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DESIGN FORMULA TO EVALUATE THE NSM FRP STRIPSSHEAR STRENGTH CONTRIBUTION
TO A RC BEAM

Vincenzo Biancé, Giorgio Monti?z and J.A.O. Barro3

Abstract:

This paper presents the closing step of a syntipestess aiming at deriving, from a previously deped more
complex model, a simple design formula to evaltia¢eshear strength contribution provided by a sysiéNear
Surface Mounted (NSM) Fiber Reinforced Polymer (JFRRips to a Reinforced Concrete (RC) beam. The
self-contained and ready-to-implement set of aia@yequations and logical operations is preseatedg with

the main underlying physical-mechanical principtesl assumptions. The formulation proposed is apgdai
against some of the most recent experimental seanH its predictions are also compared with tiosained by
the two previous and more sophisticated versionth@fsame modeling strategy. Monte Carlo simulatiare
carried out in order to appraise the sensitivitytted NSM shear strength contribution predictiorthe value

assumed by the input parameters.

Keywords: Shear; Strengthening; FRP; C. Analytical modeliignte Carlo simulations.

Introduction

Shear strengthening of RC beams by NSM techniqusisis of gluing FRP strips by a structural adreiNo
thin shallow slits cut onto the concrete coverhaf beam web lateral faces. A comprehensive thraestiional
mechanical model to predict the NSM FRP strips isheangth contribution to a RC beam was recentyppsed
(Bianco 2008, Biancet al. 2009a-b and 2010). That model was developed Ifnfjilequilibrium, kinematic
compatibility and constitutive laws of both the evéls involved (FRP and concrete), as well addbeal bond
between themselves. Despite its consistency wipkeigmental recordings, that model turned out tadmehow
cumbersome to be easily implemented and acceptpdoligssional structural engineers. More receatlsimpler
version of that model was derived from the more glem one by introducing the following simplificatie

(Bianco 2008, Biancet al.2011): 1) a bi-linear rigid-softening local boricess-slip diagram was adopted instead
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of a multilinear diagram, 2) concrete fracture aoef was assumed as semi-pyramidal instead of seritad, 3)
attention was focused on the average-available-bemgth NSM FRP strip glued on the relevant prism o
surrounding concrete, 4) determining the constitutaw of the average-available-bond-length NSNpsalong
the approach followed for Externally Bonded Rein@ament (EBR) by Montt al. (2003), and 5) determining the
maximum effective capacity attainable by the averagailable-bond-length NSM strip bridging the sHadure
crack, imposing a coherent kinematic mechanism. Monti et al. 2004, Monti and Liotta 2007). Nevertheless,
even the second version of that model resulteceasy enough to be accepted by structural engisagrs, in
order to obtain the constitutive law of the averagailable-bond-length NSM strip, it is necessarynmiplement
an iterative procedure simulating the increasinge/af the imposed end slip.

In the present paper, the main physical featuraswdre simplified version of that mechanical matel presented
along with the further simplifications introducedhwespect to the former version.

During the loading process of a RC beam subjeshéar, when concrete average tensile stremgthis attained

at the web intrados (Fig. 1), some shear crackginate therein and successively progress towarelsivgb
extrados. The governing shear failure crack, hetesignated as Critical Diagonal Crack (CDC), diired of an
angle 8 with respect to the beam longitudinal axis (Fig). IThe CDC can be schematized as an inclined plane
dividing the web into two portions sewn togethettlwy crossing strips (Fig. 1a). At load stepthe two web parts,
separated by the CDC, start moving apart by pigosiround the crack tip whose trace, on the weh fagaoint

E in Fig. 1a. From that step on, by increasing theliad load, the CDC opening angl€t,) progressively widens
(Fig. 1a). The strips crossing the CDC opposeitiening by anchoring to the surrounding concreteti@h they
transfer, by bond, the force originating at thatersection with the CD(I}' , as a result of the imposed end slip

o.i[r(t,)], Fig. 1d. The capacity of each strip is providgditls available bond lengtlh; that is the shorter
between the two parts into which the crack diviesictual lengthL; (Fig. 1a). Bond is the mechanism through

which stresses are transferred to the surroundingrete (Yuaret al. 2004, Mohammed Akt al. 2006 and 2007,

Biancoet al. 2009b). The local bond stress-slip relationshi@@) , comprehensively simulating the mechanical

phenomena occurring at 1) the strip-adhesive iaterf2) within the adhesive layer and at 3) theaidle-concrete

interface, can be represented, in a simplified wsna bi-linear curve (Fig. 1b). The subsequensphaindergone
by bond during the loading process, representirgphysical phenomena occurring in sequence withén t
adhesive layer by increasing the imposed end atig, “rigid”, “softening friction” and “free slippig” (Fig. 1b)

(Bianco 2008). The firstigid branch (07,) represents the overall initial shear strengtthefjoint, independent



of the deformability of the adhesive layer andilatiiable to the micro-mechanical and mainly cheipcaperties
of the involved materials and relative interfadedact, the parameter, is the average of the following physical
entities encountered in sequence by stresses fipfnom the strip to the surrounding concrete,; adhesion at
the strip-adhesive interface, cohesion within tkesive itself, and adhesion at the adhesive-ctmnaneerface
(e.g.Sekulic and Curnier 2006, Zheti al. 2008).

The r () curve adopted (Fig. 1b) envisages that, by imgpaimincreasing end slip to the FRP strip, cracks f
instantaneously within the adhesive layer, botlhagonally to the (inclined) tension isostatics atong the
strip-adhesive and adhesive-concrete interfaeggs $ena-Cruz and Barros 2004). Stresses are tragcfoyr
friction and micro-mechanical interlock along thasé&ro-cracks. Nonetheless, by imposing an increpsind
slip, those cracks progressively become smoot@tehing frictionphase) up to the poing(, = §,) in which
friction can no longer be mobilized and the stegulled out without having to overcome any restrhft (free
slipping phase).

The constitutive law/y; (LRﬁ;J,_i) of an NSM FRP strig,e. the force transmissible by a strip with resistirognd

length Lg; as function of the imposed end sk, can be determined by analyzing the behavior efsiimple

structural element composed of the NSM FRP strithiwia concrete prism (Fig. 1a,c-d) whose translers

dimensions are limited by the spacisg between adjacent strips and half of the web csesson widthb,, /2 .

In this way, the problem of interaction betweenaadjt strips (Dias and Barros 2008, Rizzo and Denzas
2009) is taken into account in a simplified wawg,, by limiting the concrete volume into which subseqt

fractures can form, to the amount of surroundingccete pertaining to the single strip in dependenics; and

b, - Moreover, even though the interaction with erigtstirrups is herein neglected, it may be als@acted for
by limiting the transversal dimension of the cotengrism to a certain ratio @f, /2 , since the larger the amount

of stirrups, the shallower concrete fracture isezted to be, even if further research is necessahys respect.
Attention can be focused on the system composedteo$trip with the average value of available btenjth
glued on the pertaining prism of surrounding cote(Eig. 1c-d). The failure modes of an NSM FRipstubject

to an imposed end slip comprise, depending onelag¢ive mechanical and geometrical properties eitlaterials
involved: debonding, tensile rupture of the stdpncrete semi-pyramidal tensile fracture, and aedhighallow-
semi-pyramid-plus-debonding failure mode (Fig. Tdje termdebondings adopted to designate loss of bond due
to damage initiation and propagation within theexibe layer and at the FRP strip-adhesive and adhesncrete

interfaces, so that the strip pulling out resuksg( 1e). When principal tensile stresses transftero the



surrounding concrete attain its tensile strengtimcoete fractures along a surface, envelope otdnepression
isostatics, whose shape can be conveniently assasademi-pyramid with principal generatricesiiea of an
angle a with respect to the strip longitudinal axis (Figz-d). Increasing the imposed end slip can result i
subsequent semi-pyramidal and coaxial fractureasesf in the concrete surrounding the NSM strips Thincrete

fracture process progressively reduces the regibtind lengthl 4 that is the portion of the initial available bond
length L; still bonded to concrete. Those subsequent frastoan either progress up to the free end, reguttin

a concrete semi-pyramidal failureor stop progressing midway between loaded ane émrd, resulting in a
mixed-shallow-semi-pyramid-plus-debondfagure (Fig. 1e). Moreover, regardless of an@hitoncrete fracture,
the strip canmupture (Fig. 1e).

