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NSM FRP STRIPS SHEAR STRENGTH CONTRIBUTION TO A RC BEAM:
A DESIGN PROCEDURE
Vincenzo Bianco, Giorgio Monti and J.A.O. Barros

Synopsis:This paper presents a closed-form procedure tluateathe shear strength
contribution provided to a Reinforced Concrete (REEam by a system of Near
Surface Mounted (NSM) Fiber Reinforced Polymer (FR®ips. This procedure is
based on the evaluation of: a)theconstitutive law of the
average-available-bond-length NSM FRP strip effetyi crossing the shear crack
and b) themaximum effective capaciilycan attain during the loading process of the
strengthened beam. Due to complex phenomena, stich)dnteraction between
forces transferred through bond to the surroundiogcrete and concrete fracture,
and b) interaction among adjacent strips, the NSRP Fstrip constitutive law is
largely different than the linear elastic one ch#rezing the FRP behavior in
tension. Once the constitutive law of the averagglable-bond-length NSM strip is
reliably known, its maximum effective capacity che determined by imposing a
coherentkinematic mechanismrhe self-contained and ready-to-implement set of
analytical equations and logical operations is gmésd along with the main
underlying physical-mechanical principles and agsiions. The formulation
proposed is appraised against some of the moshtresperimental results and its
predictions are also compared with those obtaingd brecently developed more
sophisticated model.

Keywords: Concrete Fracture; Debonding; Design; FRP; NSMhea®
Strengthening; Tensile Rupture.
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INTRODUCTION
Shear strengthening of RC beams by NSM techniqusists of bonding FRP strips
by a powerful structural adhesive into thin shallgits cut onto the concrete cover
of the beam web lateral faces. A comprehensiveetiimensional mechanical model
to predict the NSM FRP strips shear strength doution to a RC beam was recently
developed (Bianco 2008, Bian&t al. 2009a-b and 2010). Despite its consistency
with experimental recordings, that model turned toube somehow cumbersome to
be easily implemented and accepted by professginaitural engineers. The aim of
the present work is to develop a simpler computaligorocedure that has to be:
a) mechanically-based@nd b)simple to implementAs to the first point, it has to
fulfill equilibrium, kinematic compatibility and atstitutive laws. As to the second
point, it has to be a design tool easy to apply: #ids purpose, a reasonable
compromise between accuracy of prediction and coatjppnal demand has to be
achieved. Excessively simplified assumptions, whiebuld provide too roughly
conservative estimates of the shear strength @mtimn provided by a system of
NSM FRPs, should be avoided since they could leadirteconomical design
solutions, discouraging application, further impement and spreading of the
technique. A relatively simple model can be derifredn the more sophisticated one
by introducing the following simplifications (Biao2008): 1) a bi-linear
rigid-softening local bond stress-slip diagram @opted instead of a multi-linear
diagram, 2) concrete fracture surface is assumest@ms-pyramidal instead of semi-
conical, 3) attention is focused on the averagdéahla-bond-length NSM FRP strip
glued on the relevant prism of surrounding congréjedetermining the constitutive
law of the average-available-bond-length NSM stpng the approach followed for
Externally Bonded Reinforcement (EBR) by Moaetial. (2003), and 5) determining
the maximum effective capacity attainable by therage-available-bond-length
NSM strip placed along the CDC, imposing a cohekémématic mechanisme(g.
Monti et al. 2004, Monti and Liotta 2007). The main featurestloé resulting
modeling strategy are reported hereafter.
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Figure 1 — Main physical-mechanical features of the calcalatiprocedure:

a) average-available-bond-length NSM strip and vasi¢ prism of surrounding
concrete, b) adopted local bond stress-slip ralatig, c) NSM strip confined to the
corresponding concrete prism of surrounding coecestd semi-pyramidal fracture
surface, d) sections of the concrete prism.

During the loading process of a RC beam subjechtar, when concrete average
tensile strengthf,, is attained at the web intrados (Fig. 1), someastaacks
originate therein and successively progress towtrelsveb extrados. Those cracks
can be thought as a single Critical Diagonal CrgeRC) inclined of an anglé?

with respect to the beam longitudinal axis (Fig. Tldne CDC can be represented by
an inclined plane dividing the web into two porosewn together by the crossing
strips (Fig. 1a). At load step,, the two web parts, separated by the CDC, start

moving apart by pivoting around the crack end whosee, on the web face, is point
E in Fig. 1a. From that step on, by increasing tppliad load, the CDC opening
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angle y(t,) progressively widens (Fig. 1a). The strips crogsire CDC oppose its
widening by anchoring to the surrounding concretavhich they transfer, by bond,
the force originating at their intersection withetiCDC, O', as a result of the
imposed end slipd;; [y(t,)] - The capacity of each strip is provided by itsikabde

bond lengthL;; that is the shorter between the two parts intcctviine crack divides

its actual lengthL; (Fig. 1a). Bond is the mechanism through whiclessies are

transferred to the surrounding concrete (Yatal. 2004, Mohammed Alet al. 2006
and 2007, Biancoet al. 2007). The local bond stress-slip relationshigo) ,

comprehensively simulating the mechanical phenomewgaurring at 1) the
strip-adhesive interface, 2) within the adhesiwyetaand at 3) the adhesive-concrete
interface, can be represented, in a simplified viegya bi-linear curve (Fig. 1b). The
subsequent phases undergone by bond during thendpadocess, representing the
physical phenomena occurring in sequence withinaitiieesive layer by increasing
the imposed end slip, are: “rigid”, “softening fian” and “free slipping” (Fig. 1b)
(Bianco 2008).

