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Synopsis:A three dimensional mechanical model was recefgleloped to simulate the
shear strength contribution provided by a systerNedr Surface Mounted (NSM) Fiber
Reinforced Polymer (FRP) strips to a Reinforced cCete (RC) beam throughout its
loading process. It was developed fulfilling eduilum, kinematic compatibility and
constitutive laws of both materials, concrete andPF and local bond between
themselves. In the present paper, that modelssdjppraised on the basis of some of the
most recent experimental results and then is appliecarry out parametric studies. The
influence of each of the involved parameters oncthr@ribution provided by a system of
NSM FRP strips to the shear strength of a RC beaimviestigated. The results of those
studies are presented along with the main findings.
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INTRODUCTION
Shear strengthening of RC beams by NSM techniqusists in gluing FRP strips by an
adhesive into thin shallow slits cut onto the cetercover of the beam web lateral faces.
Recent findings (Biancet al. 2006-2007a) have spotlighted that the failure rsathat
can affect the behavior, at ultimate, of a NSM FRfip subject to an imposed end slip
comprise, depending on the relative mechanical gedmetrical properties of the
materials involved: debonding, tensile rupturetd strip, concrete semi-conical tensile
fracture and a mixed shallow-semi-cone-plus-debapéhilure mode (Fig. 1a). The term
debondings adopted to designate loss of bond due to dammiiggtion and propagation
within the adhesive layer and at the FRP strip-aileeand adhesive-concrete interfaces,
so that the strip pulling out results (Fig. 1a).
When principal tensile stresses transferred tostireounding concrete attain its tensile
strength, concrete fractures along a surface, epeebf the compression isostatics,
whose shape can be conveniently assumed as seioakcdRig. 1a). Increasing the
imposed end slip, subsequent coaxial semi-conieaitdre surfaces can occur in the
concrete surrounding the NSM strip that progresgiveduce the resisting bond length
i.e. the portion of the initial bond length still adkdrto concrete. Those subsequent
fractures can either progress up to the free eesljliting in aconcrete semi-conical
failure, or stop progressing midway between loaded and fed, resulting in a
mixed-shallow-semi-cone-plus-debondifggiure (Fig. 1a). Moreover, regardless of an
initial concrete fracture, the strip canpture (Fig. 1a).During the loading process of a
RC beam subject to shear, when concrete averagietstrengthf,,, is exceeded at the

web intrados, some shear cracks originate therginsaccessively progress towards the
web extrados. Those cracks can be thought as & dBrgical Diagonal Crack (CDC)
inclined of an angleg with respect to the beam longitudinal axis (Fig). The CDC can
be schematized as an inclined plane dividing thle it two portions sewn together by
the crossing strips (Fig. 1b).
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Figure 1 — Main features of the mechanical behavior of NSMPF&rips for shear

strengthening of RC beams: a) failure modes of MIN8ip subject to an increasing end
slip, b)web schematization, c)loading process,locdl bond characteristics,
e) interaction among adjacent strips and f) wetiGeparallel to the CDC plane.



At load stept; , the two web parts, separated by the CDC, stavimgaapart by pivoting
around the crack end (life-E in Fig. 1b-c). From that step on, by increasing alpplied
load, the CDC opening anglg(t,) progressively widens (Fig. 1c). The strips crogsin
the CDC oppose its widening by anchoring to theasurding concrete to which they
transfer, by bond, the force originating at thetersection with the CD(I,)I' , as a result
of the imposed end slip; [y(t,)] . The capacity of each strip is provided by itsikabde
bond lengthLy, that is the shorter between the two parts intactvithe CDC divides its

actual lengthL; (Fig. 1c). Bond is the mechanism through whicksges are transferred

to the surrounding concrete (Yuahal. 2004, Mohammed Alet al. 2006 and 2007). The
subsequent phases undergone by bond during théndpguiocess, representing the
physical phenomena occurring in sequence withinattifeesive layer by increasing the

imposed end slip, are: “elastic”, “softening”, “safing friction” and “free slipping”
(Fig. 1d) (Bianceet al. 2007b). The first rigid branch (@;) represents the overall initial

shear strength of the joint, independent of theowhedbility of the adhesive layer and
attributable to the micro-mechanical and, mainbychemical properties of the involved

materials and relative interfaces. In fact, theapseterr, is the average of the following

physical entities encountered in sequence by ssefiswing from the strip to the
surrounding concreté,e.. adhesion at the strip-adhesive interface, cohegiibhin the

adhesive itself, and adhesion at the adhesive-etmanterfaced.g. Sekulic and Curnier
2006, Zhaiet al. 2008). Fromr, up to the peak strength,, a macro-mechanical