This modeling strategy can be further simplifiettaducing the following assumptions: 1) concretefure can

be accounted for determining the equivalent vafub® average resisting bond Iengfﬁ‘,?i , which is the portion

of the available average resisting bond Ienﬁﬁh =n EIERﬁ (0= 1 <1) that would still be adhered to surrounding

concrete, as function of the concrete mechanicapgities, after all the successive co-axial semapydal

fracture surfaces have formed in the surroundingcite, and 2) the post peak behavior of the basdb
constitutive IawVf?d (Eﬁ%;é’,_i) of the equivalent value of the average resistimgddlength can be neglected. As to
the first assumption, the value of concrete avetagsile strengthfc*tm for values larger than which concrete does
not fracture at all §=1) can be determined by imposing the equality betmibe maximum value of force that

Lgs can transfer through bond stresses, and the pomdsg value of concrete semi-pyramidal fracttrergth.

In other words, instead of imposing an increasiatye of imposed end slig;; to ERﬁ and analyzing how it

progressively reduces at the occurrence of suaaessi-axial concrete fractures (Bianebal. 2011), one can

assume that, if concrete does not fracture forviilee of §; in correspondence of which the force transferred
through bond ijRﬁ has attained its maximum value, even more it moll fracture either for smaller values of
d.i» or for larger values o8, . This is due to the fact that the maximum valudoote that Lgs can transfer
through bond is attained for the value &f in correspondence of which the distribution of hairesses has

reached the strip free extremity,EfQﬁs Lrse, and when the bond transfer length has matcheeftbetive resisting

bond length, if ERﬁ>LRfe. For a null value of f the assumption is made that concrete semi-pyrmid

ctm ’



successive co-axial fracture surfaces would rebehatrerage available bond length free extremityltieg in
EeR?i =0 (n7=0). Itis also assumed that, for values of conctetsile strengtt0 < f__ < f__, the reduction
factor 7 has a linear trend between zero and 0&y <1 (Fig. 2).

The maximum value of the effective capadit&':f’f( , Which is the maximum value of the average of\isM FRP

strip capacity along the CDC (Bianet al. 2011), can be approximated, and lightly underestioh, neglecting
the post peak behavior of the bond-based constitlaiw of the equivalent resisting bond length.

In the following paragraphs the resulting analjteguations are firstly presented and then areiegpd simulate
some of the most recent experimental results. Maedvionte Carlo simulation are carried out in arleassess

the sensitivity of the results provided by the pregd formulation to the value assumed by the ipprameters.

Proposed design for mula

The input parameters include (Fig. 1): beam cressien web’s depth, and widthb,, ; inclination angle of both
CDC and strips with respect to the beam longitudinés, 6 and 3, respectively; strips spacing measured along
the beam axiss; ; angle o between axis and principal generatrices of thei-gpgmamidal fracture surface
(Fig. 1c-d); concrete average compressive strengift FRP tensile strengtif;, and Young's modulus; ;
thicknessa; and widthb; of the strip cross-section, and values of borebsstr, and slipg, defining the adopted

local bond stress-slip relationship (Fig. 1b).

The implementation of the proposed calculation pdure comprehends the following steps (Fig. 3gvBluation
of the average value of the available (resistiry)dlength ERﬁ and of the minimum integer numbN'f’im of

NSM strips that can effectively cross the CDC; 23leation of various constants, both integratiod gaometric

ones; 3) evaluation of the reduction factpiof the average value of the available (resistimg)d length and of
the equivalent value of the average resisting dendth Eﬁ?i ; 4) evaluation of the value of the imposed eng sli
d., in correspondence of which the peak value of tineef transmissible through bond by the equivalahies of

the resisting bond IengtEeR?i can be attained; 5)uat@n of the maximum effective capacity that a N8M
bond Iength[ﬁ‘f‘i can attain during the beam loadinggss MT:}’; ), and 6) evaluation of the strips shear strength

contributionV; .



Average value of the available resisting bond length ERﬁ and minimum number of strips N'f’im effectively

crossing the CDC

The average value of the available bond lengthta@daninimum integer number of strips effectivelpssing the

CDC can be evaluated as follows (Fig. 1):

C _h, 8in@{ cotd + cotB)
Rl 4ABin(e+p)

td+ cot
N} ;e =round off{hn, dcoSicoﬁ)}
f

Evaluation of Constants

It is necessary to calculate some constants, leimgtrical and integration ones, characterizindtived transfer

mechanism of the adopted NSM system, composedeitain type of FRP strips, adhesive and conc&itn¢o

et al.2011). The geometric constants encompass (Fig. 1):
L, =2[b; +a;

the effective perimeter of the strip cross section;

At:sfﬂM

2

the cross section area of the relevant prism gbsading concrete; and

__hy

4= —=

singd

the CDC length.

The mechanical constants encompass:
tr —
V¢ =g b Ofy,

the strip tensile strength;

fom=1.4L(f .~ 8)/ 1()%

concrete mean tensile strength; and
E, = 2.151.000Q{ f,,,/ 19&1
concrete’s Young's modulus, where bath and f,,

the CEB-FIP Model Code 1990, witfy,, in MPa.

The bond-modeling constants encompass (see thendpe

3)

(4)

()

(6)

(7)

(8)

are herein evaluated by means of the formulaesptés



A% 1,00, L,CA ©)

that are integration constants regarding the boantkfer mechanism;
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the effective resisting bond lengtty;., and the corresponding maximum bond fo‘r/c%’.
Reduction factor /7 and equivalent value of the average resisting bond length E&‘f‘i
The reduction factor can be evaluated as follows:
_ fo/ For S€ for< f
/7(Sf; bN, fcm LRﬁ) :{ ctrn/ ctm ctm *ctn (11)
1 se fm2 fum
where:
oo L, O [, [$in( A [Lgy)
ctm ™
J, Dmin( Lg (tana %) Omin( s; Osing ; Zgq O tam) (12)
in which Lg; has to be set equal to:
Lri if Lri<Llre
Lrii = . = (13)
Lrie If Lri>Lge

The value offc*tm is the one corresponding, under the above simpéifpssumptions, for a given average NSM

system, to the limit condition of occurrence of ciate fracture.

