as larger
is the value of the resisting bond length, for @aging values of most of the parameters definiegdbal bond-stress
slip relationship.

The comprehensive behavior of a single NSM FRP stibjected to an increasing imposed end slipasacherized by
the formation of successive co-axial semi-coniaaharete fractures which can stop progressing midbetyveen
loaded and free end, maybe followed by strip rupftfithe strip rupture capacity is attained, orgress up to the free

end. Contextually at the occurrence of each coedratture, the initial value of the resisting bdedgth progressively
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reduces and the point describing the strip’s cohmamsive constitutive law in a three dimensionalespntation leaps
from one bond-based constitutive law to another.

If either the concrete fracture reaches the stfiigs end or the strip ruptures, the strip’s corhpresive constitutive law
abruptly annuls. Since the bond-based constituéiveof an NSM FRP strip forms a continuous surfeencreasing
values of the resisting bond length, it is alwagsgible to single out aaquivalent value of the initial resisting bond
lengthwhose bond-based constitutive law has a peak \ejual to the peak load of the comprehensive dokigg law
of the initial resisting bond length.

The dependence of the peak value of the comprehensnstitutive law on most of the input parametdmsws a non-
linear, initial resisting-bond-length-value-depentdeand pseudo elasto-plastic trend. The non-libe&idue to the fact
that, for a given value of initial resisting borghgth, for increasing values of the studied paramdioth the failure
mode and the ultimate configuration attained bysthnig progressively change.

The peak value of the comprehensive constitutive ifecreases by increasing the initial value of thsisting bond
length up to a certain value, labeleffiective value of the initial resisting bond lemdieyond which any further length
increase does not yield any further force gain.

The influence of each one of the parameters defitine local bond stress-slip relationship on thakpealue of the
comprehensive constitutive law of a single NSM F&Rp with a given value of initial resisting borength is
negligible. In fact, the premature occurrence tiiezi concrete semi-conical fracture or strip ruptdoes not allow to
attain the peak bond-transferred force that a sisgip, with the given value of initial resistibgnd length, would be
capable to attain.

The behavior of a system of NSM FRP strips contititguto the shear strength of a RC beam is extrgmmeplex
since the strips effectively contributing to theabeshear strength, intersecting the CDC plane,lareharacterized by
different values of the initial resisting bond I&mg2) not necessarily orthogonal to the CDC, 3)jected to different
values of imposed end slip and 4) bi-directionaitgract between each other.

The curve providing the NSM FRP strips shear stifergpntribution as function of the CDC opening a&ngg
characterized by abrupt force reductions due tcsthips’ failure, whatever the failure mode theggly undergo. The
dependence of the peak NSM shear strength coritiboh most of the input geometrical-mechanicalapaaters is
extremely non-linear.

As already outlined for the comprehensive behasfoa single NSM FRP strip, a variation of eachted parameters
defining the local bond stress-slip relationshiglgs a negligible variation of the peak NSM sheaargyth contribution,

due to the premature occurrence of either conseata-conical fracture or strip rupture.
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TABLE CAPTIONS
Table 1 —Values for the input parameters adopted for tharmpatric studies regarding the behavior of a sii

FRP strip.

Table 2 —Values for the input parameters adopted for theampatric studies regarding the peak shear strength

contribution provided by a system of NSM FRP sttippa RC beam.

Table 1 —Values for the input parameters adopted for tharpatric studies regarding the behavior of a sihg&1
FRP strip.

Lrs Ty T, T,

MPa MPa MPa mm mm mm

cm

B | f| f a ar | b fa | b

GPa| Gpa| MPa ° mm [mm| cm| cm| cm

Reference Strip|] 150 3.0 350 28[5 14 10®0{15.0, 4.0 2.0 20.1 9.0 0.07 0.83 141

3.0-19.00.05-0.80.2-13.42.0-25.0

0-50 | 0.0-7.00-35|2-40| 2-40| 0-150|0.5-10.09.0-50.4

Range of variatiof0-300| 0-5.0|20-70

Table 2 —Values for the input parameters adopted for thampatric studies regarding the peak shear strength

contribution provided by a system of NSM FRP sttipa RC beam.

y g h, | b, ag by | s B E; fo | fm | @ Ty T T, ) 9, 0y

° ° cm | cm| mm | mm| cm ° GPa |GPa| MPa| ° MPa| MPa | MPa mm mm | mm
R‘gz;egc 0.01| 45.0| 50.0(20.0) 1.4 |10.d20.0/ 45.0| 150.0| 3.0 35.0285| 20| 20.1| 9.0| 007 088 14p
Ssggt?o?wf 1-10%|20-50 20-70/5-40] 1.0-5.5 5-35| 5-80| 45-90| 100-250 1.0-5{ 10-90 10-450.5-5| 9.5-35 3.0-190.05-0.8 0.2-10 2.0-20)

