THEORETICAL MODEL AND COMPUTATIONAL PROCEDURE TO EVALUATE THE NSM FRP
STRIPSSHEAR STRENGTH CONTRIBUTION TO A RC BEAM
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Abstract: This paper presents a closed-form procedure ttu@eathe shear strength contribution provided to a
Reinforced Concrete (RC) beam by a system of Nada& Mounted (NSM) Fiber Reinforced Polymer (FRP)
strips. This procedure is based on the evaluatipa)dheconstitutive lawof the average-available-bond-length
NSM FRP strip effectively crossing the shear craicl b) thenaximum effective capacitycan attain during the
loading process of the strengthened beam. Due rplex phenomena, such as: a) interaction betweeedo
transferred through bond to the surrounding corcaatl the concrete fracture, and b) interactionmgnaaljacent
strips, the NSM FRP strip constitutive law is ldygdifferent than the linear elastic one characiag the FRP
behavior in tension. Once the constitutive lawhaf average-available-bond-length NSM strip is blji&nown,

its maximum effective capacity can be determined ilmposing a coherenkinematic mechanismThe
self-contained and ready-to-implement set of aiayequations 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 sesatid its predictions are also compared with tludgained

by a recently developed more sophisticated model.

Keywords: FRP; NSM; Computational Procedure; Shear Stremitly; Concrete Fracture; Debonding; Tensile

Rupture.

Introduction

Shear strengthening of RC beams by NSM techniquesists of gluing FRP strips by a powerful structura
adhesive into thin shallow slits cut onto the cetercover of the beam web lateral faces. A commste
three-dimensional mechanical model to predict tIBVINFRP strips shear strength contribution to a R&nib
was recently developed (Bianco 2008, Bianeb al. 2009a-b and 2010). Despite its consistency with
experimental recordings, that model turned out éosbmehow cumbersome to be easily implemented and

accepted by professional structural engineers.dliineof the present work is to develop a simpler gotational
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procedure that has to be:ragchanically-basednd b)simple to implemenfAs to the first point, it has to fulfill
equilibrium, kinematic compatibility and constitegi laws. As to the second point, it has to be #&gdesol that

is easy to apply. For this purpose, a reasonabtgoamise between accuracy of prediction and contiputzl
demand has to be achieved. Excessively simplifssdimptions, which would provide too roughly conséime
estimates of the shear strength contribution pexvily a system of NSM FRPs, should be avoided shneye
could lead to uneconomical design solutions, diszging application, further improvement and spregdif the
technique. A relatively simple model can be derifeain the more sophisticated one by introducing the
following simplifications (Bianco 2008): 1) a bikar rigid-softening local bond stress-slip diagiaradopted
instead of a multilinear diagram, 2) concrete fueetsurface is assumed as semi-pyramidal insteazbrmof-
conical, 3) attention is focused on the averagétabla-bond-length NSM FRP strip glued on the ralgvprism
of surrounding concrete, 4) determining the coutitie law of the average-available-bond-length NSiip,
along the approach followed for Externally Bondeeirforcement (EBR) by Montiet al. (2003), and
5) determining the maximum effective capacity athie by the average-available-bond-length NSMp stri
placed along the CDC, imposing a coherent kinematchanism€.g. Monti et al. 2004, Monti and Liotta
2007). The main features of the resulting modedimgtegy are reported hereafter.

During the loading process of a RC beam subjecth®ar, when concrete average tensile strerfgth is

attained at the web intrados (Fig. 1), some shisarks originate therein and successively progmsards the
web extrados. Those cracks can be thought as & SOrgical Diagonal Crack (CDC) inclined of an dag?
with respect to the beam longitudinal axis (Fig. Tdne CDC can be schematized as an inclined planéing

the web into two portions sewn together by the siras strips (Fig. 1a). At load stefp, the two web parts,

separated by the CDC, start moving apart by pigadiround the crack end whose trace, on the web iapeint

E in Fig. 1a. From that step on, by increasing thpliad load, the CDC opening angjet,) progressively
widens (Fig. 1a). The strips crossing the CDC opgtswidening by anchoring to the surrounding cetecto
which they transfer, by bond, the force originatatgtheir intersection with the CDCD,' , as a result of the

imposed end slipd; [y(t,)] . The capacity of each strip is provided by itsikade bond lengthL;; that is the
shorter between the two parts into which the ciieldes its actual lengtt.; (Fig. 1a). Bond is the mechanism

through which stresses are transferred to the gndiag concrete (Yuaet al. 2004, Mohammed Alet al. 2006

and 2007, Biancet al. 2007). The local bond stress-slip relationshif) , comprehensively simulating the

mechanical phenomena occurring at 1) the strip-gidaenterface, 2) within the adhesive layer an@®)athe



adhesive-concrete interface, can be represented, s#implified way, by a bi-linear curve (Fig. 1b)jhe
subsequent phases undergone by bond during théndpamtocess, representing the physical phenomena
occurring in sequence within the adhesive layerrayeasing the imposed end slip, are: “rigid”, ‘teming
friction” and “free slipping” (Fig. 1b) (Bianco 2@). The firstrigid branch (07,) represents the overall initial
shear strength of the joint, independent of theowhedbility of the adhesive layer and attributabde the
micro-mechanical and mainly chemical propertieshef involved materials and relative interfacesfdet, the
parameterr, is the average of the following physical entite&ggountered in sequence by stresses flowing from
the strip to the surrounding concrette,: adhesion at the strip-adhesive interface, cohesithin the adhesive
itself, and adhesion at the adhesive-concretefagere.g.Sekulic and Curnier 2006, Zhei al. 2008).

The 7(9) curve adopted (Fig. 1b) envisages that, by imgpsioreasing end slips to the FRP strip, cracksfor
instantaneously within the adhesive layer, bottagonally to the (inclined) tension isostatics abong the
strip-adhesive and adhesive-concrete interfaeas $ena-Cruz and Barros 2004). Stresses are tragdfoyr
friction and micro-mechanical interlock along thosécro-cracks. Nonetheless, by imposing increagngd
slips, those cracks progressively become smootugtefiing frictionphase) up to the poin®t(; = J;) in which
friction can no longer be mobilized and the stapulled out without having to overcome any restrléft (free
slipping phase).

The constitutive lawv, (LRﬁ;JLi) of an NSM FRP stripi.e. the force transmissible by a strip with resisting

bond lengthLg; as function of the imposed end slk}; , can be determined by analyzing the behavior ef th

simple structural element composed of the NSM FRi#p within a concrete prism (Fig. 1a,c-d) whose

transversal dimensions are limited by the spagpgoetween adjacent strips and half of the web csestion

width b, /2. In this way, the problem of interaction betweeljaaent strips (Dias and Barros 2008, Rizzo and
De Lorenzis 2009) is taken into account in a sifigdi way, i.e., by limiting the concrete volume into which
subsequent fractures can form, to the amount ebsnoding concrete pertaining to the single stripépendence

of s; and h,. Moreover, even though here neglected, the intieraovith existing stirrups may be also

accounted for by limiting the transversal dimensidrthe concrete prism to a certain ratiolgf/2, since the

larger the amount of stirrups, the shallower cotecfiecture is expected to be (Biaretoal 2006) even if, in this
respect, further research is necessary.
In particular, in the present work, attention isifeed on the system composed of the strip witlatleeage value

of available bond length glued on the pertainingrprof surrounding concrete (Fig. 1c-d).



The failure modes of an NSM FRP strip subject toimposed end slip comprise, depending on the velati
mechanical and geometrical properties of the natenvolved: debonding, tensile rupture of thépstroncrete
semi-pyramidal tensile fracture and a mixed shald@mi-pyramid-plus-debonding failure mode (Fig.. Te)e
term debondingis adopted to designate loss of bond due to danm@tation and propagation within the
adhesive layer and at the FRP strip-adhesive anelsage-concrete interfaces, so that the strip mmiliut results
(Fig. 1e). When principal tensile stresses tramsferto the surrounding concrete attain its tensttength,
concrete fractures along a surface, envelope ofctlmpression isostatics, whose shape can be camibni
assumed as a semi-pyramid with principal geneegrimclined of an anglex with respect to the strip
longitudinal axis (Fig. 1c-d). Increasing the impdsend slip can result in subsequent semi-pyranadal
coaxial fracture surfaces in the concrete surrouqndhe NSM strip. These progressively reduce tlsestiag

bond length Lg; that is the portion of the initial available botehgth Ly still bonded to concrete. Those

subsequent fractures can either progress up tivg@esnd, resulting in @oncrete semi-pyramidal failurer stop
progressing midway between loaded and free enditirgs in a mixed-shallow-semi-pyramid-plus-debonding
failure (Fig. 1e). Moreover, regardless of an alitioncrete fracture, the strip campture (Fig. 1e).