The constitutive law/y; (LRﬁ;J,_i) of an NSM FRP stripi,e. the force transmissible
by a strip with resisting bond lengthg; as function of the imposed end sld; ,

can be determined by analyzing the behavior of shmple structural element
composed of the NSM FRP strip within a concretesmri(Fig. 1a,c-d) whose
transversal dimensions are limited by the spacéhgbetween adjacent strips and

half of the web cross section widtty,/2. In this way, the problem of interaction

between adjacent strips.§: Dias and Barros 2008, Rizzo and De Lorenzis 2099)
taken into account in a simplified waye., by limiting the concrete volume into
which subsequent fractures can form, to the amafnisurrounding concrete
pertaining to the single strip in dependencespfand b, . Moreover, even though

here neglected, the interaction with existing sfig may be also accounted for by
limiting the transversal dimension of the concnetism to a certain ratio of, /2,

since the larger the amount of stirrups, the shadtoconcrete fracture is expected to
be (Bianccet. al2006) even if, in this respect, further reseaschdcessary.

In particular, in the present work, attention isfeed on the system composed of the
strip with the average value of available bond targlued on the pertaining prism of
surrounding concrete (Fig. 1c-d).

The failure modes of an NSM FRP strip subject tamposed end slip comprise,
depending on the relative mechanical and geométpiagperties of the materials
involved: debonding, tensile rupture of the strgoncrete semi-pyramidal tensile
fracture and a mixed shallow-semi-pyramid-plus-detiog failure mode (Fig. 1e).
The termdebondings adopted to designate loss of bond due to darnégeion and
propagation within the adhesive layer and at th@ BRip-adhesive and adhesive-
concrete interfaces, so that the strip pulling msgults (Fig. 1e). When principal
tensile stresses transferred to the surroundingrets attain its tensile strength,
concrete fractures along a surface, envelope ofctimepression isostatics, whose
shape can be conveniently assumed as a semi-pynaitfidprincipal generatrices
inclined of an anglea with respect to the strip longitudinal axis (Fig-d).
Increasing the imposed end slip can result in syleset semi-pyramidal and coaxial
fracture surfaces in the concrete surrounding tiMNstrip. These progressively
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reduce the resisting bond length;; 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, resulting in@ncrete semi-pyramidal failurer stop progressing
midway between loaded and free end, resulting in
mixed-shallow-semi-pyramid-plus-debondifagiure (Fig. 1e). Moreover, regardless
of an initial concrete fracture, the strip qampture (Fig. 1e).

The formulation obtained by this strategy is préserin the following sections along
with the main mechanical bases.

RESEARCH SIGNIFICANCE
A calculation procedure was developed to evaluhge NISM FRP strips shear
strength contribution to a RC beam. The equationd the logical operations
necessary to implement the proposed procedure esemed along with the
theoretical bases form which they originate.

CALCULATION PROCEDURE
The input parameters include (Figs. 1-2): beamsesestion web’s deptth, and

width b, ; inclination angle of both CDC and strips with pest to the beam
longitudinal axis,8 and g, respectively; strips spacing measured along geab
axis s;; angle a between axis and principal generatrices of thei-pgmamidal

fracture surface (Fig. 1c-d); concrete average cesgive strengthf,,,; strips tensile

strength f;, and Young’'s modulusk; ; thicknessa; and width b; of the strip

cross-section; incremend;; of the imposed end slip; values of bond stregsand
slip &, defining the adopted local bond stress-slip reteship (Fig. 1b):

o
2(5)=1" [1_5_1j 0<o=a 1)

0 0>0;
The geometrical configuration is adopted in whitle tminimum integer number
N'f'im of strips cross the CDC with the first one plaegd distance equal te;

from the crack origin (Fig. 1a). This configurationrresponds to the minimum of
the sum of all the available bond lengthg . N'f'im is obtained by rounding off the

real number to the lowest integer, as follows:

N} ;e = round off{h,V E(M} )

S
and the average available bond Ienﬁtfh is obtained by:
— 1 le‘int

Lf' = DZ I—f' (3)
I NIf,int =

with:
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i 05, Bﬂ for x; <&D(co€+ cop )
L. = sin@+ g) 2 (4)
f _ sing h, .
L; —ils; ———  for x; 2—(co@+ coif |
sin@+ 3) 2
and:
Xq =i 5)

After having defined the geometrical characterssti€ the simple structural system
composed of the average-available-bond-length stithin the relevant prism of

surrounding concrete, it is necessary to deterrniseonstitutive lawVy (Eﬁ;d_i)
and the corresponding maximum effective capa®if)f’, as explained hereafter.