20



FIGURE CAPTIONS

Fig. 1. Bond-based behavior of a single Near Surface Mali(fiSM) FRP strip on a concrete prism: a-b) ctuiste
law Vfti’d(LRﬁ;di) both in a bi-dimensional and in a three dimendioepresentation; c) dependence of the maximum

bd,max

bond-transferred forc¥j, on the resisting bond lengily; ; d) concrete prism with a single NSM FRP strip ajhd

adopted local bond stress-slip relationship.

Fig. 2. Variation of the peak bond-transferred force byirggls NSM FRP strip as function of: a) concrete WQ's
Modulus E_, b) strip thicknessa; , c) concrete prism thickness , d) FRP Young's Modulug; , e) strip width and f)
concrete prism width.

Fig. 3. Influence of the parameters defining the local baetréss-slip relationship on the peak foM#d’ma" that a

single NSM FRP strip can transfer, through bonesstes, to the surrounding concrete.
Fig. 4. Comprehensive behavior of a single NSM FRP strjpp@ssible comprehensive constitutive law types, b)
successive and co-axial semi-conical fracture sagfaccurring around the NSM strip and ¢) progvessduction of

the resisting bond length and penetration of timei-®®nical fracture within the concrete prism.

Fig. 5. Comprehensive constitutive Iawﬁ(LRﬁ;dLi) of a single NSM FRP strip: a,d) deep concrete @raGtb,e)

superficial concrete fracture and c,f) strip ruptafter a superficial concrete fracture.

Fig. 6. Variation of the peak force that a single strim caomprehensively transfer to the surrounding acetecr
Vf’i“ax( L,gﬁ) , as function of: FRP’s a) tensile strength, and d) Young’'s Modulu€; , strip cross section b) thickness
E; and e) widthE; and concrete prism cross section c) thickresand f) widthb, .

Fig. 7. Variation of the peak force that a single strim camprehensively transfer to the surrounding acstecr

Vf’i"ax( L,gﬁ) , as function of: a) the angle between axis amekgarices of the semi-conical concrete fracturéase a ,

b) concrete average compressive strenfgth and c) initial resisting bond Iengtll:%fi .
Fig. 8. Variation of the peak force that a single strim camprehensively transfer to the surrounding acstecr
Vf’i"ax( L,gﬁ) , as function of the parameters defining the adbfuieal bond stress-slip relationship.

Fig. 9. NSM FRP strips shear strength contribution to a B®@m: (a-b) schematic representation of the beaitm w
shear-strengthened by NSM FRP strips, (c-d) NSMuskgength contribution to the adopted RefereneanBfor two

values of the CDC inclination angle and (e-f) feotvalues of the beam web depth.

max

Fig. 10.Influence on the peak NSM shear strength coniobu¥s ™ of: a) load stepy; b) CDC inclination angled;

c) beam cross section degtly and d) widthb,, ; e) strip cross section thickneag and f) widthb; .
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Fig. 11. Influence on the peak NSM shear strength conﬁbhuvf“?kax of: a) strips’ spacings; ; b) strips’ inclination
angle 8 c) strip’s Young's ModulusE; ; d) strip’s strengthf;,; e) concrete compressive strength, and f) of the

concrete fracture angle .

Fig. 12. Influence on the peak NSM shear strength conﬁdbut\/{f‘fx of the local bond stress slip relationship

parameters: aj,, b) r;, ¢) 7,, d) 4, e) 5, and f) J;.
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on the resisting bond lengthy;, ; d) concrete prism with a single NSM FRP strip ajd

bond-transferred forcvfﬁ’d’max
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Fig. 2. Variation of the peak bond-transferred force byngle NSM FRP strip as function of: a) concrete Mgis Modulus E. , b) strip thicknessa; , ¢) concrete prism thickness

a., d) FRP Young’'s Modulu€; , e) strip width and f) concrete prism width.
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Fig. 6. Variation of the peak force that a single strip camprehensively transfer to the surrounding aetedr [

28



5 | |
| |
| |
ao--fp--7------- mm -
| |
| |
| |
I o
z 30 ‘ !
3 0 ! !
E o L ‘ ‘
>Toq-f- L -
| |
| |
| |
o-f----- T -
| |
| |
| |
1 1
0 500 1000 1500
0
Lgq (M
c)
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