The formulation obtained by this strategy is préseérin the following sections along with the maieahanical

bases.

Calculation procedure

The input parameters include (Fig. 2): beam cressian web’s deptth, and width b, ; inclination angle of
both CDC and strips with respect to the beam loanigiial axis,& and 3, respectively; strips spacing measured

along the beam axis; ; anglea between axis and principal generatrices of the-pgmamidal fracture surface
(Fig. 1c-d); concrete average compressive strerfgif) strips tensile strengtlf;, and Young’s modulus; ;
thicknessa; and widthb; of the strip cross-section; incremedyt; of the imposed end slip; values of bond
stressr, and slipd; defining the adopted local bond stress-slip retehip (Fig. 1b):
(9) = 5 @)

0 0>0;
The geometrical configuration is adopted in whiclé thinimum integer numben\l'f'im of strips cross the CDC

with the first one placed at a distance equagtofrom the crack origin (Fig. 1a). This configuratioorresponds



to the minimum of the sum of all the available bdedgths L; . N'f’int is obtained by rounding off the real

number to the lowest integer, as follows:

N} ;e =round 01’“{?\,V M} ()
f

and the average available bond Ienﬁtrh is obtained by:

— 1 NIf,im
Ly =——0X Ly 3)
fint 1=
with:
i 05 Bﬂ for x; <&D(cot9+ cop )
L, = S|n(6?+ﬂ_) p 2 4)
Lits, 2 o s rcow+ o)
sin@+ g) 2
and:

After having defined the geometrical charactersstif the simple structural system composed of therame-

available-bond-length strip within the relevantspmi of surrounding concrete, it is necessary tordeéte its

constitutive lawVy ([ﬁ;d_i) and the corresponding maximum effective capadif{?’*, as explained hereafter.

OnceV{™ has been obtained, the acti¥ql and designV,, values of the NSM shear strength contribution can

be obtained by Eq. (36).

Constitutive law of asingle NSM FRP strip

The mechanical behaviour of an FRP strip glued tlearsurface of a concrete prism and subjectednto a
increasing imposed end slip is very complex. Tloaglexity is due to the interaction between the ma@ésm of
force transfer to the surrounding concrete throbghd stresses, mobilized along the glued surface,the
possibility of concrete fracture. Due to this iatetion, the simple structural system composed sihgle strip,
the adhesive and the surrounding concrete, undergbanges during the loading process since, eath ti
concrete fractures, the resisting bond length reslaccordingly. In particular, the different feasiassumed by

that system throughout the loading process aretitmaoot only of the load stef,, but also of the iteratiomy,,
in correspondence df, (Bianco 2008). In fact, for eady, that system undergoes modifications up to reachin

the equilibrium configurationg,. Whenever concrete fractures, the mechanism afefdransfer to the



surrounding concrete leaps forward towards th@’stfree end. In general, in correspondence of ézap, the

overall transfer lengthL, ; (LRﬁ;JLi) increases and the resisting bond length decreg&sgslc-d). Thus, in

general, at each leap, concrete tensile fractysaaity increases and at the same time the bondfénaiad force

decreases, until equilibrium is attainénlthis scenario, in order to determine the comensive constitutive law

Vi ([ﬁ;qi) of the average-available-bond-length NSM FRP diopded to the relevant prism of surrounding

concrete, it is necessary to carry out an increatgmbcedure that simulates the imposed enddlifft,) and to
check, at eactt,, either if concrete is capable of carrying the dtnansferred stresses without undergoing

fracture, or if a concrete fracture occurs andsystem has to be modified accordingly.

Bond-based constitutive law
The bond behaviour of an NSM FRP strip subjecttinareasing imposed end slip can be modelled ylig
equilibrium, kinematic compatibility and constitegi laws of both adhered materials (concrete and) ERE

local bond between themselves (Bianco 2008). Is thay, it is possible to obtain closed-form anabfti
equations for both the bond-based constitutive ‘%{Sﬂ/(LRﬂ;JLi) of a single strip and the corresponding bond
transfer IengthL?rd’fi (LRﬁ;c)'Li) . The latter two quantities represent: the foratrip of resisting bond lengthgy,
can transfer by bond, as function &f;, and the corresponding amountlof; along which bond is mobilized,
respectively. Once the invariant distribution okahstressr(x) and slip (x) is determined for an infinite
value of Lg; (Fig. 3a), 2% andVg® can be determined for any finite value lg§; (Fig. 3b-g) considering the
migration of 7(x) along Lg;, from the loaded end (LE) to the free end (FE)irzyeasingd,; . The analytical
equations ofLy”g (Lgq; ) andVg® (Lgq:dy;) . presented below and plotted in Fig. 4, can berdgned by: a)
considering the relative position dfy; with respect to the invariant distribution @{x) and d(x), and b)
integrating 7 (x) , respectively (Bianco 2008, Bianet. al2009b). Those analytical equations envisage (Bigs.
4), for a givenlg;, three phases, whose limit®(; d, »; 9, 3) are function of the value assumed by; with

respect to the effective bond lengtly, that is the value of resisting bond length beyerdch any further

increase of length does not produce any furtheease of the maximum force transmissible by bomdhé first

phase (Figs. 4,3b), the force transmitted by bdresses increases up to reaching the peak in pomdence of



JLl(LRﬁ) that is (Fig. 3c), forLg; <Ly, the J;; for which the invariant distribution of bond stses has
reached the strip’s free end while, fbg; = L4, the J;; for which L?rd’ﬁ =L,,. The second phase (Figs. 4,3d),
for Lgs <Ly, is characterized by a decrease\V§l® and a constancy of_{’rd'fi while, for Lgg =Ly, VE°

remains constant and equal to the pagk and L?rd'ﬁ goes on increasing up t6,_2(LRﬁ). JLZ(LRﬁ) is
(Figs. 4,3e), forLgs < Ly, the J;; for which the null value of the invariant distriimn of 7(x) has reached the
loaded end while, forLgg = L4, the §; for which the valuer, of the invariant distribution ofr(x) has
reached the free end. In the third phase (Fig$),4tf3e invariant distribution of bond stresses gessively
moves away fromlLg; , regardless of its value, resulting in a decredseR® up to zero and in a constant value
of Lfrd’ﬁ that is equal toLg; . JL3(LRﬁ) is (Figs. 4,39), for eachgg /Ly, , the J;; in correspondence of which

the null value of the invariant distribution af(x) has reached the free end. Note that, for conyinditr
Lrii = Ly itis O14(Lyq) =9 2(L 1) =9, and the second phase reduces to a point (Fig. 4).

The bond transfer length is as follows:

s A?
o (LRfi;dLi ) =17 (4, ):%@rcco{ r 70 0, [d; ] 0.0=4y; S5|.1(|-Rfi)
T (LRfi <Ly d; ) = Ligi
' 31 (Lra) <0 <3, o(Lrg
{Li)rd,fi (LRfi 2 Ltrl;q-_i)z Ly 1+ L(d) Ll( Rf) - L2( Rf) (6)
L?rd,fi (LRfi;JLi ) = Lgii 5L2(|-Rfi)<5u S5L3(|-Rfi)
L?rd,fi (LRfi;JLi ) =0.0 A >5|_3(|—Rfi)
and the bond-based constitutive law:
Ve (LRfi 0L ): L, 354 [{Kf [ECOS(/] Y (@ ))‘ ]]‘ ' DS"(/] 05 (4 ))} 0.0<9;; S5L1('—Rfi)
. _ . 5 (a)

vir (LRﬁ <lonidy )_ Ly D54 [@qf IZios(/l = )_ ¢ Elr(/] Dgf)]hsf(éu )~Lgs 5|_1(LRf')<5L' Sa—LZ(LRf')
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where:



L, =20b; +a 8)

is the effective perimeter of the strip cross-gettand:

i: dl ;Jl:i%_l"" Af :|;J2: EfDEcDAb
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are bond-modeling constants (Bianco 2008, Biaeta@l. 2009b), with Aj =a; [b; and A =s; EbN/Z the

cross-section of the strip and the concrete pnisspectively.