Once V{™ has been obtained, the actigl and designVy, values of the NSM
shear strength contribution can be obtained by(&&)-

Input Parameters
hiba fom s By fo Eq ag bi70:0;,0,:6

v

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

Li=f(hi@Bis )i Njne

Evaluation of the bond constitutive laithe average length NSM sti
Vil (Leidi) = f(roidia i B i 85 )
Evaluation of the comprehensive congtitel law of the average length st
Vi (L) = f[W(Gsd )i fni s s fia]

Evaluation of the maximum effective cajtg of the average NSM FRP stt
Vit
Application of the Shear Formul
VI = 20Ny Vi (308

Figure 2 — Calculation procedure: main algorithm.

CONSTITUTIVE LAW OF A SINGLE NSM FRP STRIP
The simple structural system composed of a singlg, sthe adhesive and the
surrounding concrete, undergoes changes durinkpaaiéng process since, each time
concrete fractures, the resisting bond length reslwccordingly. In particular, the
different features assumed by that system througheuoading process are function
not only of the load ste,, but also of the iteratior,, in correspondence df,

(Bianco 2008). In fact, for each,, that system undergoes modifications up to
reaching the equilibrium configuratiorg,. Whenever concrete fractures, the

mechanism of force transfer to the surrounding oetecleaps forward towards the
strip’s free end. In general, in correspondenceath leap, the overall transfer length

Ly (LRﬁ;JLi) increases and the resisting bond length decrg&sgslc-d). Thus,
in general, at each leap, concrete tensile fractapacity increases and at the same
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time the bond-transferred force decreases, untilierium is attained.In this
scenario, in order to determine the comprehensivestitutive IawVﬁ(Eﬁ;cL) of

the average-available-bond-length NSM FRP stripdednto the relevant prism of
surrounding concrete, it is necessary to carry autincremental procedure that
simulates the imposed end slil; (t,) and to check, at eadh, either if concrete is

capable of carrying the bond-transferred stressé®ut undergoing fracture, or if a
concrete fracture occurs and the system has toooiied accordingly.

Bond-based constitutive law

The bond behaviour of an NSM FRP strip subjectrtanareasing imposed end slip
can be modelled by fulfilling equilibrium, kinematcompatibility and constitutive
laws of both adhered materials (concrete and FR®) lacal bond between
themselves (Bianco 2008). In this way, it is polestb obtain closed-form analytical

equations for both the bond-based constitutive HW(LRﬁ;JLi) of a single strip

and the corresponding bond transfer Ientﬂﬁi (LRﬁ;c)'Li) . The latter two quantities,
Vi (Lra:d) and L' (Lrs:d) . represent: the force a strip of resisting bond
length Lg; can transfer by bond, as function @f;, and the corresponding amount
of Lg; along which bond is mobilized, respectively. Thealgtical equations of
Lo (LrasdL) andVe® (Lgg: dy;) ., are presented below and plotted in Fig. 3. Those
analytical equations envisage, for a givdr;, three phases, whose limits
(0,19, 59, 3) are function of the value assumed by; with respect to the effective

bond lengthL,,; that is the value of resisting bond length beyaich any further

increase of length does not produce any furtherease of the maximum force
transmissible by bond. The bond transfer lengtsifllows:

brd,fi (LRfi;dLi ) = ?f((ii )=
A2 m_uj 0.0=4y; S5L1('—Rfi)
To Ly
{Litard,fi (LRfi <Ly1d; ) = Lgyi
Litard,fi (LRfi 2Ly 159 ) =Ly 1+ 1%(d)
LErd,fi (LRfi;JLi ) = Lgi JLZ(LRfi)<5Li SJLS(LRfi)

LErd,fi (LRfi;JLi ) =0.0 A >5L3('—Rﬁ)
and the bond-based constitutive law:
Vfli)d(LRfi;JLi)sz (351400

[{]Cff [@COS(/‘ Ly (4 ))‘ ]]‘Czsf DS"(/‘ 07 (g ))}
Vf?d(LRfi<|-tr1?5u):LpDe,DD (7)
fics' mod A )¢ rsin ) 5 ) (L) <81 <01o( L)

r d_i )_LRfi
Ve (LRfi 2 L34, )=Vfb1d

i Bircco{ s
A

5L1(|-Rﬁ) <0<, ( LRfi) ©)

0.0<3,; <34 (Lrn)
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Vfti)d(LRfi;JLi):Lp L5140

. Ly 5L2(LRf')<5L' S5L3(|-Rf')
[ECff moi/i D(Sf )_ CZSf ES"(/] D(Sf ):I Ltri”—tfrs(d.\ )_LRfi | | |
Vfti)d(LRfi;JLi):O'o o >5|_3(|—Rfi)
where:
L, = 20b; +ay (8)

is the effective perimeter of the strip cross-segtand:
1_ 9 . _LpEE1 At } _ EEDA
== J; —+ 1 J,=
E AUR EDA+ BEOA
st _ Tolly. ~sf _ _Toldy
G =0,— ;G =
) C.I. 1 /]2 /] 2
are bond-modeling constants (Bianco 2008, Biagical. 2009b), with A; = a; [
and A, = 5 EbN/ 2 the cross-section of the strip and the concrasemprespectively.