The equivalent value of the average resisting Bength is given by:

LR} = L m7(5f? by fom T—Rf) (14)

Value of theimposed end dip &, ,, in correspondence of which the peak value of the comprehensive constitutive

law V (Eﬁﬂi; 5,_i) of the equivalent average resisting bond length L%}, is attained

In case the maximum invariant value of force thgiven NSM system, characterized by a given FRP, strgiven
adhesive layer and concrete, can transfer throogd btressek/fdlb is larger or equal to the strip tensile strength

V{", the value of imposed end slip in correspondefigenich the peak value of the constitutive IW([‘E{%; 5,_i)

is assumed as the minimum betwaﬁrﬂ(fﬁi) and JLl(Vf”) (Fig. 2d), WhereJLl([‘E‘}i) is the value of imposed



end slip in correspondence of which the bond-basextitutive IaWVfti’d([g?i;é'Li) attains the peak value, and
5L1(Vf”) is the value of the imposed end slip in whichlibed transferred force equals the strip tensiknstth
(V{ =ay O Oofy, ).

The value of the imposed end sbip, in correspondence of which the peak force trarsibis by the equivalent

average resisting bond Iengﬁﬁ% is attained, is given by:

~[au(cR) se W<\
" |min[o,(T):8u (V)] se WYa (19)
where:
5.(T2) = {51 f1- coq A O3 | for E,‘;?i < Lo .
for L&t > Lrre
and:
AL (Vf“) =4 E{l— co{— arcsi%}} (17)

Maximum effective capacity Vo of the NSM strip with equivalent average resisting bond length L&}

The maximum effective capacity can be evaluatedlenting the post peak behavior of the constitutawe, as

follows (Biancoet al. 2011):

Vitet =Viieft (Vimax) :mel%[ﬁg—arcsinﬂ—w N Ey 2} (18)
where:
L@, _sin(6+p) . _ AT Al
A= 31 P A= 2, ’ymax_wz*'ﬂ), ¢ =1- AAmaxtLy (19)

Shear strength contribution provided by a system of NSM FRP strips

The actuaV; and design valu¥/y; of the NSM shear strength contribution, can beioled as follows:

1 1 i
Vio =29, = forn, . 03 sing) 0

Rd YRd



where y., is the partial safety factor, divisor of a capgdhat can be assumed as 1.1-1.2 according tieveé

of uncertainty affecting the input parameters buthis respect, a reliability-based calibratiomésded.

Formulation Appraisal

The proposed formulation was applied to the RC tseteated by Dias and Barros (2008), Déasal. (2007),
Dias (2008), Rizzo and De Lorenzis (2009), A.K.Mwarul Islam (2009), Rahal, K.N. (2010), Rahal &uinaih
(2011), Jalalet al. (2012) and Cisnerast al. (2012).

The beams tested in the first two experimental rznog (series | and Il) were T cross-section RC lseam
characterized by the same test set-up with the sati,ebetween the shear span and the beam effedéipth (

a/d = 2.5), the same amount of longitudinal reinforcemere,same kind of CFRP strips and epoxy adhesive and
they differed for the concrete mechanical propsrtie fact, the first experimental program (serigsvas

characterized by a concrete average compressamgstr ., of 31.1MPa, while the second (series ft),=18.6
MPa. Both series presented different configurationsl&M strips, in terms of both inclinatio and spacings;
. The second program also included beams charzetiehy a different amount of existing steel stigrifpee

Table 1). The beams tested in the third experinhgmtagram (series Ill) were characterized by theasdest set

up, but with a different shear aspect ratiy = 3.3) and a higher concrete average compressive strgngt
f., =59.4MPa). Some of them were also subjected to pre-cradither label includes a letter F).
Those beams are characterized by the following comgeometrical and mechanical parametsgs:= 180 mm;

h, =300mm; fg, =2952MPa (for the series | and Il) andiy, = 2848MPa (for the series Ill);E; =166.6GPa
(for the series | and Il) ande; =174.3GPa (for the series Ill);a; =1.4mm; b; =10.0mm. The CDC

inclination angle & adopted in the simulations by the proposed fortiana listed in Table 1, is the one
experimentally observed by inspecting the crackepas (Dias 2008). Note that the experimental olaiEms

confirm the expected trend according to whiéhdiminishes for increasing values of the ratigd (e.g.
Bousselham and Chaalal 2004, Cleoal. 2005). In fact, for some beams of the Il seriagd(=3.3), 6°*°
assumes values smaller than 45° and up to 20°¢Tabln this respect, it has to be stressed gratraingéd = 45°
could result excessively conservative since, witpect to smaller values.§. 8 = 20°), and other parameters

being the same, the predicted NSM shear strengttniloation decreases due to the fact that the numbstrips

effectively crossing the CDC diminishes (Bianco 800t would be necessary to develop rigorous égnatto



evaluate the CDC inclination angias function of 1) shear aspect rasiod and amount of both 2) NSM strips

and 3) existing steel stirrups but, in this respieather research is necessary.
The beams tested by Rizzo and De Lorenzis (200&)eés IV) were rectangular cross-section RC beams
strengthened in shear by either bars (their lataeissby NB) or strips (their label starts by N&jdested under

four point bending (Table 2). These beams wereatterized by cross-section dimensions@f= 200 mm and

h, =210 mm, and the ratio between the shear span and the b#active depth was/d = 3.0. Concrete had
average compressive strength of 29.3 MPa. The r@k®P bars have a 8 mm diameter cross-section@and f
improvement of the bond properties, the surfacthisftype of bar is spirally wound with a carbobefi tow and

sand coated. The tensile strength and modulussfieity of the bars werd;, =2.21GPa and E; =145.7GPa
, respectively. The strips, have a cross-sectiodimensionsa; =2.0mm and b; =16.0mm, and mechanical
properties of f;, =2.07GPa and E; =121.5GPa. Two kinds of epoxy were employed to glue the NSM

reinforcement, both two-component 100% solid naptseptropic epoxy adhesive pastes obtained bymgixesin
and hardener in a 3:1 weight ratio, differ by treues of tensile strength and modulus of elastiaitg are
indicated, in the beam codes, by a letter a ohk.t€nsile strength and the secant tensile elastitulus presented

values 0f18.6 MPa and 4.15GPa, respectively, for the type-a adhesive, and vahfieZ? .8MPa and12.87GPa

for the type-b. Since the experimentally observatlie of the CDC inclination angle is not reportedthe
simulation a value of 45° was assumed.

The beams tested by A.K.M. Anwarul Islam (2009)riese V) were rectangular cross-section RC beams
strengthened in shear by CFRP round bars and tesiéer four point bending (Table 3). These beamsewe

characterized by cross-section dimensionspE 254mm and h,, = 305mm, and the ratio between the shear
span and the beam effective depth \iag = 2.34. Concrete had average compressive strength o5 48P&a. The

round CFRP bars have a 9 mm diameter cross-seamtidriensile strength and modulus of elasticityhef bars

were f;, =2.07GPa and E; =124.0GPa, respectively. CFRP bars are inclined of 90° wéspect to the beam

longitudinal axis and since the experimentally obsé value of the CDC inclination angle is not repd, in the
simulation a value of 45° was assumed.

The beams tested by Rahal (2010) and by Rahal anthiR (2011) (series VI) were T cross-section R@nte
strengthened in shear by NSM bars either of sthelr(label includes a letter R) or CFRP (theirdkincludes a
letter F) and tested under four point bending (€ahl All the five tested beams contained two tegitons each,

one strengthened with CFRP bars and the other auitiventional steel bars. Hence, a total of tenltesue

10



reported. These beams were characterized by T-seat®n dimensions ofy, =150 mm and h,, = 400 mm,
while the flange wag880mm in width and100mm in depth, and the ratio between the shear spathandeam
effective depth was/d = 3.0. Concrete average compressive strength ranged 3&@aMPa to 38.6MPa. The

epoxy resin used to grout the bars in the groves‘wan-sag” resin. The NSM steel bars were charaeig by

yield tensile strength 00.51GPa, while the NSM FRP bars wererBm deformed TYFQ® carbon FRP bars
characterized byf;, =1.90GPa and E; =124.0GPa. Since the experimentally observed value of theCCD

inclination angle is not reported, in the simulatmvalue of 45° was assumed.