Moreover, the effective bond length, and the corresponding maximum bond fov:%@ are given by:

V4 2,0
L= AVE L, L0530 [E /]02 1_51} (10)

20

The value of resisting bond length undergoing srfig friction, as function of the imposed end siggiven by:

o)== @rco{ + - } (1)
and the value of resisting bond length undergoiag $lipping:
0, o - o
Lis(ay) = DR Z\Eqbd“ ) (12)
f1l

The resisting bond length-dependent values of iegasnd slip defining the extremities of the thremd

phases, are given by (Fig. 3b-g):

csf Bln(/l D—Rf|)+ c' [COE(/] D—Rﬂ) Egﬂl for Lgs< Ly

3a(Lre) = (13)
o) for Lgs= Ly
o) for Lgg<Lp
P ( LRf') v (14)
oo EJJ flra—Lu) for Lei=Ly
A; LD,
L ) Wbd
Ous\ Lrii) = 51+M (15)
( ') Af DJZ

Concrete tensile fracture capacity



The concrete tensile fracture capac\iigf (Lﬂyﬁ) is obtained by spreading the concrete averagéeesisength
fm over the semi-pyramidal surface (Fig. 1c-d) ofgheiequal to the total transfer length y , orthogonally

to it in each point. By integrating one obtains:

Vf?f (Ltr fi ) - ctm Emm[ L(r fi (ana %] ESII’(9+[3)

, s; $ing L, 5 CSina ) s [king L, s Osimy
min , — +min , —
[E {zmn(ew) Sm(9+/3+ﬂ)} {msur(ew) 5|r69+,6’—a)}]

(16)

where f,, can be determined from the average compressieagitr. The total transfer length is evaluated as

reported in next Eq. (17).

Comprehensive constitutive law

At the t, load step, an iterative procedurg,( ¢ — ) is carried out in order to determine the equiilibr
condition (q,) in the surrounding concrete depending on theeotivalue of both imposed end sip; (t,) and
resisting bond length g (t;d,) (Figs. 5-7). In particular, at the,, iteration of thet, load step, based on

Lri(tya,) and J;(t,), the bond transfer IengthL?fﬁ[LRﬁ(tn;qm);J,_i(tn)] and the corresponding

bond-transferred forcé’fﬁ)d[LRﬁ(tn; Om); 9i(t,) ] are evaluated as reported in Eq. (6) and Eqrégpectively.
Then, the current value of the total transfer larigtevaluated as follows:

Lir i (t3 Om) = L% (th-3 Ge) + L?fﬁ[ Lesi(ts G O 1) |+ AL( t5 ) (17)
where L (t,_;; Q) is the cumulative depth of the concrete fracturgage resulting from the equilibrium of the

precedingt,_, load step and\L5 (t,;q,,) is the increment of concrete fracture depth cpoeding to the current

t,, accumulated up to the curreqy, (Fig. 6c):
AL%i (tn;qm 2 Ltr f||:LRf| t qm) a-Ll tn):| (18)

Then, after having evaluated the concrete fratmalpracityvfcif (Ltryﬁ) as indicated in Eq. (16), if it is:

Ve [ Lrei (1t Qm)ia-u(tn)] 2 Vfcif[ Lr, 6 (T Om)] (19)
meaning that the surrounding concrete is not capabtarry the bond-transferred force, then ittfrees and the

bond transfer mechanism leaps forwards towards ftee end. Thus, the parametetsy(t,;dmq) and



AI—fl (tn! qm+1) are updated I'(Rfl( n*qm+1) LRfl t qn) tr f||: I—Rfi(t qn) 5 tlﬂ

L5 (t; Ghrer) =AL5 (L Gr) + LS f,[LRﬁ(tr; Om:J(t)]) and iteration is performeda,;) (Fig.5). At each of
those leaps, the point representative of the sstite moves from one bond-based constitutive law

VR Lei (t G) 01| 1o the otheVg[ L (4 Geg); 811 @nd, as long as the updated valuelgf is larger or
equal to the necessary bond transfer lengif[d;; (t,)], such leap is only visible in a three dimensional

representation (Fig. 6d). The necessary bond &amsfgth L2%[d]; (t,)] is the bond transfer length that would

be necessary, ifLg; were infinite, to transmit the corresponding foriwe the surrounding concrete, with

I ()] = L[ (4)] for () <6 and L[ (4,)] = Lua+ Ly d; ()] for 3, (t,) > &, (Fig. 3). Note
also that, at eachy,, iteration, the equalityLqg(t,; 0,)+ Li(ts d+AL(t; d)= Lrd & @)= L has to be
fulfilled (Fig. 6¢ and Fig. 7¢).

More in detail, at theq,, iteration of thet, load step, if concrete is not in equilibriuno,&0), one of the
following alternatives might occur:

. concrete fracture is deeml( =1) but it does not reach the free ene, the updated resisting bond

length Lg¢(ty dme1) iS NOt long enough to mobilize, for the curredt (t,), a bond transfer length as

large as the necessary orgs; < L[, (t,)] (Fig. 5). Note that in this case, the passagdefpoint

representative of the strip state from one bonathamnstitutive law to the other is also visibleain
bi-dimensional representation (Fig. 7);

. concrete fracture is deem{ =1) and it reaches the free erik. the updated resisting bond length
Lk (ty dmey) is null. Note is taken of the current value of tposed end slipd , - J;;(t,,)) and the

incremental procedure is terminated since a detisioout the comprehensive constitutive law can
already be takenu=1) (Fig. 8a).

On the contrary, if at they,, iteration of thet,, load step, concrete is in equilibriuro,(=1), it is not necessary

to iterate and one of the following alternativeghtioccur:

. the current value of bond-transferred force is dargr equal to the strip tensile rupture capacity

(VfI >V{"). The incremental procedure is terminated sineendf the surrounding concrete is in

10



equilibrium, the strip has rupturedu&2) and note is taken of the ultimate imposed eng sli
(OLu = Oi(tn));

. the next value of the imposed end sfig (t,,;) is larger or equal to the one in correspondenaehih
the peak bond force is attained for the currentuealof the resisting bond length
31 (the1) 2 04| Lrei(ty )] - Since Vp¢ starts to decrease fody;(t,,,) (Figs.6-7), the incremental
procedure is terminated and note is taken of theentvalue of the resisting bond lengthf, — Lgs)
and of its relationship with the effective bonddémL,; (u<3 if Lgs<Ly, U4 if Lgp=Ly OF
U<5if Lg>Lig);

. concrete fracture is deepl{ =1) and it does not reach the free extremity. Theeimental procedure is
terminated (1 =6) (Fig. 8d);

. the next value of the imposed end sbp (t,,;) is smaller than the one where the peak bond fsrce
attained for the current value of the resistingdngth J; (tn+l)<5L1[LRﬂ (to qe)] . Then, the imposed

end slip is incremented and the iteration carrigd o
The incremental procedure described above is tatethand, depending on the phenomenon charactetizéen

specific case at hand and the type of constituke associated ), the parameters necessary to define
Vii(Lg: ;) are returned,e.

. deep concrete fracture that reaches the strips édremity (4 =1) or tensile rupture of the strip

(u=2). The parameter necessary to determine the coinatitlaw is the imposed end slig, , in
correspondence of which the peak\l}f([ﬁ;d_i) occurs.Vy; (Eﬁ;d_i) is given by the first bond phase
of Eq. (7) for0.0<J; <4, (Fig. 8a);

. shallow or absent concrete fracture with an ultemaalue of resisting bond length smaller<3),

equal (u=4) or larger (1 =5) than the effective bond length. The parameteessary to determine

the comprehensive constitutive law is the ultimetéue assumed by the resisting bond lenbfl, .
\VZ ([ﬁ;d_i) is given by Eq. (7) folLgg = Lgy, (Fig. 8b-c);

. deep tensile fracture with an ultimate value ofsté®sy bond length very short but not null € 6). The

parameters necessary to determine the comprehermngitutive law are both the imposed end slip

11



d,, in correspondence of which the peak\Qf( [ﬁ;d_i) occurs and the ultimate value assumed by the
resisting bond length.gq, . Vi (Eﬁ;d_i) is given by: the first bond phase of Eq. (7) @0<J,; <9, ,
the second bond phase of Eq. (7) @, <9y SJLZ(LRfu) and the third bond phase of Eq. (7) for

5|_2(|—Rfu) <9< 5L3(|-Rfu) (Fig. 8d).