(9)

Moreover, the effective bond length,; and the corresponding maximum bond

force VY are given by:

21,01
Ly = ﬁvfbf Ly LD D‘EE o 51} (10)

The value of resisting bond Iength undergoing sirfig friction, as function of the
imposed end slip is given by:

il o) )—1@”00 1—/]—255L- (11)
4T o0, -
and the value of resisting bond length undergoiag §lipping:
A [D,5, - )
e
f1
The resisting bond length-dependent values of imgoend slip defining the
extremities of the three bond phases, are givelfrigy 3):

(12)

sf ro Eﬂl
Bin(A Ogq) + [tog A for Lgs <
S (LRﬂ) Cl ( Rf|) CZ i D-Rﬁ) Rfi Ltrl (13)
o for Lpi2 Ly
S for Leg<Llu
92 Lrii (14)
( I) A DJ EGLRﬂ Ltrl) for Lgq=Lyg
f Lo
L. rybd
L3( Rfl) 1 Af D]Z (15)

Concrete tensile fracture capacity
The concrete tensile fracture capacMﬁf(Lﬂ’ﬁ) is obtained by spreading the

concrete average tensile strendil,, over the semi-pyramidal surface (Fig. 1c-d) of
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height equal to the total transfer lengt} 5 , orthogonally to it in each point. By
integrating one obtains:

Vf(i:f (Ltr,fi ) = fctm mnin[I-tr,fi [ana %} [Bir(0+ :8) O
) s; Bing L, ; Csing ) s Osing L, s Osimr
min , — +min , —
203in(@+B) sin@+p+a) sifg+p)  sif@+L-a)
where f,, can be determined from the average compressieagitr. The total
transfer length is evaluated as reported in nexi{Eq).

(16)

L?ﬁﬁ (LR“;CYL‘) —— L?r(?fi (LRfi >Lyd; ) —

Llrl i i
l 1 oltu<l) | AsllwL)
5|.1( Lgi< Lm) a 5|.2( Lgi> Lm) 5|.3( L= Lm) A

dlEd—LZ(LRﬁ < Lm) EJLl(LRfi = Ltr])EJL iLRfi =L, J) =0, {LRfi >l )
a)

i r th)rﬁifi (LRfi =Lepd; ) 1
(e (L;?fi <L 4, ) -1 i

Vi ( Leeis Oy ) 2"
, i
1 1 phase &3 <3, (Lgy)
) 3 2 5L1(|-Rﬁ) <0;<9, (LRfi)
2 3¢ 3% 9, (Len) <00 < 0o L)

a N a,
vl ( Lrii > L 5|_|)
nd
\\\2\ 2;'\ ¢ // \\\\\\\\
) Vflijd ( Lrii = L 5|_|)
/:' 3rd ’e / 5
[ Vil ( Lrii < Ly 5Li)

with L, effective bond lengtt

Lri <L ¢
Figure 3 — Bond-based constitutive law of a single NSM FRipsta) relationship

between bond transfer Iengtt{frd’ﬁ (d_i ; LRﬁ) and imposed end slig,; for different

values of resisting bond lengthg;; (b) bi-dimensional and (c) three-dimensional
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representation of the relationship between foreansferrable by bond
Ve (85 Ly ) and gy for different values oflgg.

Comprehensive constitutive law
At the t, load step, an iterative procedurg,( q — ¢,) is carried out in order to

determine the equilibrium conditiorg() in the surrounding concrete depending on
the current value of both imposed end sip;(t,) and resisting bond length
Lrii(tydm (Fig. 4). In particular, at they, iteration of thet, load step, based on

Lri(ts O and &y, (t,), the bond transfer length’s [ Lgq (t;0m); 81 (t,) | and the

corresponding bond-transferred force?d[LRﬁ t )i OLi( n] are evaluated as

reported in Eq. (6) and Eq. (7), respectively. Thiéw current value of the total
transfer length is evaluated as follows:

Ler i (t05 Om) = L5 (-5 Ge) + L?gfi[ Leii(ty O O i t) |+ AL%( t o) (17)
where L (t,-;Ge) is the cumulative depth of the concrete fracturdage resulting
from the equilibrium of the preceding,, load step andALf(t,q.,) is the

increment of concrete fracture depth correspontiirthe current,,, accumulated up
to the currentg,,, (Fig. 4):

AL (ty; Om) = q:Z: th)r(,jfi [ Lisi (ty Am) s 5Li(tn)] (18)

Then, after having evaluated the concrete l‘raorl:ana'acityvfcif (Ltr’ﬁ) as indicated
in Eq. (16), if it is:
Vfl?d[LRfi (t; Om); JLi(tn):| 2 Vf?f[ L s (T %)} (19)

meaning that the surrounding concrete is not captblcarry the bond-transferred
force, then it fractures and the bond transfer rapeidm leaps forwards towards the

free end. Thus, the parameteissg(t,;dmg) and ALY (t,dy.) are updated

(Lgsi (trs Oma) = Lt A= R ﬁ[LRf(t a0 tﬂ

AL (b G) =AL% (ty )+ Lo 4 Lre(ts 039 1i(t)]) and iteration is performed
(9mw) (Fig. 4). At each of those leaps, the point repreative of the strip state
moves from one bond-based constitutive IM&d[LRﬁ(tn; qm);JLi] to the other