strength due to the elastic stiffness of the intdiesive layer adds to the constant
adhesive-cohesive strength. That macro-mechanit@ngth can be conveniently
modeled by a linear elastic behavior. Approachihg peak strength, the adhesive
fractures along diagonal planes orthogonal to émsibn isostatics, as outlined also by
Sena-Cruz and Barros (2004) by means of post-tpstab microscope photos and
nonlinear finite element analysis (Sena-Cruz 20@Vring the subsequerstoftening
phase (Fig. 1d), force is transferred from thepsta the surrounding concrete by the
resulting diagonal micro-struts. Throughout thetestihg phase, by increasing the
imposed slip, the extremities of those adhesiverorstruts progressively deteriorate so
that micro-cracks parallel to the strip start tqpeqr at both the strip-adhesive and
adhesive-concrete interfaces. Approaching sbéening frictionphase (Fig. 1d), the
softening resisting mechanism is gradually replabgdriction and micro-mechanical
interlock along those micro-cracks. Nonethelessenethose mechanisms undergo
softening due to progressive degradation. Whemdisting force provided by friction is
exhausted, those micro-cracks result in smoothodisuuities. Thefree slippingphase
(Fig. 1d) follows, during which the strip keeps togipulled out without having to
overcome any opposing restraint left. Reducing gpacing between subsequent strips
s; (Figs. 1b-c), their semi-conical fracture surfaceerlap and the resulting envelope

area progressively becomes smaller than the maremation of each of them (see
Fig. 1e). That detrimental interaction betweenpstrcan be taken into account by
modifying the semi-conical surface pertaining teteatrip accordingly. By decreasing
the strips spacing, the concrete fracture envekytace is almost parallel to the web
face of the beam, as confirmed in experimental mlasi@ns reporting the detachment of



the concrete cover from the underlying beam cerg. Diaset al. 2007, Dias and Barros
2008, Rizzo and De Lorenzis 2009). Since the pwsitif those semi-conical surfaces is
symmetric with respect to the vertical plane pagsimough the beam axis, the horizontal
outward components of the tensile strength vectbissiibuted throughout their surfaces,
are balanced only from an overall standpoint but leally (Fig. 1f). That local
unbalance of the horizontal tensile stress compsnhenthogonal to the beam web face,
justifies the outward expulsion of the concrete exoin both the uppermost and
lowermost parts of the strengthened sides of the (féas and Barros 2008, Rizzo and
De Lorenzis 2009). Consistently with those mechangrinciples, a comprehensive
closed-form three-dimensional model for predictihg NSM shear strength contribution
to a RC beam was recently developed (Bianco 20@8)dB et al. 2009a-b and 2010).
That model allows the NSM FRP strips shear strewgtitribution to be calculated for
each value of the CDC opening andlg ,[y(t,)] and for eachk-th geometrical

configuration that the occurred CDC could assunih wéspect to the system of NSM
FRP strips. That model was implemented in a stdmwleaC language computer program
in order to carry out simulations of experimentataland to perform parametric studies.
In the next sections, after a brief presentatiofudher analytical details, the results of a
study regarding the influence of each parameterthen shear strength contribution
provided by a system of NSM FRP strips to a RC baepresented along with the main
findings and implications.

RESEARCH SIGNIFICANCE
A model was developed to assess the influenceatf ehthe intervening parameters on
the shear strength contribution provided to a Rénbéy a system of NSM strips. The
obtained results evidence a gradual variation ¢fi lfwe prevailing ultimate behavior and
corresponding configuration assumed by the systelRBM FRP strips. The outcomes of
the studies presented are very useful to betteerstehd the relative influence of the
various input parameters on the ultimate behavithe® system of NSM FRP strips.

NSM FRP STRIPS' SHEAR STRENGTH CONTRIBUTION
TO A RC BEAM: APPRAISAL
The proposed model was applied to a large amouteésbéd RC beams (Bian&b al.
2010) nonetheless, for the sake of brevity, ong bsults regarding some of the beams
tested by Diaset al. (2007) are reported in the present paper. Thosamgeare
characterized by the following common geometricald anechanical parameters:

b, =180mm; h,=300mm; f,,=18.6MPa; f;, =2952MPa; E; =166GPa;
a; =1.4mm; b; =10.0mm and 8 =45° (1 mm= 0.0394in - 1 N = 0.2248lb - 1000

psi = 6.9 MPad). The parameters characterizing the adopted lbcaid stress-slip
relationship are (Biancet al.2009b): r, =2.0MPa; r; =20.1MPa; 7, =9.0MPa;
4, =0.07mm; J, =0.83mm; J; =14.1mm. The CDC inclination angl&g adopted in
the simulations plotted in Fig. 2 is the one experitally observed?®®. The anglea
was assumed equal to 28.5°, being the average loks/aobtained in a previous
investigation (Biancet al.2006) by back-analysis of experimental data. The t
parameters characterizing the loading process jare0.01° and J;,,, = 0.6°. Concrete



average tensile strength,,,, was calculated from the average compressive streng

means of the formulae present in the CEB Fip M@&tede 1990 resulting in 1.48Pa

From the numerical/experimental comparison, a feafisry predictive performance of
the proposed model, in terms of peak NSM sheamngthe contributionV{'¢*, was

obtained. In fact, for all the beams simulated, séhoesults (Biancet al. 2010) are
herein omitted for the sake of brevity, the expemtal value always lies in between the

minimum and maximum values of the numerical préoiict and the ratioS/f”,}i”/VfeXp

and V{‘ffx/vfexp are characterized by mean value and standardtitevig; o) equal to
(0.99;0.59 and (1.38;0.77, respectively.
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Figure 2— NSM FRP strips’ shear strength contribution to alf&g@m. Appraisal of the
proposed model for some of the beams tested byddiak (2007): a) beam 2S-4L145-1|