Maximum effective capacity of a single NSM FRP strip

The effective capacity/y; o« () is the average of the NSM FRP strip capacity akivegCDCVy; cpc (1;€) for
a given value of the CDC opening angle (Figs. 9-13), wheref is the reference system assumed along the

CDC (Fig.1a). Vicpe (15€) is obtained by introducing the kinematic compditibi
X (;/,{)=}/2E'U}'Bin(9+ﬁ), with £0J0-h,/sin(8)]) into the comprehensive constitutive law of thegi

average-available-bond-length NSM FRP sM,p([f ;JU) . For the sake of brevity, all of the details aezdin
omitted but they can be found elsewhere (Bianco8P0Uhe equation to evaluate the maximum effective
capacitnyTg‘é and the value of the CDC opening angje,, in correspondence of which it is attained, assume

different features as function of the typg 6f the comprehensive constitutive law charactegizhe specific

case at hand.

Cases of concrete fracture that reaches the strifs&e extremity(u = 1) or strip tensile rupturg(u = 2)
In these cases, the exact value of the maximuntteféecapacity is attained for a value of the CDOg2ming
angle y such as to yield an imposed end slip at the enldeotrack ¢y (Ly )), equal tod,,, (Fig. 9)i.e.:

AT
2@3 |]’max (20)

arcsi A, e L VA L) (2 ALY Ly 2 |

1
Vfrir,lgf? =Vfi eff (y max) :L_% Al[qf D—%:i m/max-l'
d

where:
L, D,238Bin(6+8 A28in(6+
A=-—2" ( ); Ay=L,05; AS:M (21)
43,0, 27,03,
are integration constants independent of the typef(comprehensive constitutive law and:
209,
Vmax = V1= = (22)

L, Bin(8+B)
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Case of shallow concrete fracture and strip ultineatesisting bond length smaller than the effectibend
length (u = 3)

In this case, the maximum effective capacity iain#d for a value of very close toy, that is the value of the

CDC opening angle such as to yield an imposed Bpdasthe end of the crack, equal &EZ(LRfu). For the

sake of simplicity, it is assumed tha"™ is effectively attained fory, accepting a slight approximation

(Fig. 10)i.e..

max _ 1 IRV IR @4(3,) AT Or_23 T3, | 1
Ve _L_dddwcf q)[ésin(ﬁilﬂ)j '+ o) ﬁs . AR, sir({;nﬁ;1 7 23)
A, T

it A Ly £ Af¥ L) E( 2 Al [# AFCLy AT 15

whereA , A, and A; are given by Eq. (21),; = JLl(LRfu) by Eq. (13) and:

Cy(La) =G~ G Bog A lLgg)~ G5 ir{A L)

(24)
C(Lrru) =-C'-¢ [8in(A Mpgy)* ' eogALey)
o, 2N 2[R 09 AL, i
®1(4) = arcsin sin(9+,2)j+( i sin(9+ﬁ)jc{/ 1_( : Sif(9+ﬁ)j )
_ 205 (Lru)
Vimax _VZ_W -

Case of shallow concrete fracture and strip’s ultate resisting bond length equal to the effectivenddength
(u=4)

In this case, the maximum effective capacity iaiatid for a value of the CDC opening angleslightly larger
than y; = 2[d,/(L4 3in(6+ B)) at which thed, end slip occurs at the end of the CDC (Fig. 11)yway, since
the expressions oV (y) are very complex fory, <y<y,, instead of carrying out the derivative
(dV5 gt (y)/ dy=0) to search for the exact value @f,,, it is deemed reasonable to assupeas the angle

where the maximum effective capacity occurs. Theitem so obtained, slightly underestimating thelre

maximum, is:
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AT

faresit AT L)+  Af¥af L8 E( 2 AT ety -2 |

1
Vfrir,gf( :L_dﬁ Al mjf D-g l-_ymax"'
d

whereA , A, and A; are given by Eq. (21) and:

2L5, (28)

o == (o7 4)

Case of shallow concrete fracture and strip’s ultate resisting bond length larger than the effectibend
length (u =5)

In this case, the maximum effective capacity iaiatid for a value of the CDC opening angfeslightly larger
than y, = 28, ,/(Ly 3in(6+ B)) at which the end slipd, (Lgg) occurs at the end of the CDC (Fig. 12).
Again, since the expressions &f; . (y) are very complex fory, <y<ys, it is deemed a reasonable

compromise between accuracy of prediction and coatipnal demand, to assumg, as the angle in

correspondence of which the maximum effective ciypaoccurs. The solution so obtained, slightly

underestimating the real maximum, is:

2 s S
vigi=ol a2 [ R AL w28 e

sin(6+4) 27y 4 | Vi a0+ )
where A, A, and A; are given by Eq. (21)P,(9,) as given by Eq. (25) and:

2 |—_‘5L2 ( LRfu) (30)

Ymax = V2= Tin(g+ )

Case of deep concrete fractu(a = 6)

In this case, it is not knowa priori if the maximum effective capacity is attained atadue of the CDC opening

angle such as to yield an imposed end slip attideoé the crack, equal td, or to JLZ(LRfu) (Fig. 13). Thus,

the maximum effective capacity will be given by:
Viigh = ma){VfTeaf?l;VfirE?fX} (31)

where:
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AT
ZUS’S Wmaxl (32)

[EarCSir( ]-_Asmlmaxlmd)"'( }Aﬂmaxpl-d)a/ i( Ay maxj;l-d)2 _7_27}

1
Vfrir,gf(lzvfi eff (ymax]) :L_dﬁ Al[(ff D—%ﬂ @, max1+
d

209,

L, Bin(8+B) (33)

ymax1: y1:

and:
Vit 2=V et (Vmax2) =
2 S|
L—tdﬁ[/ﬁ[@@f -Q)[@—ML” j H(c+ )20 AC T ZDAZED@L“}D L. (34)

sin(0+,6’) ZR % Sil’(9+,8) Vmax2

__2 Azm:z [EarCSir( ]'_AS[—_JymaXZD]'d)-"( ]'_Asm/maxild)a/ 1_( S A@/ maxg-d)zJ+A2m:1DI'd + A.mlm/maxéj%}
B\Sl-_ll}/maxz

o 2|-—‘5|_2(|-Rfu)
Ty (35)

and whereA , A, and A; are given by Eq. (21)(:1(LRfu) and CZ(LRfu) as given by Eq. (24) an®, (J,,,) as

given by Eq. (25).

Actual and Design value of the Shear Strengthening Contribution

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

1 1 .
Vig =—— IV :_[GZENIf,int DVii i E‘B'”ﬂ) (36)

Rd VRd

where y4 is the partial safety factor, divisor of a capgcihat can be assumed as 1.1-1.2 according tietieé

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

Model Appraisal

The proposed model was applied to the RC beanedtbst Dias and Barros (2008), by D&tsal. (2007) and by
Dias (2008). The beams tested in the first two BrpEntal programs (series | and Il) were T crosdisa RC
beams characterized by the same test set-up vétkaime ratio between the shear span and the béactivef
depth @/d =2.5), the same amount of longitudinal reinforcemehg same kind of CFRP strips and epoxy
adhesive and they differed for the concrete medahproperties. In fact, the first experimentalgram (series

I) was characterized by a concrete average conmpeessength f_,, of 31.1MPa, while the second (series II)

by 18.6MPa. Both series presented different configuration®8M strips, in terms of both inclinatioff and
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spacings; . The first program also included beams charaadrlzy a different amount of existing steel stirrups
(see Table 1). The beams tested in the third exjgertial program (series Ill) were characterizedhgydame test
set up, but with a different shear aspect rat@/d(=3.3) and distinct concrete mechanical properties
( f.mn =59.4MPa). Some of them were also subjected to pre-cracitirgr label includes a letter F). The details
of the beams taken to appraise the predictive pegoce of the developed model are listed in TablEhbse
beams are characterized by the following commonmgdacal and mechanical parametets; =180 mm;

h, =300mm; f;, =2952MPa (for the series | and Il) andf;, =2848MPa (for the series IllI);
E; =166.6GPa (for the series | and Il) an&; =174.3GPa (for the series Ill);a; =1.4mm; b; =10.0mm.

The CDC inclination angl&g adopted in the simulations, listed in Table 1dbithe beams analyzed, is the one
experimentally observed by inspecting the crackepas (Dias 2008). Note that the experimental olsgems

confirm the expected trend according to whiéhdiminishes for increasing values of the ratigd (e.g.