Vf'?d[LRfi to qm+1)'5u] and, as long as the updated valud.gf is larger or equal to

the necessary bond transfer lengfli[d; (t,)] . such leap is only visible in a three

dimensional representation (Fig. 4). The necessang transfer length2?[d; (t,)]
is the bond transfer length that would be necessiilys; were infinite, to transmit

the corresponding force to the surrounding congreitl L[ (t,)] = L[4, (t,)]
for J.i(th) <6 and L [d; (t)] = Lya + Ly ()] for 3, (t) > &, (Fig. 4). Note

10



1 also that, at iteration, the equality

2 L (ts A+ Lt 9 +ALH(t; a0 = Lrd & q)= L has to be fulfilled (Fig. 4c).
3

each Om

\ ( Liis O )

| — VfiI:Eﬁ?Ju (Tn)}
V(L)
— Vftin ( Lyt 5Li)
._,4 T Vf?f(l-zt:l,jﬂ)
Vf?dI:LRﬁ(tn;ql);JLi] 4 a) a
L s (LRfi;JLi)
+

AL (6 )

© 0 Nooh~

L(;i (tn—l;g‘t I Lﬁ (tn-l; qe) Ltr,fi I:Efl ; Qi (E )}
P L [ (6)] — L (LRfi;JLi)
L?rr:'fi (4 ()] 4 b) Ay
NSM T concrete T
frl u
L= Len | Lgs T
Rii = L o TN
'de{ Ly L"'{ Les AL \ A
ats =0 || Jus, o TN T
L5 =0 ]
(ths®)  (ths0e=a) o (t ) (9. = )
Vfli]d [ Leei (L 4): 05 ]
y ~
V. - 7
' ( LF:?\ e Vi [ L (thst Ge)5 O] ,
\\3\ ~ i /Ju
Vfli]d [ Lee (1 Q) JLi]
L i Vi (Eﬁ 19 )

Figure 4 — Single NSM FRP strip comprehensive constitutiwe ia case in which
concrete fracture remains shallow: a) resultingstitutive IaWVﬁ(Eﬁ;d_i) in a bi-

dimensional representation, b) resulting overansfer lengthL,, 4 (Eﬁ;d_i ) c)
section of the concrete prism and occurrence odesyient fractures and d) resulting

11
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constitutive IawVﬁ([ﬁ;qi) in a three-dimensional representation. Note tha t

plot has been done for an initial resisting bonggth equal to the effective bond

length.

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

concrete fracture was deeg(=1) but it did not reach the free erict. the
updated resisting bond lengthy; (t,; dm) iS NOt long enough to mobilize,
for the currentdy; (t,), a bond transfer length as large as the necessaty
Lri < L29[3Li (t,)] . Note that in this case, the passage of the point

representative of the strip state from one bon@&da®nstitutive law to the
other is also visible in a bi-dimensional repreagah. Further details can
be found elsewhere (Bianco 2008);

concrete fracture was deepl{(=1) and it reached the free enick. the

updated resisting bond lengthgs (t,; 0q) iS null. Note is taken of the

current value of the imposed end slig ( — J;(t,)) and the incremental

procedure is terminated since a decision about tbenprehensive
constitutive law can already be takan%1) (Fig. 5a).

On the contrary, if at the),, iteration of thet,, load step, concrete is in equilibrium
(c.=1), it is not necessary to iterate and one of tHeveng alternatives might

occur:

the current value of bond-transferred force is dargr equal to the strip
tensile rupture capacity Véi’d >V{"). The incremental procedure is

terminated since, even if the surrounding condeete equilibrium, the strip
has ruptured  =2) and note is taken of the ultimate imposed eng sli

(JLu - a-Li (tn) );

the next value of the imposed end sbip (t,,.,) is larger or equal to the one
in correspondence of which the peak bond forcetared for the current
value of the resisting bond lengty; (t,.,) = &.[ L (t;qe) | . Since V§°
starts to decrease fa¥ (t,.;), the incremental procedure is terminated and
note is taken of the current value of the resistiogd length (gq, — Lgsi)

and of its relationship with the effective bond dém L;,; (u-3 if
Lru<Liyg, U4 if Lgs =Ly or u<5if Lge>Lig)-

concrete fracture was deed(=1) and it did not reach the free extremity.

The incremental procedure is terminated=6) (Fig. 5d);

the next value of the imposed end skp, (t,.,;) is smaller than the one
where the peak bond force is attained for the atirvalue of the resisting
bond length J; (t,:1)<d4| Lri(tzqe) |- Then, the imposed end slip is
incremented and the iteration carried out.