The beams tested by Jalatial. (2012) (series VII) were rectangular cross-sedi@beams strengthened in shear
by Manually Made NSM FRP rods (MMFRPSs) with (thiibel includes a letter A) and without an extremity
anchorage (Table 5) and tested under three pomdibhg These particular kind of FRP rods were aigtdiby
wrapping a dry carbon fiber sheet, which was prprégnated with resin, around arn diameter wooden rod.

These rods were characterized Iby, =3.55GPa and E; =235.0GPa. The beams were rectangular cross-
section with dimensions,, =200mm and h,, = 250 mm, and the ratio between the shear span and the beam

effective depth wasy/d = 2.73. Concrete average compressive strength was emjul,t=36.4MPa. Since the

experimentally observed value of the CDC inclinatémgle is not reported, in the simulation a valtié5° was
assumed.

The beams tested by Cisnerdsal. (2012) (series VII) were rectangular cross-secR@hbeams strengthened in
shear by either bars (their label starts by B)tops (their label starts by S) and tested undegettpoint bending

(Table 6). Beams cross-section dimensions wgre 200 mm and h,, =350 mm. Each beam was tested twice,

once at each end, and the ratio between the spaarasid the beam effective depth equadte = 2.9. Concrete
average compressive strength ranged frip =22.84MPa to f,,=29.11MPa. The NSM FRP bars were
characterized by Bimdiameter, while the strips had cross section dgiwes ofa; =2.5mmandb; =15.0mm

. FRP mechanical properties wefg, =2.5GPa and E; =165.0GPa. The resin used was MBrace Adhesive

220 for the bars and Masterflow 920 SF for thepstriSince the experimentally observed value ofGBC
inclination angle is not reported, in the simulatevalue of 45° was assumed.

The anglea was assumed equal to 28.5° for all the experinh@négrams, being the average of values obtained
in a previous investigation (Bianco 2008) by baclalysis of experimental data. As to the valu@gfdue to its

importance to the prediction accuracy of NSM stst@ngth contributions, further research is desgra®oncrete

11



average tensile strengtty,,, was calculated from the average compressive strdngmeans of the formulae of
the CEB Fib Model Code 1990. The parameters cheniattg the adopted local bond stress-slip relatidm
(Fig. 1b) are for all the experimental programg:= 20.1MPa and ¢, = 7.12mm. Those values were obtained
by the values characterizing the more sophistickteal bond stress-slip relationship adopted irviogs works
(Biancoet al.2009a, 2010), by fixing the value of = 20.1MPa and determining, = 7.12mm by equating the
fracture energy. In this respect, it has to be divgl that the necessity is felt to develop riger@quations that
would allow the valuegr,,d,) characterizing the local bond stress slip relatigmto be determined on the basis

of: a) superficial chemical and micro-mechanicalgarties of FRP, adhesive and concrete, and badhesive
layer thickness. Nonetheless, further researcim ighis respect, required. However, as highlightgdneans of
parametric studies (Bianco 2008), for the valuesarfcrete mechanical properties that can be mptdntice,
debonding rarely occurs due the high capacity ofeculy available structural adhesives. Thus, sligiriations

of the values of the parametets and 5, cannot be felt, in terms of NSM shear strengthtrdoution, due to the

premature occurrence of other failure modes suchithsr concrete fracture or strip rupture. Fos ttéason,

adopting values ofr, =20.1MPa and §, = 7.12mm for cases characterized by different values ohtbt

superficial chemical-mechanical properties of FREhesive and concrete, and 2) adhesive thickngssoti
expected to significantly affect the predictivefpemance of the proposed formulation.
When NSM round bars are employed instead of stthms,equivalent square cross-section is employetien

calculations. In the case of the MMFRPs adoptedabgliet al. (2012), since the FRP cross-section is an annulus,

the corresponding area is adopted to evalugte(with A; =50.27mnf obtaining a; = b; =7.10mm). The

same values of the equivalent square cross sediinansions are adopted to evaluate the effectivenpéer

L, =2[b; +ay, even though slightly underestimating this latter.
Note also that, for the works among those adopsethais of the model appraisal, not reporting tiyebe NSM
shear strength contributiovi”™®, this latter has been herein obtained as therdiifee between the shear strength

of the strengthened beam and that of the contrainbéNote also that in Tables 1-6, the symhgl has been

adopted to indicate also the vertical height of Xl8@M bars, when they are coincident while, whenNi$M bar

is inserted through the flange thickness, the synabohas been adopted instead.

The predictions obtained by the formulation propbsethe present work have also been compared tivitbe

obtained by the previous two more sophisticatedigas of the same modeling strategy. The predistaitained
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by the first model (Biancet al. 2009a), which contemplates three geometrical gonditions that the occurred

CDC can assume with respect to the system of NSHsERre labeled by, ;, V{ , andV{ ;. The predictions

obtained by the second and simplified model (Biagical. 2011) are labeled byf" while those obtained by the
third, further simplified model herein presented Ebeled by " . The experimental results concerning beams

2S-8LI45-1 and 4S-7LV-Il have been neglected in thasiderations below since they are deemed affduye

some disturbance.

The formulation herein proposed provides, in gelnsgdisfactory estimates of the experimental rdicgys V¢

since the ration'" /erXp presents altogether mean value and standard weviegual to 0.69 and 0.29,
respectively. The second version of the adoptedefimogl strategy also provides satisfactory estimatethe
experimental recording¥F*® since the ratiov;' /erXp presents altogether mean value and standard weviat

equal to 0.67 and 0.29, respectively, even it isalmsed form and requires the implementation oftarative
procedure to determine the average resisting bemgth strip’s constitutive law. The first versiofitlbe adopted
modeling strategy, much more sophisticated thanvtleemore recent versions, provides much morefaatisry

estimates. In fact, considering, for each analyzemimn, the closest prediction out of the three obthithe ratio
Vi / VE*® presents altogether mean value and standard wevedual to 0.98 and 0.26, respectively, evenis i

very cumbersome to be implemented and needs a-atand software to be developed.

Sensitivity analysis

A sensitivity analysis was carried out to assesgdiative importance of each input parameter encticulated
value of the NSM shear strength contribution ineoitd figure out what are the input parametersriadtly affect
the result. For this purpose, the proposed forranapresented in the previous sections, was imefged in a
spreadsheet that was re-calculated iterativelylamelred thousand times, each time with a set of pesgible
values of the input parameters. At each iteratibe,new value of each parameter was sampled, indepdy
from each other, from the relevant probability wigttion assigned to it, and a new value of thepoutvas
generated in the corresponding cell. As simulapiogressed, new possible outcomes were generatedeach

iteration and a numerical solver kept track of éheatput values. All of the input parametees ( bs, s; , b

w !

hy fomr @5 Trus Ef 4 8, 14, 8,) Were characterized by a uniform probability disition, which means a range

13



of possible values with the same likelihood of agcence (Table 7). These intervals cover the possibliations
occurring in NSM shear strengthening interventifunsRC beams.