Bousselham and Chaalal 2004, Cledoal. 2005). In fact, for some beams of the Ill seriagd=3.3), &
assumes values smaller than 45° and up to 20°€TAbln this respect, it has to be stressed thstiming

6 =45° can result excessively conservative since, wikpeet to smaller value®.f. 6 =20°), and other
parameters being the same, the predicted NSM gdteanrgth contribution decreases due to the fadt ttiea
number of strips effectively crossing the CDC diisires (Bianco 2008). It would be necessary to dpeel
rigorous equations to evaluate the CDC inclinatiogle § as function of 1) shear aspect ratidd and amount
of both 2) NSM strips and 3) existing steel stiguqut, in this respect, further research is necgssae angle

a was assumed equal to 28.5°, being the average abfev obtained in a previous investigation
(Biancoet al. 2006) by back-analysis of experimental data. Atheovalue ofa , due to its importance to the

prediction accuracy of NSM shear strength contring, further research is desirable. The parameter
characterizing the loading process &; = 0.0001rads. Concrete average tensile strendth, was calculated

from the average compressive strength by meanseoformulae of the CEB Fib Model Code 1990 resgliim
2.45MPa, 1.45MPa and 4.17MPa for the series I, Il and lll, respectively. Thergimeters characterizing the

adopted local bond stress-slip relationship (Fip.dre: 7, = 20.1MPa and , = 7.12mm. Those values were

obtained by the values characterizing the more istpated local bond stress-slip relationship addpin

previous works (Biancet al.2009a, 2010), by fixing the value of,=20.1MPa and determining

o, =7.12mm by equating the fracture energy. In this respietias to be underlined that the necessity istéelt
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develop rigorous equations that would allow theugal (7,,d;,) characterizing the local bond stress slip

relationship to be determined on the basis of:upedicial chemical and micro-mechanical properté$RP,
adhesive and concrete, and b) the adhesive layekntss. Nonetheless, further research is, in ribépect,
required. However, as highlighted by means of patamstudies (Bianco 2008), for the values of cete
mechanical properties that can be met in practebonding rarely occurs due the high capacity oferly

available structural adhesives. Thus, slight vt of the values of the parameteys and 4, can not be felt,

in terms of NSM shear strength contribution, dugh® premature occurrence of other failure modeh ss

either concrete fracture or strip rupture. For tesson, adopting values of = 20.1MPa and & = 7.12mm for

cases characterized by different values of bothupkerficial chemical-mechanical properties of FR&hesive
and concrete, and 2) adhesive thickness, is naateg to significantly affect the predictive perfance of the
model.

Table 1 shows that the model, in general, provid@sonable underestimates of the experimental diegs

VP since the ratiov; /erXp presents mean value and standard deviation egaB6 and 0.33, respectively.

The values of NSM shear strength contribution halge been compared with the maximum values provined

the more refined model in correspondence of thierent geometrical configurations that the ocedrCDC

could assume with respect to the strig(*, V{'5* and V{"$* in Table 1). The simplified model herein

presented, in some casesgbeam 2S-5LV-I) provides a value of the NSM sheangth contribution that lies

in between the minimum and maximum values obtaimgdhe more refined model and in other caseg.(
2S-5L145-) it gives a value that is rather lowkan the lower bound of the values obtained by tbeemefined
model. This is reasonable, since the approximaiimnsduced inevitably reduce the accuracy.

The model herein proposed, as the more refined bo#) seem to provide reasonable estimates of the
experimental recordings regardless of the amouekisting stirrups. Actually, the authors thinktthize amount

of existing stirrups affects the depth to which tleecrete fracture can penetrate the beam webhegreince it

also affects the CDC inclination ang>®, both models end up giving satisfactory resulgardless of the

amount of existing stirrups (Table 1). Anyway, listrespect, further research is needed.
Conclusions

A closed-form computational procedure to evaluaéeNSM FRP strips shear strength contribution tobR&ms

was developed by simplifying a more sophisticatemtieh recently developed. That procedure was olbdalrye
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introducing some substantial simplifications, sash1) assuming a simplified local bond stress+gligtionship,
2) taking into consideration the average-availdinad-length NSM FRP strip confined to a concretenpyand
3) assuming the concrete fracture surfaces as bhsémgi-pyramidal instead of semi-conical. Given #os
simplifications, the procedure is based on 1) thealwation of the constitutive law of the
average-available-bond-length strip and 2) therdetation of the maximum effective capacity thastlatter
can provide during the loading process of the gtiteaned beam, once the kinematic mechanism has been
suitably imposed. The estimates of the NSM sheangth contribution obtained by means of that sifiepl
model showed a reasonable agreement with bothxjherienental recordings and the predictions obtaimgc
more sophisticated model. Anyway, the introductidrsubstantial simplifications inevitably broughiass of
accuracy. Moreover, many aspects such as: 1) tmeateevaluation of the local bond stress sliptiefteship as
function of both the chemical-mechanical properté&RP, concrete and adhesive and this latteknleiss; 2)
the correct evaluation of the CDC inclination angfefunction of shear aspect ratio and amount 4f B&Ps

and existing steel stirrups; and 3) the issue @fiitkeraction with existing stirrups, still havelie addressed.
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Notation

I-Rfi (tn; qn)
Ler,f (LRfi;JLi)

brd (JLi )

area of the concrete prism cross section
area of the strip’s cross section

integration constant entering the expressions atuate the\/f’{jgﬁf‘

integration constant entering the expressions atuate the\/f’{jgﬁf‘
integration constant entering the expressions atuate the\/f’{jgﬁf‘
first integration constant for the softening fion phase
second integration constant for the softeningifsh phase
resisting-bond-length-dependent integration term

resisting-bond-length-dependent integration term
concrete Young's modulus

strips’ CFRP Young’s modulus

bond modeling constant

bond modeling constant

bond modeling constant

CDC length

Actual length of th strips

i-th strip available bond length

average available bond length

height of the concrete semi-pyramid in corresgoeg of the-th strip

effective perimeter of the strip cross section

i-th strip resisting bond length

transfer length of thieth strip for the relevant imposed slip

necessary bond transfer length
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brd,ﬁ (LRﬁ;JLi ) = bond based transfer length of ki strip for the relevant imposed slip

Lyt = maximum invariant value of transfer length thamh eindergo elastic phase
LJ,S(JU) = amount of a transfer length for an infinite bdedgth undergoing free slipping
LS (5Li) = softening frictional amount of a transfer lenf@than infinite bond length
N'f'im minimum integer number of strips that can effeadii cross the CDC
OXYz crack plane reference system

oi' xi' reference axis along tli¢h strip available bond length;

Vfcif progressive concrete tensile fracture capac@g@thei-th strip

v, value of force transferred by bond along the etestinsfer length_,
v maximum effective capacity

Ve experimental value of the NSM shear strengthenorgribution

Vi actual value of the NSM shear strengthening doution

Vig design value of the NSM shear strengthening duutton

Viicoc (& 9) distribution of the NSM strip capacity along 8®C

Vii (Ef;él_i) comprehensive constitutive law of the averagélabvie bond length
ved(Ls: ) bond-based constitutive law of the average avtgilaond length

a, concrete prismatic specimen thickness

ag strip cross section’s thickness

b, concrete prismatic specimen width

by strip cross section’s width

b, beam cross section’s width

fem concrete average compressive strength

fetm concrete average tensile strength

fia FRP strip tensile strength
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X

®, ()

o1 ( Lrii )
o2 (LRfi )
O3 ( Lrii )

yt.)

n

beam web height

strips counter
reference axis along the amount of the infinitgpsn free slipping phase

reference axis along the amount of the infinitg sn softening friction phase
reference axis along the strip’s transfer length

iteration in correspondence of which equilibriigmattained

m-th iteration

Spacing between adjacent strips along the CDE axi

load step of formation of the critical diagonedak

load step at which the critical diagonal cracktstwidening

generic n-th load step

slab thickness

parameter defining the comprehensive constituéivetype

position of tha-th strip along the global reference system
Imposed-end-slip-dependent expression

angle defining the concrete fracture surface

FRP strips inclination angle with respect to ltleam longitudinal axis
slip along the strip’s length

slip corresponding to the end of softening fanti

imposed slip at the loaded extremity of ttth strip

imposed slip increment

value of §;; defining the end of the first phase of the bondeobconstitutive law

value of §; defining the end of the second phase of the bas#d constitutive law

value of §; defining the end of the third phase of the bonseldeconstitutive law

critical diagonal crack opening angle

CDC opening angle such that the imposed end slly as equal tod;
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7

Y3

Viax

VRd

CDC opening angle such that the imposed end slip, ais equal tod, ,
CDC opening angle such that the imposed end sllg, at equal tod, 5
CDC opening angle for which the maximum effectepacity is attained
partial safety factor divisor of the capacity

constant entering the governing differential daumfor elastic phase
critical Diagonal Crack (CDC) inclination angle

experimentally observed CDC inclination angle
local bond stress-slip relationship

bond stress along the strip length
adhesive-cohesive initial bond strength

reference axis along the CDC

22



References

Bianco, V., Barros, J.A.O., Monti, G., (2006). “@heStrengthening of RC beams by means of NSM latesna
experimental evidence and predictive models”, Tedinmeport 06-DEC/E-18, Dep. Civil Eng., School
Eng. University of Minho, Guimaraes- Portugal.