12
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The incremental procedure described above is tatednand, depending on the
phenomenon characterizing the specific case at Aaddhe type of constitutive law

associated( ), the parameters necessary to deW@e{Eﬁ;qi) are returned,e.:

deep concrete fracture that reaches the strip's édremity @ =1) or
tensile rupture of the stripu(=2). The parameter necessary to determine
the constitutive law is the imposed end sy, in correspondence of which

the peak ofVg(Lg; ;) occurs. Vg (Lg;d,) is given by the first bond
phase of Eq. (7) fo0.0< J; < 4, (Fig. 5a);

shallow or absent concrete fracture with an ultamadlue of resisting bond
length smaller ¢ =3), equal (1=4) or larger @1 =5) than the effective
bond length. The parameter necessary to deterntieecomprehensive
constitutive law is the ultimate value assumed H®y tesisting bond length

Le- Vi (Li:d) is given by Eq. (7) forlgg = Lgg, (Fig. 5b-c);

deep tensile fracture with an ultimate value ofstasy bond length very
short but not null ¢=6). The parameters necessary to determine the
comprehensive constitutive law are both the imposed slip J,, in

correspondence of which the peak\qf(Eﬂ;JLi) occurs and the ultimate
value assumed by the resisting bond lenggh,. V¢ ([ﬁ;d_i) is given by:
the first bond phase of Eq. (7) fr0< J; < 4, , the second bond phase of
Eq. (7) for &, <0< d.5(Lry) and the third bond phase of Eq. (7) for

5L2(|-Rfu) <dys 5L3(|-Rfu) (Fig. 5d).

\ ( Lieis O_Li) Vi ( Leni 5Li)
u=loru=2
5Lu
J
Lu é a)

Vi ( Leeis O )

d?l C) 5Li 5LLI d?l d) 5Li

Figure 5 — Possible comprehensive constitutive law of a NSRPFstrip confined
to a prism of concrete: (a) concrete that reachesfree extremity =1) or strip
tensile rupture ¢ =2), superficial and/or absent concrete fracture aitdnate
resisting bond length (b) smallen € 3) or equal (1 =4) or (c) larger (1 =5) than
the effective bond length and (d) deep concretdra (U =6).
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MAXIMUM EFFECTIVE CAPACITY OF A SINGLE NSM FRP STRI P
The effective capacity/y o () is the average of the NSM FRP strip capacity along

the CDCV;; cpc (15€) for a given value of the CDC opening angfe(e.qg. Fig. 6),

where £ is the reference system assumed along the CDC &)gV; cpc (1:€) is

obtained by introducing the kinematic compatibil{ty, ; (V,{):}/ZETU}'Bin(BtB))
into the comprehensive constitutive law of the Eraverage-available-bond-length
NSM FRP stripV (L ;dy;) . For the sake of brevity, all of the details amrein
omitted but they can be found elsewhere (BiancdP0Dhe equation to evaluate the
maximum effective capacityf'i“g)(ff and the value of the CDC opening angjg,, in

correspondence of which it is attained, assumesdifft features as function of the
type @) of the comprehensive constitutive law characiegizhe specific case at
hand.

Vicoc (15 €) Vs (LRfu;éLi)
4 ..........
¥, =1.50) A<
]
=
=0 a) =Ly 9. =4, b) 9
o (r:é) Vier (V)
¥, =1.504 v Viett = Vietr (Vinax)
' i
O =9 . V2 yl i
: 0.504 :
§=0 0 =1y Voax =V1 d) vy

Figure 6 — Maximum effective capacity along the CDC for theses of concrete
fracture that reaches the strip’s free extremity=() or strip’s tensile rupture

(u=2): a)capacity Vcpe(y;€) and c)imposed end slipd;cpc (V:€)
distribution along the CDC for different values tife CDC opening angley,
b) comprehensive constitutive law and d) effecttepacity as function of the CDC
opening angley .

Cases of concrete fracture that reaches the stripfsee extremity (u = 1) or strip
tensile rupture (u = 2)
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In these cases, the exact value of the maximunttefée capacity is attained for a
value of the CDC opening angle such as to yield an imposed end slip at the end of

the crack ¢ (Ly ) ), equal tod,, (Fig. 6)i.e::

max _ — 1 f 2 AEEG:ZSf
Vg =V = o U
fieft =Viieft (Vmax) L E{Ai[(f (o O maxt 2
(arcsi A, eV E A L) (2 A Ly 2 |
where:
_ L,0,2%Ein(e+p) . . . _A’Bin(6+p)
A= 41,0, P A= A 20,0, (21)

are integration constants independent of the typeof comprehensive constitutive
law and:
200,

Ymax V1= Tin(g+ ) 22)

Case of shallow concrete fracture and strip _ultimag resisting bond length
smaller than the effective bond length (u = 3)
In this case, the maximum effective capacity iaia#d for a value of very close to

¥, that is the value of the CDC opening angle sudo geld an imposed end slip at

the end of the crack, equal ﬁ[z(LRfu). For the sake of simplicity, it is assumed

that V'™ is effectively attained fory, accepting a slight approximation (Bianco
2008)i.e.:

Vi :L—tc{m@qﬁf - q)néﬂ] (e )o@l

sin(6+5) 22,
A I 2ACE,| 1 AT, -
an, sin@+p) }”ymax ﬂswmafﬁams'r(}wm“m") ' (23)

+(1_A£3|-_Vmax|:|]-d)|zl/l_(l_ Asm'maxud)zj"'AéIp-d"' Aml-_ymaxmg}
whereA, A, and A; are given by Eq. (21)3; = 34 (Lgg,) by Eq. (13) and:
Cy(Lriu) =G —C' B0 A Lgy)~ G T5iM AL gy