In particular: the strip thickness; was characterized by a range of variation betwk@rand 50 mm; the strip
width by , the strips’ spacing; , and the concrete average compressive strefigthivere characterized by ranges

of variation 5-35mm, 50-250mm and 10-90MPa, respectively; beam cross-section web’s degthand
width b, were characterized by ranges of variat@yo- 700mm and150- 400mm. The input parameters,
and g, were characterized by ranges of variati@* 30MPa and 2.0-15.0mm, respectively.

At each iteration, the value of each input parametes sampled from the relevant probability disttibn by the
Monte Carlo Sampling Technique (Law and Kelton 200fy and Tang 1975). Monte Carlo simulationsiisiy
a repeated process of generating deterministidisnkito a given problem; each solution correspdadsset of
deterministic values of the underlying random inparameters. In other words, a Monte Carlo simutati
recalculates the worksheet in which the determnisrmulation was implemented, over and over, ettie
assuming a set of input parameters whose valuesebreted randomly from the probability distributiassigned
to each of them.

The outcome of the above simulations, being thalltresf calculations in which all input parametense a
characterized by a uniform probability distributiagsitself characterized by a probability disttion and can be
represented both in terms of probability densitg ammulated ascending probability (Fig. 4). Fromwsthresults

it arises that, for the range of variations hesasigned to the input parameters (Table 7): 1@¢udvalent average

resisting bond length strip’s maximum effective aeity Vf?’":f’f‘([‘ﬁgi) varies between 0.0 artD.8kN in 95 % of

cases, and 2) the NSM FRP strips shear strengthitmation varies between 0.0 arkd4.0kN in 95 % of cases.

The sensitivity analysis between the output anditipeit variables was herein carried out evaluating the
multivariate stepwise regression methedg(Draper and Smith 1966), the regression coeffisiaritthe input
variables (Fig. 4). The larger the coefficient, luger the impact that particular input has ondaleulated value.
A positive coefficient, with bar extending to thght, indicates that this input has a positive iotpawhich means
that increasing this input will increase the outpuhile the opposite happens if the coefficiemegative.

The values of the plotted regression coefficiehtg.(4) indicate the increment of output for a staml deviation

of the relevant input. For instance, has a mapped coefficient 86.50, meaning that an increase gf fraction

of a standard deviation of input paramekgr yields an increase d@6.504 units (KN, not standard deviations)
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of the outputV; . The standard deviation of sampled values\pfis 115.35kN (Table 8) and, therefore, every
unit increase of inpuh,, impacts the output positively 86.5¢' 115.35 0.7&N .
From the sensitivity analysis it was found that ith@ut parameters that mostly affect the valuélﬁfé are, in

decreasing order of impact, the anglebetween axis and generatrices of the concretauf@surface, the concrete

average compressive strengtf),, the beam cross section depify, and the strips spacing; (Fig. 4). It was

also observed that the value\§f is mostly affected by the value af,, a, f.,, and the CDC inclination angle

cm’?

6 (Fig. 4).

Conclusions

A design formulation to predict the NSM FRP striibear strength contribution to a RC beam was deffineen a
previously developed numerical model, introducinge simplifications, such as: 1) assuming the phemon
of concrete fracture just asraducerof the average available resisting bond lengtld, @valuating a resulting
equivalent average resisting bond length, and B)ectng the post peak behavior of the equivalemrage
resisting bond length’s bond-based constitutive ilaehe evaluation of the strip’s maximum effectagpacity.
The predictive performance of the formulation wppraised by considering some of the most recerdgraxgntal
results available in literature. The formulatiowyided very satisfactory estimates of the expertaigecordings,
resulting the ratio of the prediction versus thpesimental value characterized by a mean valueaastdndard
deviation of 0.69 and 0.29, respectively.

The proposed formulation was subsequently emplagezhrry out Monte Carlo simulations sampling, atle
iteration, the value of each input parameter fromrelevant uniform probability distribution andi@pendently
from each other. The results of those simulatioesevadopted in order to figure out which input pagters mostly
affect the prediction of the NSM FRP strips shéxargth contribution to a RC beam. From this seuisitit arises
that the input parameters that mostly affect th&NBear strength contribution prediction are, iordasing order

of importance:h, , a, f., and the CDC inclination anglé.
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Notation

= area of the concrete prism cross section

= area of the strip’s cross section

A, = integration constant entering the expressions &uate the\/f?":é
Ag = integration constant entering the expressions &uete the\/ﬁ%
C, = integration constant for the softening frictiomage

E. = concrete Young’s modulus

E¢ = strips’ CFRP Young’s modulus

Jq = bond modeling constant

Ly = CDC length

ERﬁ = average available resisting bond length

Ly = effective perimeter of the strip cross section

- = i-th strip resisting bond length

Lrre = Effective resisting bond length

Lak = Equivalent average resisting bond length

N'f’int = minimum integer number of strips that can effeslif cross the CDC
OXYZz = crack plane reference system

oi' xi' = reference axis along theh strip available bond lengthy,

Vf?f = progressive concrete tensile fracture capacity@thei-th strip
Vfdlb = Maximum value of force transferable through bbgdhe given FRP NSM system
Viieit = maximum effective capacity

e = experimental value of the NSM shear strengtheoorgribution
vy = Strip tensile rupture capacity

\ = actual value of the NSM shear strengthening dmurtion
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Vig = design value of the NSM shear strengthening dmriton

' (ERﬁ;JLi) = comprehensive constitutive law of the averagélavie resisting bond length

bond-based constitutive law of the average abtagleesisting bond length

Vfli)d(ERfi;JLi)

a; = strip cross section’s thickness
by = strip cross section’s width
by, = beam cross section’s width
fem = concrete average cylindrical compressive strength
fetm = concrete average tensile strength

. Value of concrete average tensile strength foraglarger than which concrete
f om =

fracture does not occur

fr = FRP tensile strength
hy = beam web height
hy = vertical height of the NSM bar
S¢ = spacing between adjacent strips along the be&n ax
a = angle defining the concrete fracture surface
B = FRP strips inclination angle with respect to ltleam longitudinal axis
o = slip corresponding to the end of softening fdnti
d = imposed slip at the loaded extremity of thh strip

imposed slip in correspondence of which the congmsive peak force

0, = —

- transmissible byLx; is attained

. Value of imposed end slip in correspondence of Wwihke strip tensile strength is

5L1(Vf ) ) attained
JLl(LRﬁ) = value of g; defining the end of the first phase of the boneeabconstitutive law
Vmax = CDC opening angle for which the maximum effectepacity is attained
n = reduction factor of the initial average availat#sisting bond length
YR = partial safety factor divisor of the capacity
A = constant entering the governing differential émuafor elastic phase

18



critical Diagonal Crack (CDC) inclination angle
experimentally observed CDC inclination angle
local bond stress-slip relationship

Constant necessary to evaluate the maximum eféeatapacity provided by the
equivalent average resisting bond length

adhesive-cohesive initial bond strength
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Table 1. Values of the parameters characterizing the béastsd by Dias and Barros (2008), Désl. (2007)
and Dias (2008).