Bianco, V., Barros, J.A.O., Monti, G., (2007). “@heStrengthening of RC beams by means of NSM steps
proposal for modeling debonding”, Technical rep6@-DEC/E-29, Dep. Civil Eng., School Eng.
University of Minho, Guimaraes- Portugal.

Bianco, V., Barros, J.A.O., Monti, G., (2009a). f€h dimensional mechanical model for simulating MM
FRP strips shear strength contribution to RC beaBsgineering Structures, 31(4), April 2009, 81582

Bianco, V., Barros, J.A.O., Monti, G., (2009b). ‘&b Model of NSM FRP strips in the context of thee&h
Strengthening of RC beams”, ASCE Journal of Stmattingineering, 135(6), June 2009.

Bianco, V., Barros, J.A.O., Monti, G., (2010). “Neproach for modeling the contribution of NSM F&RBps
for shear strengthening of RC beams”, ASCE JoumfalComposites for Construction, 14(1),
January/February 2010.

Bianco, V., (2008). “Shear Strengthening of RC be&ymeans of NSM FRP strips: experimental evidemce
analytical modeling”, PhD Thesis, Dept. of StruetuEngrg. and Geotechnics, Sapienza University of
Rome, Italy, submitted on December 2008.

Bousselham A., Chaalal O., (2004) “Shear StrengigeReinforced Concrete Beams with Fiber-Reinforced
Polymer: Assessment of Influencing Parameters aeduRRed Research”, ACI Structural Journal,
Vol.101, N°2, March-April, pp. 219-227.

CEB-FIP Model Code 90, (1993) Bulletin d’InformatidN® 213/214, Final version printed by Th. Telford,
London, (1993; ISBN 0-7277-1696-4; 460 pages).

Chao S.Y., Chen J.F., Teng J.G., Hao Z., Chen200Q5) “Debonding in Reinforced Concrete Beams Shear
Strengthened with Complete Fiber Reinforced PolyWeaps”, Journal of Composites for Construction,
ASCE September/October 2005/1.

Dias, S.J.E. (2008). “Experimental and anlyticale@ch in the shear strengthening of reinforcedrest beams
using the near surface mounted technique with CHERPs”, PhD Thesis, Department of Civil
Engineering, University of Minho, Guimaraes-PortgaPortuguese.

Dias, S.J.E., Bianco, V., Barros, J.A.O., Monti, 2007). “Low strength concrete T cross section lf@ams

strengthened in shear by NSM technique”, Workshatevali ed Approcci Innovativi per il Progetto in

23



Zona Sismica e la Mitigazione della Vulnerabilitalld Strutture, University of Salerno, Italy, 12-13
February.

Dias, S.J.E. and Barros, J.A.O., (2008). “Sheari§jthening of T Cross Section Reinforced Concretaniss by
Near Surface Mounted Technique”, Journal of Contpesfor Construction, ASCE, Vol. 12, No. 3,
pp. 300-311.

Monti, G., Renzelli, M., Luciani, P., (2003) “FRPdAesion to Uncracked and Cracked Concrete Zones”,
Proceedings of the 6th International Symposium imeFReinforced Polymer (FRP) Reinforcement for
Concrete Structures (FRPRCS-6), Singapore, JuB;182.

Monti, G., Santinelli, F., Liotta, M.A., (2004) “Mdanics of FRP Shear Strengthening of RC beamgt.Pr
ECCM 11, Rhodes, Greece.

Monti, G., Liotta, M.A., (2007) “Tests and desigguations for FRP-strengthening in shear”, Consimacand
Building Materials (2006), 21(4), April 2007, 799K

Mohammed Ali, M.S., Oehlers, D.J., Seracino, R.O@O0 “Vertical shear interaction model between maé
FRP transverse plates and internal stirrups”, Eeging Structures 28, 381-389.

Mohammed Ali, M.S., Oehlers, D.J., Griffith, M.CSeracino, R. (2007). “Interfacial stress transfémear
surface-mounted FRP-to-concrete joints”, Enginee8tructures 30, 1861-1868.

Rizzo, A. and De Lorenzis, L., (2009) “Behavioudacapacity of Rc beams strengthened in shear wBNM N
FRP reinforcement”, Construction and Building Matks, Vol. 3, n. 4, April 2009, 1555-1567.

Sekulic, A., Curnier, A., (2006). “An original epgsstamp on glass-disc specimen exhibiting stableodding
for identifying adhesive properties between glasd apoxy”, International Journal of Adhesion and
Adhesives, Vol. 27, pp. 611-620.

Sena-Cruz, J.M., Barros, J.A.O., (2004). “Bond lestwv near-surface mounted CFRP laminate strips and
concrete in structural strengthening”, Journal @fmposites for Construction, ASCE, Vol. 8, No. 6,
pp. 519-527.

Yuan, H., Teng, J.G., Seracino, R., Wu, Z.S., Yahq2004). “Full-range behavior of FRP-to-concreteded
joints”, Engineering Structures, 26, 553-565.

Zhai, L.L., Ling, G.P., Wang, Y.W., (2008). “Effeof nano-AbO; on adhesion strength of epoxy adhesive and

steel”, International Journal of Adhesion and Adbes, Vol. 28, No. 1-2, pp. 23-28.

24



TABLE CAPTIONS

Table 1. Values of the parameters characterizing the bealopted to appraise the formulation proposed.

Table 1. Values of the parameters characterizing the beatopted to appraise the formulation proposed.