Cy( LRfu)z_CZSf -c Sin(ACLpg)+ QSfm:Oif‘ [Lry) (24)
N oeeirl 1 2T 20A, (4] 20A@; Y (25

0] zares! 1sin(e+Z)J+(}sin(e+ﬁ)jE{/}(}sir(ew)J )
o ZmL2(|—Rfu)

Vmax—yz—m (26)

Case of shallow concrete fracture and strip’s ultimte resisting bond length

equal to the effective bond length (u = 4)

15
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20

21

23
24
25

26
27

28

In this case, the maximum effective capacity isiattd for a value of the CDC
opening angley slightly larger thany, = 208, /(L4 [$in(@+ B)) at which thed, end

slip occurs at the end of the CDC (Bianco 2008)ywawy, since the expressions of
Vierr (V) are very complex fory, <y<y,, instead of carrying out the derivative

(dVi ¢ (¥)/ dy=0) to search for the exact value pf,,, it is deemed reasonable to

assumey; as angle where the maximum effective capacity eccline solution so
obtained, slightly underestimating the real maximisn

f AT
Vfl eff -7 %A_{[ﬂf D—d L_Jymax 2% m’maxD
_ 5 T (27)
arcsi A, ey V(2 A L) (2 ALY by -2 |
whereA , A, and A; are given by Eq. (21) and:
o 2
Ymax V1= Tin(g+ ) 28)

Case of shallow concrete fracture and strip’s ultimte resisting bond length

larger than the effective bond length (u = 5)

In this case, the maximum effective capacity isiattd for a value of the CDC
opening angley slightly larger thany, =209, ,/(Ly (3in(@+ B3)) at which the end

slip JLZ(LRfu) occurs at the end of the CDC (Bianco 2008). Againce the

expressions o¥/;; o« (y) are very complex foy, < y'< 3, it is deemed a reasonable

compromise between accuracy of prediction and cémtipmal demand, to assume
¥, as angle in correspondence of which the maximdet#fe capacity occurs. The

solution so obtained, slightly underestimating & maximum, is:

max %{Amjf[é 2|2§.|. jz_i_cgfmz@l(dl)_ AZECZSfmT ! 1 +

f| eff =7

sin(6+) 2hy 4R | Vmax
(29)
bd _ 2(9
)
where A, A, and A; are given by Eq. (21)P,(9,) as given by Eq. (25) and:
o 2®-L2(|-Rfu)
Vnax = V2= W (30)

Case of deep concrete fracture (u = 6)
In this case, it is not possible to tellpriori if the maximum effective capacity is
attained at a value of the CDC opening angle sgdio gield an imposed end slip at

the end of the crack, equal tg , or to JLZ(LRfu) (Bianco 2008). Thus, the
maximum effective capacity will be given by:

Viler = max{Viigr Vile | (31)
where:
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maxl_ _ 1 AZ KEZSf
Vii ,effl_vfi eft (Vimax) ——[{ AiEQSf O3 it ——2—2—0
Ld 2@3 l-_ymaxl (32)
[EarCSir( ]-_A'Sgymaxl[l]-d)"'( ]-_Asm,maxp-d)&/ 1_( S A@ max@-d)2 _%T:u
o 200, (33)
VYmax1= V1= %T(Lé”ﬁ)
and:

Vngf)f( 2:Vfi eff (Vmax2)=

sin(6+ ) 22, an,
2ACB, L1 . AR . (34)
sin(6+) }uymaxz-l- 2]3\3@/maxz[EarCSIr(]-_AsD)/maxzu]-d) '
+H1~ A Wil Ly ) (1 AfY matLa)” [+ ALy + ALC o 2}
o ZD5L2(|—Rfu)
Viax2 = V2= L, sin(6+5) (35)

and whereA, A, and A; are given by Eq. (21)Cl(LRfu) and CZ(LRfu) as given
by Eq. (24) andd, (J,,) as given by Eq. (25).

ACTUAL AND DESIGN VALUE OF THE SHEAR STRENGTHENING
CONTRIBUTION
The actualV; and design valu&/;, of the NSM shear strength contribution, can be

obtained as follows:

Vig :iwf :i[qzmlf,im Ve El;in,B) (36)
Vrd Vrd

where yrq is the partial safety factor, divisor of a capgcihat can be assumed as

1.1-1.2 according to the level of uncertainty difeg the input parameters but, in this

respect, a reliability-based calibration is needed.

MODEL APPRAISAL
The proposed model was herein applied to the Tsesestion RC beams tested by
Dias and Barros (2008). The beams tested were R@deharacterized by the same
test set-up with the same ratio between the shmar and the beam effective depth
(a/d =2.5), the same amount of longitudinal reinforcemems, $ame kind of CFRP
strips and epoxy adhesive. The details of the bdaken to appraise the predictive
performance of the developed model are listed ibl&a. Those beams are
characterized by the following common geometricatl anechanical parameters:
b, =180 mm; h, =300mm; f = 2952MPa; fom =31.11MPa;

E; =166.6GPa; a; =1.4mm; b; =10.0mm (1 mm= 0.0394in - 1 N = 0.2248b
- 1000 psi = 6.9 MPQ). The CDC inclination anglé# adopted in the simulations,
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listed in Table 1 for all the beams analyzed, & dime experimentally observed by
inspecting the crack patterns. The anglewas assumed equal to 28.5°, being the
average of values obtained in a previous investigaiBiancoet al. 2006) by back
analysis of experimental data. The parameter ctefaing the loading process is:

J,; =0.000Irads, which guarantees a good compromise between ancurh
prediction and computational demand. Concrete aeetansile strengthf, was
calculated from the average compressive strengtmégns of the formulae of the
CEB Fib Model Code 1990 resulting in 2.¥8a.