Beam | B | St | Steel Vfl,l Vfl,z Vfl,s v/ Ve vyt Vf”I \s
Label ° ° | mm|Stirrups kN kN kN kN KN kN
2S-3LV-I 40 | 90| 267 ¥6/300| 18.53| 6.46 | 55.33 10.77 |22.20|11.07| 050
2S-5LV-I 40| 90| 160 “ |52.33|26.42| 55.34| 30.97 |25.20|22.15| 0.88
2S-8LV-I 36| 90| 100 “ |68.58|58.88| 64.33| 29.59 |48.60|44.30| 091
25-3LI145-| 45| 45| 367 “ |35.10| 15.41| 45.73| 23.44 |29.40|16.00| 054
25-5L145-| 45| 45| 220 “ |46.11|49.14| 45.74| 23.19 |41.40|32.00| 077
25-8L145-| 36| 45| 138 “ |75.89|79.71| 78.73| 59.55 |40.20%| 67.87 | 1.69
25-3L160-| 33| 60| 325 “ |50.69|18.90| 51.68| 30.74 |35.40|12.88| 0.36
25-5L160-I 36| 60| 195 “ |36.37|36.59| 48.55| 22.27 |46.20|38.65| 0.84
2S-7L160-| 33| 60| 139 “ |52.98|63.07| 67.58| 60.80 |54.60|51.53| 0.94
2S-7LV-Il 46 | 90| 114 ©6/300| 26.72| 31.84| 35.59| 15.04 |2832|13.19| 047
2S5-4L145-11 40| 45| 27% “ |25.06|21.89|37.30| 19.24 |33.90|19.09| 056
2S-7L145-1l 30| 45| 157 “ |49.36|47.13| 45.95| 37.92 [48.00|46.02| 0.96
2S-4L160-1l 40| 60| 243 21.31|15.04| 29.38| 13.23 |33.06|15.35| 0.6
25-6L160-11 27| 60| 162 42.79| 37.54| 39.45| 34.68 |42.72|30.70| 0.72
4S-7LV-II 46 | 90| 114 ©6/180| 26.72| 31.84| 35.59| 15.04 |6.90* | 1319 | 1.91
4S-4L145-11 40| 45| 27% “ |25.06|21.89|37.30| 19.24 |26.04|19.09| 073
4S-7L145-11 40| 45| 157 “ |40.58|37.48| 40.63| 28.36 |3156|36.82| 117
4S-4L160-I1 40| 60| 243 21.31| 15.04| 29.38| 13.23 |2508|1535| 0.61
4S-6L160-I1 30| 60| 162 * 38.92| 35.46| 36.71| 25.72 |3510|30.70| 0.87
3S-5L145-11l | 30 | 45| 275 ©6/300| 59.74| 59.55| 70.01| 70.33 |66.10|54.03| 0.82
3S-5LI45F1-III" | 23 | 45| 279 “ |83.05|86.96| 81.15| 77.93 |85.75|81.05| 095
3S-5LI45F2-1II" | 30 | 45| 279 “ |59.74| 59.55| 70.01| 70.33 |65.35|54.03| 0.83
5S-5L145-1Il | 28| 45| 275 ©6/200| 78.24| 59.55| 72.01| 57.76 |74.90|81.05| 1.08
5S-5LI45F-IIF | 28 | 45| 274 “ |78.24|59.55| 72.01| 57.76 |74.90|81.05| 1.08
3S-9LI45-11 | 32| 45| 157 ©6/300|109.84109.37 98.30| 114.30 |101.85/104.27| 1.02
5S-9L145-1l | 32| 45| 157 ©6/200|/109.84109.37 98.30| 114.30 |108.90/104.27| 0.96
3S-5L160-11 | 26 | 60| 243 ©6/300| 71.74| 76.20| 62.81| 52.84 |69.00| 65.61| 0.95
5S-5L160-1l | 25 | 60| 243 ©6/200| 68.48| 77.44| 63.79| 59.82 | 7335|6561 | 0.89
5S-5LI60F-II" | 25 | 60| 243 68.48| 77.44| 63.79| 59.82 | 7255|6561 | 0.90
3S-8LI60-Il | 22| 60| 162 ©6/300{112.82119.58112.25 109.30 |112.30{109.35| 0.97
5S-8LI60-1l | 19 | 60| 162 ©6/200(123.34122.74132.00 114.69 |122.45/131.22| 1.07
3S-6LV-IlI 45 | 90| 180 ¥6/300| 58.24| 26.62| 66.53| 35.04 |30.58|18.83| 0.48
3S-10LV-Ill | 32| 90| 114 “ | 97.50|82.41|85.21| 60.23 |83.25| 7534 | 0.90

* beams whose experimental value of NSM shear gtiecontribution is affected by some disturbance;
** heams that were subjected to pre-cracking
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Table 2. Values of the parameters characterizing the béastsd by Rizzo and De Lorenzis (2009).

Beam g | B| s fu | Ef | & b | @ | Vi [ Vi | Vi | Vi VPR Ve |V e

Label ° | ° | mm| GPa | GPa| mm | mm [mm| kN | kN | kN | kN kN | kN
NB90-73-a-IV | 45| 90| 73| 2.21| 1457 - - 8 |24.8427.01/33.73] 11.59 |54.20| 10.08| 0.19
NB90-73b-IvV | 45| 90| 73 “ “ - - “ | 24.8127.01/33.73 11.59 | 26.40| 10.08| 0.38
NB90-45-b-IV | 45| 90| 45 “ “ - - “ | 35.8631.77/38.87] 16.99 | 28.60| 1592 | 0.56
NB45-146-a-IV | 45| 45/ 14§ - - 25.5@4.6924.69 17.68 |39.10| 14.31| 0.37
NB45-73-a-IV | 45| 45| 73 - - 37.684.06(38.86) 19.54 | 28.00| 2291 | 0.82
NS90-73-a-IvV | 45| 90 73] 2.07 121|520 | 16.0| - | 21.3@23.9834.24 12.93 | 5050 10.16 | 0.20
NS45-146-a-IV| 45| 45 14 “ . 27.7@7.87/34.33 14.09 |32.70| 1453 | 044

b, 200 mm;h, 210 mm; f

cm

25
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Table 3. Values of the parameters characterizing the beéastsd by A.K.M. Anwarul Islam (2009).

Beam 0 | B | s

Steel | fr B | Via [ Vio|Via| V!
Label ° °

vee | v v e
mm |Stirrupg GPa | GPa

kKN | kN | kN kN kN | kN

B2-FRP-V 45| 90| 157

- 2.07 124 77.143.65/77.57] 28.98 | 4450|3344 | 0.75
B-3-FRP-V 45| 90| 304 ¥9/305/ 2,07 | 124| 0.00] 0.0077.11] 1.16 |31.00|16.72| 054
B-4-FRP-V 45| 90| 191 %9/610| 2.07 | 124 | 49.7628.7977.53 37.26 |3550| 16.72| 047

b, 254mm h, 305mm ¢, 9.0mm; f_ 49.75MPg
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Table 4. Values of the parameters characterizing the béastsd by Rahal and Rumaih (2011) and by Rahal
(2010).