Beam e®| B | s | steel | VT | VI | VIl Ve | L u Vi
Label ° | ° | mm|Stirups kN | kN KN | kN | mm kN
2S-3LV-I 40 | 90| 267 ©6/300| 18.53| 6.46 | 55.33 22.20 | 75.96| 3 | 10.77
25-5LV-I 40| 90| 169 52.33| 26.42| 55.34| 25.20 | 82.87| 6 | 30.97
25-8LV-I 36| 90| 100 “ 68.58 | 58.88| 64.33| 48.60 | 77.34| 3 | 29.59
25-3LI145-| 45| 45| 367 35.10| 15.41| 45.73| 29.40 |164.79 3 | 2344
2S5-5L145-| 45| 45| 220 “ |46.11|49.14| 45.74| 41.40 |134.35 3 | 23.19
25-8LI45-| 36| 45| 138 “ 75.89| 79.71]| 78.73|40.20° |106.73 6 | 59.55
25-3L160-I 33| 60| 325 “ 50.69| 18.90| 51.68| 35.40 |169.16 3 | 30.74
25-5L160-I 36| 60| 195 * 36.37| 36.59| 48.55| 46.20 | 77.27| 6 | 22.27
2S-7L160-I 33| 60| 139 * 52.98| 63.07| 67.58| 54.60 | 91.05| 6 | 60.80
2S-7LV-II 46 | 90| 114 P6/300| 26.72| 31.84| 35.59| 28.32 | 90.97| 6 | 15.04
2S-4L145-1| 40| 45| 27% 25.06 | 21.89| 37.30| 33.90 |123.41] 3 | 19.24
2S-7L145-1l 30| 45| 157 “ |49.36| 47.13| 45.95| 48.00 |108.27 6 | 37.92
25-4L160-1l 40| 60| 243 21.31| 15.04| 29.38| 33.06 | 93.90| 3 | 13.23
25-6L160-1l 27| 60| 162 42.79| 37.54| 39.45| 42.72 | 99.56| 6 | 34.68
4S-7LV-Il 46 | 90| 114 ©6/180| 26.72| 31.84| 35.59| 6.90* | 90.97| 6 | 15.04
4S-4L145-11 40| 45| 275 25.06 | 21.89| 37.30| 26.04 |123.41] 3 | 19.24
4S-7L145-11 40| 45| 157 “ |40.58| 37.48| 40.63| 31.56 [110.83 6 | 28.36
4S-4L160-I1 40| 60| 243 21.31| 15.04| 29.38| 25.08 | 93.90| 3 | 13.23
4S-6L160-I1 30| 60| 162 * 38.92| 35.46| 36.71| 35.10 | 92.20| 3 | 25.72
3S-5L145-11 | 30 | 45| 275 P6/300| 59.74| 59.55| 70.01| 66.10 |140.99 3 | 70.33
3S-5LI45F1-II" | 23 | 45| 279 83.05| 86.96| 81.15| 85.75 |128.37 3 | 77.93
3S-5LI45F2-1II" | 30 | 45| 279 59.74| 59.55| 70.01| 65.35 |140.99 3 | 70.33
5S-5L145-11l | 28 | 45| 275 ©6/200| 78.24| 59.55| 72.01| 74.90 [102.84 3 | 57.76
5S-5LI45F-III" | 28 | 45| 2794 “ 78.24| 59.55| 72.01| 74.90 |102.84 3 | 57.76
3S-9L145-1Il | 32| 45| 157 ©6/300{109.89109.32 98.30|101.85/126.79 6 [114.30
5S-9L145-1Il | 32| 45| 157 ©6/200{109.84109.32 98.30{108.90/126.79 6 [114.30
3S-5LI60-11l | 26 | 60| 243 ©6/300| 71.74| 76.20| 62.81| 69.00 | 88.56| 3 | 52.84
5S-5L160-1l | 25| 60| 243 76/200| 68.48| 77.44| 63.79| 73.35 | 93.49| 3 | 59.82
5S-5LI60F-II" | 25 | 60| 243 68.48| 77.44| 63.79| 7255 | 93.49| 3 | 59.82
3S-8LI60-Il | 22 | 60| 162 76/300|112.89119.58112.25112.30| 97.54| 3 |109.30
5S-8LI60-II 19 | 60| 162 76/200{123.34122.74132.00122.45| 92.61| 3 [114.69
3S-6LV-IIl 45 | 90| 18(¢ 76/300| 58.24| 26.62| 66.53| 39.58 [120.00 6 | 35.04
3S-10LV-ll | 32| 90| 114 97.50| 82.41| 85.21| 83.25 | 78.76| 3 | 60.23

) beams tested by Dias & Barros (2006) and charizetd bya/d equal to 2.5 andf om €qual to

31.1MPa; Il) beams tested by Dia al.(2007) and characterized hid equal to 2.5 andf em
equal to 18.81Pa; Ill) beams tested by Dias (2008) and characterimea/d equal to 3.3 and
f.., equal to 59.MPa.

* beams whose experimental value of NSM shear gtiecontribution is affected by some
disturbance;

** heams which were subjected to pre-cracking
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FIGURE CAPTIONS

Fig. 1. Main physical-mechanical features of the theoatticmodel and calculation procedure:
a) average-available-bond-length NSM strip andveaie prism of surrounding concrete, b) adopted!lbcad
stress-slip relationship, ¢) NSM strip confined ttee corresponding prism of surrounding concrete and
semi-pyramidal fracture surface, d) sections ofcitnecrete prism.

Fig. 2. Calculation procedure: main algorithm.

Fig. 3. Determination of bond-based constitutive 18§’ (d,; Lgg) and bond transfer lengthy’s (4, ; Lgq ) :

(a) invariant distribution of bond shear stregx) and slip J(X) for an infinite value ofLg; and (b-g) singling

out of the three bond phases and relative IinﬂLs( Rfi)i =1,2,3) as a result of the progressive migration of

7(x) from the Loaded End (LE) towards the Free End @®Eyhatever value of o; and by increasing,; .

Fig. 4. Bond-based constitutive law of a single NSM FRips{a) relationship between the bond transfegten
brd'ﬁ (d_i ;LRﬁ) and the imposed end sli@; for different values of resisting bond lengthg;; (b)

bi-dimensional and (c) three-dimensional represemiaof the relationship between the force transtele by

bond v (d_i ; LRﬁ) and J,; for different values ofLg; .

Fig. 5. Determination of the comprehensive constitutiwe; liow chart.

Fig. 6. Single NSM FRP strip comprehensive constitutive la the case in which concrete fracture remains

shallow: a) resulting constitutive law; ([ﬁ;d_i) in a bi-dimensional representation, b) resultingrall transfer
length Ly ([ﬁ;d_i ) c) section of the concrete prism and occurrericubsequent fractures and d) resulting

constitutive IaWVﬁ(Eﬁ;d_i) in a three-dimensional representation. Note thest plot has been done for an

initial resisting bond length equal to the effeetibond length but this does not affect the gengrali the
exposition.

Fig. 7. Single NSM FRP strip comprehensive constitutive ia the case in which concrete fracture is degp: a

resulting constitutive Iavwﬁ([ﬁ;qi) in a bi-dimensional representation, b) resultingrall transfer length
Lmﬁ(fﬁ;qi), c) section of the concrete prism and occurrentesubbsequent fractures and d) resulting

constitutive IawVﬁ(Eﬁ;JLi) in a three-dimensional representation. Note thet plot has been done for an
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initial resisting bond length equal to the effeetibond length but this does not affect the gengrali the
exposition.

Fig. 8. Possible comprehensive constitutive law of an NSKRP strip confined within a prism of concrete:
(a) concrete that reaches the inner tip=(L) or strip tensile rupture u=2), (b) superficial and/or absent
concrete fracture and ultimate resisting bond lesgtaller (1 =3) or equal (1 = 4) to the effective bond length,
(c) superficial and/or absent concrete fractu @timate resisting bond length larger £ 5) than the effective
bond length and (d) deep concrete fractwre ).

Fig. 9. Maximum effective capacity along the CDC for treses of concrete fracture that reaches the inper ti
(u=1) or strip’s tensile rupture u=2): a) capacityVy cpc (15€) and c) imposed end sligy; cpe (13 €)
distribution along the CDC for different valuestbé CDC opening anglg, b) comprehensive constitutive law
and d) effective capacity as function of the CD@nipg angley .

Fig. 10. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate
value of the resisting bond length smaller thanetfiective bond lengthu = 3): a) capacityVy; cpc (1;¢) and

c) imposed end sli@; cpc (1 ¢) distribution along the CDC for different valuefstioe CDC opening anglg,

b) comprehensive constitutive law and d) effectigpacity as function of the CDC opening angle

Fig. 11. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate
value of the resisting bond length equal to theaife bond length (=4): a) capacityVy; cpc (1;¢) and

c) imposed end sli@; cpc (1 £) distribution along the CDC for different valuefstioe CDC opening anglg,

b) comprehensive constitutive law and d) effectigpacity as function of the CDC opening angle

Fig. 12. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate
value of the resisting bond length larger thanaffective bond lengthi(=5): a) capacityVy; cpc (1;€) and

c) imposed end sli@; cpc (1 &) distribution along the CDC for different valueistioe CDC opening anglg,

b) comprehensive constitutive law and d) effectigpacity as function of the CDC opening angle

Fig. 13. Maximum effective capacity along the CDC for ttese of deep concrete fractune= 6): a) capacity

Vi coe (15€) and c) imposed end sliy; cpc (15 <) distribution along the CDC for different valueistioe CDC
opening angley, b) comprehensive constitutive law and d) effectbapacity as function of the CDC opening

angle y.
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Fig. 1. Main physical-mechanical features of

the

theoatticmodel

and

calculation

procedure:

a) average-available-bond-length NSM strip andveaie prism of surrounding concrete, b) adopted!lbcad

stress-slip relationship, ¢) NSM strip confinedthe corresponding concrete prism of surroundingcete and

semi-pyramidal fracture surface, d) sections ofcitnecrete prism.
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Input Parameters
N by a; T s B fro Bf @ 007,006

v

Evaluation of the average value of thaitable bond lengtt
and the minimum number of strips crossing the CDC

Eﬁ =f (hN,G,ﬁ,Sf), le,inl

v

Evaluation of the bond constitutive laMfithe average length NSM sti

VP (Lid) = f (1005805 B i 85 )

v

Evaluation of the comprehensive congtite law of the average length st

Vi (Lidy) = f[W (L@ )i fni s s fia]

!