The parameters characterizing the adopted locald bstness-slip relationship
(Fig. 1b) are:7, =20.1MPa and g, =7.12mm (Bianco 2008). Those values were
obtained by the values characterizing the more istpated local bond stress-slip
relationship adopted in previous works (Biamt@l.2009a, 2010), by fixing the
value of 7, =20.1MPa and determiningd, =7.12mm by equating the fracture

energy. In this respect, it has to be underlinet the necessity is felt to develop
rigorous equations that would allow the valygg,d;) characterizing the local bond

stress slip relationship to be determined on treshaf: a) superficial chemical and

micro-mechanical properties of FRP, adhesive amdrete, and b) the adhesive
layer thickness. Nonetheless, further researdh thjs respect, required.

Table 1 shows that the model, in general, provigasonable underestimates of the

experimental recording®/¢*® since the ratioV; /erXp presents mean value and

standard deviation equal to 0.85 and 0.36, resprygtiThe values of NSM shear
strength contribution have also been compared thithmaximum values provided
by the more refined model in correspondence of ethdifferent geometrical

configurations that the occurred CDC could assuritie kespect to the stripW{'y",

Vi and V{"$* in Table 1). The simplified model herein presentedsome cases

(e.g.beam 2S-5LV) provides a value of the NSM sheamgth contribution that lies
in between the minimum and maximum values obtalmethe more refined model
and in other case®.g.2S-5L145) that is rather lower than the lower bibwi the
values obtained by the more refined model. This réasonable, since the
approximations introduced inevitably reduce theusacy.

Table 1 — Values of the parameters characterizing the bemdopted to appraise
the formulation proposed fhm= 0.0394in - 1N = 0.2248b - 1000psi = 6.9MPa).

Beam | B | s | steel | VI | V| V| V| L ! Vi

Label ° | ° | mm|Stirrups kN | kN | kN | kN | mm kN

2S-3LV 40| 90| 2676/300| 18,53| 6.46 | 55.33 22.20| 75.96| 3 | 10.77
2S-5LV 40| 90| 160 52.33| 26.42| 55.34| 25.20| 82.87| 6 | 30.97
2S-8LV 36| 90| 100 68.58 | 58.88| 64.33| 48.60| 77.34| 3 | 29.59
25S-3L145 45| 45 367 35.10| 15.41| 45.73| 29.40|164.79 3 | 23.44
2S-5L145 45| 45| 220 “ |46.11| 49.14| 45.74| 41.40{134.35 3 | 23.19
25-8L145 36| 45 138 75.89| 79.71| 78.73| 40.20 | 106.73 6 | 59.55
25-3L160 33| 60 326 50.69 | 18.90| 51.68| 35.40/169.1§ 3 | 30.74
25-5L160 36| 60 195 36.37| 36.59| 48.55| 46.20| 77.27| 6 | 22.27
25-7L160 33| 60 139 * 52.98| 63.07| 67.58| 54.60| 91.05| 6 | 60.80
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The model herein proposed, as the more refinedlmih,seem to provide reasonable
estimates of the experimental recordings regardi#fsshe amount of existing
stirrups. Actually, the authors think that the amipaf existing stirrups affects the
depth to which the concrete fracture can penetteebeam web core but, since it

also affects the CDC inclination angi&*®, both models end up giving satisfactory
results regardless of the amount of existing gisrTable 1). Anyway, in this
respect, further research is needed.

CONCLUSIONS

A closed-form design procedure to evaluate the NSRP strips shear strength
contribution to RC beams was developed by simpigya more sophisticated model
recently developed. That procedure was obtainedntvpducing some substantial
simplifications, such as: a) assuming a simplifiechl bond stress-slip relationship,
b) taking into consideration the average-availdidad-length NSM FRP strip
confined to a concrete prism, and c) assuming tinerete fracture surfaces as being
semi-pyramidal instead of semi-conical. Given thsiseplifications, the procedure is
based on the evaluation of the constitutive lawhef average-available-bond-length
strip and the determination of the maximum effextoapacity that this latter can
provide during the loading process of the strengtdebeam, once the kinematic
mechanism has been suitably imposed. The most ématgpltask is the correct
evaluation of the single average-available-bondtien strip’s comprehensive
constitutive law, but it can be easily carried bytmeans of the informatics tools
available to every structural engineer nowadays &ktimates of the NSM shear
strength contribution obtained by means of thatpified model showed a
reasonable agreement with both the experimentardams and the predictions
obtained by a more sophisticated model. Anyway, itlieoduction of substantial
simplifications inevitably brought a loss of acatyaMoreover, many aspects such
as the correct evaluation of the local bond ststipsrelationship and the issue of the
interaction with existing stirrups still have to addressed.
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