Beam 6 | B| s fu fem E, hy v 1 Vfl,z Vf|,3 vy VER vt v /erxp
Label ° | ° | mm| GPa |MPa| GPa| mm | kN | kN kN KN kN | kN
B2-B90-R200-VI| 45| 90| 204 0.51 37.8 210 400 51.4B.16|51.42| 47.10 | 55.0 | 45.47 0.83
B2-B90-F200-VI| 45| 90 “ 1.90 “ 124 “ 87.3971.92| 87.39| 27.36 | 70.0 | 45.73 0.65
B3-B90-R200A-VI| 45 | 90 “ 0.51 37.8| 210 500 71.%8B5.06|57.82| 64.41 | 83.0 | 68.63 0.83
B3-B90-F200A-VI| 45 | 90 “ 1.90 “ 124 “ 135.28.30.47111.49 73.28 |103.0| 72.74 0.71
B4-B45-R200-VI| 45| 45 “ 0.51 36.7 21 400 88.989.08| 88.94| 53.13 |113.0| 97.06 0.86
B4-B45-F200-VI| 45| 45 “ 1.90 " 124 " 120.207.67|120.20 107.60 | 138.0|114.85| 0.83
B5-B45-R200L-VI| 45 | 45 “ 0.51 38.6 210 " 90.5[169.37| 90.51| 97.10 | 85.0 | 97.06 1.14
B5-B45-F200L-VI| 45 | 45 “ 1.90 “ 124 “ 123.7894.42|123.7§ 89.85 | 1150 121.2 1.05
B6-B45-R300-VI| 45| 45 304 0.51 37.p 210 “ 53.[789.38| 42.73| 48.55 | 40.0 | 48.53 1.21
B6-B45-F300-VI| 45| 45 “ 1.90 “ 124 “ 76.8569.27| 80.73| 67.10 | 55.0 | 63.73 1.16

@, equal to 8 mmp,, equal to 150 mm; steel stirrups equal 62200;
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Table 5. Values of the parameters characterizing the béastsd by Jalakt al. (2012).

Beam 6 | B | s | steel| T | Eo | Vi [V [ Vi |V [ VPP | Ve |V, /v
Label ° | ° | mm|Stirupgy GPa | GPa | kN | kN | kN | kN | kN | kN

VR-VII 45 | 90 | 160|*6/150| 355 | 235 | 28.1810.65/52.28 12.5/33.41| 865 | 0.6
IR-VII 45 | 45| 240 * “ “ | 43.36|25.6935.8519.94/ 53.94 | 2454 | 0.45
VRA-VII 45 | 90| 160| “ “« |28.18/10.65/52.28 12.5/39.88| 865 | 0.22
IRA-VII 45 | 45 | 240 43.36|25.6935.8519.94 63.82 | 2454 | 0.38
VRA-VII 45 | 90 | 160 28.18|10.65/52.28 12.5| 29.4 | 865 | 0.29

b, 200mm h, 250mmn f_,

36.4MPa a, b, 3

A46mm

28




Table 6. Values of the parameters characterizing the béastsd by Cisnerast al. (2012).

Beam |8 | B | St | Steel | fm | & b | @ [ Vi | Vi, [ Vi |V VPR Y e

Label ° | ° | mm|Stirupg MPa| mm | mm |[mm| kN | kN | kN kN kN | kN
B90-6a-VIII| 45 | 90| 115|©6/150| 26.69| - - 8 |35.9136.04|55.17| 20.50 |58.30| 1891 | 0.32
B90-6b-VIII| “ | “ | “ 2409 | - - “ |33.03] 34.53/50.28| 19.88 |55.00|17.12| 0.31
B90-3a-VIIl| “ | “ |230| *“ [22.84| - - “ 112.07| 3.69 | 45.79 8.66 |11.00| 811 | 0.74
B90-3b-VIII “ 26.02 | - - 12.96| 455| 51.54 9.22 | 630 | 923 | 147
B45-6a-VII 45 | 115 22.98 - - 44.14) 44.90| 49.52| 37.05 | 74.20| 41.02| 055
B45-6b-VIII “«o| 2848 | - - 56.03| 57.10| 62.56| 50.34 | 98.20| 50.52 | 0.51
B45-3a-VII 230 20.11| - - 35.2936.87| 51.88| 26.84 |40.20| 29.19| 0.73
B45-3b-VIII “ 2391 | - - 31.2235.24| 53.06| 19.04 | 81.00| 24.18| 0.30
S90-6a-VIll “ |90| 115 “ | 2669 25 | 15.0| - | 34.5236.51|55.37| 16.90 | 75.80| 19.05| 0.25
S90-6b-vIll| “ |« | ¢ “ 2409 | - “ - |34.03 37.66|58.26| 21.77 |38.90| 17.24| 044
S90-3a-villl “ | “ [230| “ [2284] - “ - |13.96 5.36 | 57.37 9.24 |1050| 817 | 0.78
S90-3b-vIll| “ |« | ¢ “ |26.02| - “ - |15.66 5.84 | 55.34 7.80 |2040| 93 | 046
S45-6a-VIll| “ | 45| 115] “ | 2298 * “ - |54.2452.13|54.22| 31.96 | 77.10 | 41.63| 054
S45-6b-VIII “«o| 28.48 - |58.79 56.21| 72.10| 45.82 |106.40| 51.27 | 0.48
S45-3a-VIiI 230 29.11 - |37.3445.79/50.38| 35.33 | 58.10| 29.62| 051
S45-3b-VII “ 23.91 - |45.29 32.39]50.97| 31.68 |98.00| 2454 | 0.25
f, 2.9GPg E; 165GPg b, 200 mm;h, 300 mm;
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Table 7. Values characterizing the uniform probability distition of the input parameters.

g h, b, ay b, Sy B E; fu fam | O I\:ITD o

° mm mm mm | mm| mm | ° GPa | GPa |MPa| ° a mm

—1720-| 300- | 150- | 1.0- | 5 | 50- | 45- | 100- | 1.0- | 10- | 10- | 10-| 2.0-

Range of variation| ‘s, | 700 | 400 | 55 | 35| 250 | 90 | 200 | 6.0 | 90 | 35 | 30 | 15.0
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Table 8. Detailed statistics of both the sampled valueispfit parameters and the calculated output.

Vet Vi g h, b, a4 by St B E; f fom | O T, o
kN kN ° mm | mm | mm | mm| mm| ° GPa | GPa [MPa| ° |MPa| mm
Minimum 0.16 0 20.40 300.0| 150.0f 1.0 5.0 50.0/ 45.0 100.( 1.q 10.a0.0} 10.0f 2.0

Maximum | 123.42| 1886.39 59.9899.99399.99 5.49 | 34.99249.9989.99 199.99| 5.99| 89.9935.0(29.99 14.99
Mean 14.63 163.66] 40.0399.21275.19 3.25 | 20.01149.9367.51] 149.90] 3.50| 49.9822.5]19.99 8.51

sg\i/?;;’gg 12.77 172.13| 11.5915.35 72.21| 1.29 | 8.63| 57.79(12.98| 28.92 | 1.44| 23.117.22|5.78| 3.75
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FIGURE CAPTIONS

Fig. 1. Main physical-mechanical features of the theoattionodel and calculation procedure:
a) average-available-bond-length NSM strip and petecprism of influence, b) adopted local bond ssir&lip
relationship, ¢) NSM strip confined to the corrasgiog concrete prism of influence and semi-pyrairidecture
surface, d) sections of the concrete prism.

Fig. 2. Further simplifying assumptions introduced: a)u&ttbn of the available average resisting bondtledge
to progressive concrete fracture, b) available tlemgduction factor as function of the concreterage tensile
strength, c) bond-based constitutive law for NSMPFRrips with different values of resisting bonddth, d)
assumed comprehensive constitutive law of the edgin average available resisting bond length.strip

Fig. 3. Calculation procedure: main algorithm.