Evaluation of the maximum effective cajitst of the average NSM FRP sti
Vil

v

Application of the Shear Formul
Vi = 2|:N|f,im Nier SinS

Fig. 2. Calculation procedure: main algorithm.
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L 5|.1( Lrsi ) <4;=9,, ( Lgs ) with Lgg <Ly
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7, b = Les 5L1(LRfu)<5|.i SJLZ(LRf\)WIth Lrizbi
FE__’_\ | ' LE | |

Ltrl TLter (d_l 73 73

9o (L) With Loy <Ly FEL _——ou e
o Ltr,fl = LRﬂ . '

()] TON( LRfl):a-lWIth Lri=Let

FE ' LE I ! |

T bd _ [
Ltr,fl - Ltrl ‘ ! !

TOWLZ(LWJ with Lgg>Ly,
L E

FE
f I
’ Ly L () !
I
S L
FE ILE
e —

JLZ(LRf\)<JLi S5L3(LRf\)With Lri<Ly1

M e g )
JLZ(L_Rf\)<6Li SJLCS(LRf\)[\ !
with LRfl 2 Ltrl I;E th)rc?h = LRfi 7: L’E

] E—
\ 5|.3(|-Rf|) with Leg <Ly — Llfrd,f. = Lgg ¢
g

FE
5L3('~Rfi) with Lgg 2Ly, =l T
Fig. 3. Determination of bond-based constitutive IMﬁd (JU ; LRﬁ) and bond transfer Iength?rd'fi (d_i s Ly ) :
(a) invariant distribution of bond shear stregx) and slip J(X) for an infinite value ofLg; and (b-g) singling

out of the three bond phases and relative IinﬂLs( Rfi)i =1,2,3) as a result of the progressive migration of

7(x) from the Loaded End (LE) towards the Free End @®Eyhatever value of o; and by increasing,; .
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~ 2”“ 3rd “

S kai) ¢ ( Lrs = Ly 5Li) .
<3 e
T e ia)

1 - 2nd fi\/

LRfi

Lri>Lia
Rfi — Ltrl
|-Rfi < Ltrl

with L, effective bond lengtt

©)

Fig. 4. Bond-based constitutive law of a single NSM FRips{a) relationship between the bond transfegten
brd’ﬁ (d_i;LRﬁ) and the imposed end sli@; for different values of resisting bond lengthg;; (b)

bi-dimensional and (c) three-dimensional repredimtaof the relationship between the force transiele by

bond V¢ (d_i ; LRﬁ) and J,; for different values ofLg; .
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Input Parameters
P bond constants

Ak Bihi s B bt 2 by ffulL,;'ro:Jl:A: CiCidydgW

_ Initialize variables
L% < 0.0Lg; < Ly u— 09 < 0.09, « 0.0tz —~ 0.0, —~

b
t, ~t »y

L2 (d,)| Evaluate variable
Initialize
variables

5L| '75L|+4._|;Ac|f <00
¢ <0;0,-9q
v " G O [
ypd . b4 | Evaluate
f _L"'Cff' variables
L[r,fi ’Vfi

©-! n y | Al oA+l
p T i PR
Vi = f, O b Lri < Lri~Lun
1 u
di —1
@ n
y

5Lu - JLi

Rfu <~ “Rfi

u-l
JLu“JLi
‘uk4‘ ‘UHS‘
‘ ‘ A, A 4

if u=loru=2returnd,
if u=3oru=4oru=>5returnlg,
if u=6returnd,, andlg,,

Fig. 5. Determination of the comprehensive constitutiwe; lilow chart.
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Vii (LRfi; o ) N _
— VY I:Efi;d.i (t )]
=== Vf(i:f (L!r,fi )
I Vf?d ( Lesis JLi)
B Vi (%)
Vftin[LRfi(tn;ql);o-Li] % a) %
Ly 1 (LRfi; 5'_,)
+
AI‘Cﬁ (tn; qe)
L5 s) i) — L[ )]
,T Lfréfi [4i ()] - L?r(,jfi (LRfi; 5'_,)
o +
L?rc,lfi [ ()] 9 b) A
NSM T ?oncrete T
||
Ly =L, L L
il-ltjg{ L s
Achi =0 Lfgﬁ ALcﬁ LS LN
%0 (ea=a) 9 (tvah) (0= &)
Vfti’dl:LRfi (t %)35Li]
Vi (LRfi; i

Vfti’dl:LRfi(tn; Qe)?b_l_i:l

— Vj ([fi;d_\)

Fig. 6. Single NSM FRP strip comprehensive constitutive la the case in which concrete fracture remains

shallow: a) resulting constitutive law, ([ﬁ;qi) in a bi-dimensional representation, b) resultingrall transfer

length L ¢ (Eﬁ;q- ) c) section of the concrete prism and occurrericubsequent fractures and d) resulting

exposition.

constitutive IaWVﬁ(Eﬁ;d_i) in a three-dimensional representation. Note thest plot has been done for an
initial resisting bond length equal to the effeetibond length but this does not affect the gengrali the
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AL (t,:0)
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ik
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T racture L
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strip . : t
& Rfi b
Lri =Ly : rf ¢
v > AL \
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L$5=0 +
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Fig. 7. Single NSM FRP strip comprehensive constitutive ia the case in which concrete fracture is degp: a

resulting constitutive Iavwﬁ([ﬁ;qi) in a bi-dimensional representation, b) resultingrall transfer length
Lmﬁ(fﬁ;qi), c) section of the concrete prism and occurrentesubbsequent fractures and d) resulting

constitutive IawVﬁ(Eﬁ;cL) in a three-dimensional representation. Note thet plot has been done for an

initial resisting bond length equal to the effeetibond length but this does not affect the gergrali the

exposition.
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Vi ( Lreis O ) Vi ( Leni 5Li)

u=loru=2

5L u

5Lu é
Vi ( Leeis O )

Fig. 8. Possible comprehensive constitutive law of a NSRIPFstrip confined to a prism of concrete: (a) ceter
that reaches the free extremity € 1) or strip tensile ruptureu(= 2), superficial and/or absent concrete fracture
and ultimate resisting bond length (b) smallar=3) or equal (1 =4) or (c) larger (1=5) than the effective

bond length and (d) deep concrete fractwre ).
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Vi coc (15€) Vi (LRfu;o_Li)

‘ ..........
Vo = :|__5|:y1 JLu < 01
%
£=0 a) §=Ly 0. =9, b) 9
9, (v:€) Vien (V)
¥, =1.504 V Virett = Viett (Vma)

¢=0 =L max =
C) ‘.( d /2 yl d) 14

Fig. 9. Maximum effective capacity along the CDC for ttases of concrete fracture that reaches the sfrges

extremity (u=1) or strip’s tensile rupture u=2): a) capacity Vi cpc (V;€) and c) imposed end slip
diicoc (1 €) distribution along the CDC for different valuestbe CDC opening anglg’, b) comprehensive

constitutive law and d) effective capacity as fimeiof the CDC opening anglg.
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Viicoc (:€) Vi (LRfu35|_i)

LRfu < Llr.l

1A
050,

£=0 9 £=1,

Fig. 10. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate

value of the resisting bond length smaller thanetfiective bond lengthu = 3): a) capacityV;; cpc (1;¢) and

c) imposed end sli@; cpc (1 £) distribution along the CDC for different valuefstioe CDC opening anglg,

b) comprehensive constitutive law and d) effectimpacity as function of the CDC opening angle
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Fig. 11. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate

value of the resisting bond length equal to theaive bond length ( =4): a) capacityVy cpc (;€) and

c) imposed end sli@y; cpc (1 &) distribution along the CDC for different valueistioe CDC opening anglg,

b) comprehensive constitutive law and d) effectimpacity as function of the CDC opening angle
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Fig. 12. Maximum effective capacity along the CDC for trese of shallow concrete fracture and an ultimate

value of the resisting bond length larger thanaffective bond lengthi(=5): a) capacityVy; cpc (1;€) and
c) imposed end sli@; cpc (1 ¢) distribution along the CDC for different valuefstioe CDC opening anglg,

b) comprehensive constitutive law and d) effectigpacity as function of the CDC opening angle
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Viicoc (V:€) Vi (LRfu;JLi)

sy S o, <dandlo, <Ly

Fig. 13. Maximum effective capacity along the CDC for ttese of deep concrete fractune= 6): a) capacity

Vi coe (15€) and c) imposed end sliy; cpc (15 <) distribution along the CDC for different valueistioe CDC
opening angley, b) comprehensive constitutive law and d) effectbapacity as function of the CDC opening

angle y.
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