Fig. 4. Results of the Monte Carlo simulations: probapiliensity distribution, cumulated probability diktrtion

and mapped regression coefficients for a) the N&W Btrips shear strength contributigp, and b) the average
strip maximum effective capacityy g -

Fig. Al. Evaluation of the average available resisting bendth ERﬁ .
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Fig. 1. Main physical-mechanical features of the theoattiaonodel and calculation procedure:
a) average-available-bond-length NSM strip and petecprism of influence, b) adopted local bond ssirglip
relationship, ¢) NSM strip confined to the corresgiog concrete prism of influence and semi-pyrairfidecture

surface, d) sections of the concrete prism.
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Fig. 2. Further simplifying assumptions introduced: a)ugttbn of the available average resisting bondtledge
to progressive concrete fracture, b) available tlemgduction factor as function of the concreterage tensile
strength, c) bond-based constitutive law for NSMPFRrips with different values of resisting bonddth, d)

assumed comprehensive constitutive law of the edgin average available resisting bond length.strip
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Lo = (hw;g; B, Sf); N in
v

Evaluation of various constar
Los A VIS VIS B4 G

v

Evaluation of the average available stisig bond length reduction fact
and the equivalent average resisting bond length
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Evaluation of the value of imp. end sfigr which the peak force transferak

through bond is attained, also accongtior the possibility of strip ruptur:
JLu

v

Evaluation of the maximum effective cajtg attainable
Vit

Evaluation of the NSM FRP strips sheaesgth contributior

v =L oo, v sing
Vrd

Fig. 3. Calculation procedure: main algorithm.
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Fig. 4. Results of the Monte Carlo simulations: probaptliensity distribution, cumulated probability dibtrtion

and mapped regression coefficients for a) the N&W Btrips shear strength contributigp, and b) the average

strip maximum effective capacityy g -
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APPENDIX

The average available resisting bond length heseno longer evaluated as the average of the dlaitasisting
— le,im

bond lengthL; = ¥ Ly N} int Of all the N'f’int strips effectively bridging the CDC, as done ie fhrevious
i=1

work (Biancoet al.2011). In an attempt to gain simplicity, withoosing accuracy[fi , herein designated d_saﬁ

, is evaluated as the actual average value thaipeeffectively intersecting the CDC can attaimjépendently of

either the actual number of strips and their lagatillong the CDC. According to the approach schieaibt

represented in Fig. Al,ERﬁ is evaluated by applying the sine theorem to thmallest triangle,i.e.:

Lgi _ h,cotd+ cotp)
sing  Asi-(6+B)]

from which Eq. (1) can be derived.

Once the value of the equivalent average residhoigd length E‘E{}i is evaluated, the relevant bond-based

constitutive Iavv/fti’d(féﬁ; 5Li) is considered neglecting the post-peak branch bdiscing, with respect to what
was done in the previous work (Bianebal.2011), to:

Vi (L5 04 )= L B2 g oo A0 (d)) - - s a0, di)} (A1)
To evaluate the value of imposed end slip in cpwadence of which the force transferred throughdbeouals

the strip rupture capacity;" , the Vfti’d(ESﬁ'; 5Li) in the previous equations is replacedwy:

1 \g — =t fleos A () - 1-C5 wir A )} (A2)
p='3

that can be rewritten as:

Vtr
sf sf Sfrai sf\ — f st_ ~ s
Bog A |-G LsinAl, |=———+C =G, A3
G B0 AL )-C oA )= 2+ G (A3)
inwhich L' (3,,) was indicated, for the sake of brevity, l§5. Moreover, since in the present work the supepscri

sfreferring to the softening friction bond fase égtected, the previous equation is reduced to:

tr

qmos(Amr)—QEssir(Amr):L\éﬁ+q:cs (Ad)
p

38



This equation, in which the unknown a‘?ﬁl(vf”) that is the value od;; such that\/f?d(féﬁ;d'u):vf”, is solved

as follows: each term is firstly divided bdaz+C22 and then the position in made in whiﬁlﬂ/\/Cf+C§:sin¢

and Cz/\/ C?+C2=cosg , yielding:

S =sin(¢-Am, ) (A5)

VC+C

From this latter, one obtains:

_1 G
Ly, —j[%@—arcsmm} (AG)

Introducing in this latter the expression the dejsece ofL, on J;, given by Eq. (6.1) of the previous work
(Biancoet al. 2011) the following equation is derived:
1 A2 1 Gy
—[@rccos +——104; |=—[p- arcsin—— A7
P { I Dl LI] ) I%¢ :| ( )

Making the cosine of both members, results:

e

A (Vf”)z T;gl{l— co% arcsin\/%— arcsm@}} (A8)

where:

i: Jl ;lei%i-‘- Af :|;J2: EfEECDA&

ol A [E ACE EDA+ EOA o)
_ EAEDA o, D, W
3_LpEQA;DEC+AfDEf)’Cl_51 )2 G, 12 ' Cs LpD\gD4+Cl

Eq. (A8) gives a finite non null value only Vfbld >V (compare Fig. 2). The above constants can beefurth

simplified as follows:

since J; :Ji , J3 will be eliminated and substituted, whenever pegus, byJi;
1 1

3

—=—, C, vanishes andC, can be written a€, = -d, so that, in the various expressions, oGly
oLy

1
smce?—

will be kept.

On the basis of the above simplifications, andesices(angle = cog— Tanglg, Eq. (A8) simplifies into:
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A (Vf”) =61E{1— co% arcsin\/%}} (A10)

As already stated in the paper, there must bewsv[aglm of concrete mean tensile strength beyond whiclrete
no longer fractures and the equivalent value ofatlerage available resisting bond length is equtie average

available resisting bond IengthRfI [RﬁEl.O.The value offc*tm can be determined by imposing the equality
Vfﬁfmax = Vf?fjmax between the concrete fracture capaMfS/ and the corresponding maximum value of the bond
transferred forcé/f,d This latter will be attained for a transfer lemdtat is equal td_RfI if it is LRf, Lgse OF

that is equal tol g, if it is ERﬁ > L. In general it can be written:

f _\sbd
Vfci,max( LRfi) = Vi ,max( LRfi) (Al11)
with:
Lpi if Lrg<Llpe
Lrii = { - (A12)
Lrie if  Lgi>Lge

The expressioNﬁfmax(LRfi) can be simplified, with respect to Eq. (16) of Biaet al. 2011, by considering a

concrete prism, relevant to the average availagdgsting bond length, that has its bases orthogmal_Rﬁ,

yielding:

fl max( LRfI) mm( LRfl (ana —* j Dmll’( S DS"]B ﬂRfl 0 taw) ctm (A13)

while the bond transferred force is given by Ega)of Bianco et al. 2011, that is:

VI ol L) =L al—m {C, flcod ALgg) - - C,T5if A L) (AL4)

Substituting these latter into Eq. (A11), and tgkimo consideration the simplifications of Eq. (ABne obtains:

. L, O [ [8in (A [Lg)

fctm = bw
Jlljmin( Ly (tana ;?j Omin( s; Csing ; Zg, O'tamr )

(A15)
With the simplifications of Eq. (A9), the value imfiposed end slip in correspondence of which thedbmased

constitutive law attains the peak, given by Eq) (@3Biancoet al. 2011, simplifies into:

(A16)
for L > Lie

O_I_l(Egcfli) {Jltﬁl cos(/l ‘]‘Rfl” for L&A < Lgge
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The expression of the maximum effective capa®ififs =V o (Vimay) » 9iven by Eq. (20) of Biancet al. 2011,

can be further simplified, introducing the simpddtions of Eqgs. (A9) into:

Viert =Viieft (Vmax) :szlﬁ [Eg—arcsi -y ty? }

in which

Y =1- Ay

whereAs andLgy were already introduced in the main text.
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