(6P =40°, s; =275mm and stirrupsg6/300mm); b) beam 2S-7L145-11 §° = 30°,
s; =157mm and stirrupsg6/300mm); c) beam 4S-4L145-11 §° = 40°, s; =275mm

and stirrupsg6/180mm); d) beam 4S-7L145-11 @ =40°, s; =157mmr and stirrups
¢6/180mm) (1 mm= 0.0394in - 1N = 0.2248)b - 1000psi= 6.9MPa).



The typical graph of the shear strength contributas function of the CDC opening
angleV; [y(t,)] is characterized by abrupt decays which corresportide strips failure.

The peculiar behavior of a RC beam strengtheneshear by NSM technique can be
easily explained referring to one of those bearssfoa instance the beam labeled 2S-
7L145-11 whose cracking scenario, both numericaplyedicted and experimentally

recorded, is reported in Fig. 3.

f)

Figure 3 — Cracking scenario of the 2S-7L145-II beam: numariesult for ak = 1, b)
k=2, c)k = 3, and d-f) experimental post-test pictures.

Since the first load steps, concrete surroundirg ed the strips fractures and concrete
fracture, starting from the CDC plane, progressiveénetrates inside the core of the
beam web. The first strips to fail are those charéed by the shortest available bond
lengths that generally fail in the first stagegtod loading process, like for instance: the
1% (y=0.02) and the 8 (y=0.03) of the f' configuration (Fig. 3a); the1and &'

(y=0.0°) and the ¥ (y=0.02) of the 2° configuration (Fig. 3b). Those failures are

not so evident in the corresponding graph (Fig. €bge, in the first load steps, the
contribution provided by the strips with a largeraiable bond length is still increasing

and is relatively predominant. When a strip fatl@ digher stage of the loading process,
the corresponding larger decay in the shear stnengig contribution of the FRP system
is much more evident. This happens, for instarmettfe 2° strip of the ' configuration

at y=0.07, the ¥ strip of the 2 configuration aty =0.07 or the ¥ strip of the &

configuration aty =0.19 . These first two are mixed shallow-semi-cone-mlagtonding

failures and the third is characterized by a semmigal concrete fracture that reaches the
free extremity. After those failures, the corregioag graphs, present a different trend: in
the first two cases, a maximum relative follows lhin the third, the shear carrying
capacity goes on diminishing in a continuous waye Tormer behavior is due to the fact
that, when the last fracture occurs, that is theenhifailure of the ® and 3 strip,
respectively, the remaining strips still have aistésy bond length larger than the
required transfer length and their contribution séith increase before gradual complete



debonding follows. The latter is due to the faettthvhen the 8 central strip fails, the"2
and the &, had already failed by mixed failure so that therall carrying capacity goes
on diminishing up to the complete debonding ofrthedi resisting bond lengths.

It has to be stressed that, since lateral strigsadherized by the shortest values of the
available bond length fail in the early stages hué toading process, the strips which
significantly contribute to the peak NSM shear ragté contributionv{‘?ﬁ‘x, are the
central ones.

PARAMETRIC STUDIES
The Reference Beam (RB) assumed for the paransdtriies along with the range of
values assumed for each parameter, are listed bteTa The values of the parameters
characterizing the RB have been chosen in such yatwaesult approximately the
average values of those that can be met in realtipea In some cases, the specific
parameter is varied within a range that compreheaties a little beyond those having a
strict physical confirmation, in order to assess$ owly their influence on the physical
behavior of RC beams strengthened in shear by t8#8 Nechnique, but also their
influence from a mere analytical/numerical standporhe range of variation of ., was
limited to the values 10-981Pa (Table 1) in order for concrete to be considered a
structural, in accordance to the international regulatioesy.(CEB-FIP Model Code
1990).
The load stepy slightly influences, for the range of values inigbhit was herein varied

(0.0001°-0.01°), the peak NSM shear strength domtion V{7 (Fig. 4a). In this

scenario, it is deemed reasonable to assume a whlhe load step equal tg=0.01°

since it guarantees a good compromise betweenamcaf prediction and computational
demand.

The peak NSM shear strength contributitv’rf’i”‘li"X decreases by assuming increasing
values of the CDC inclination anglé since, other parameters being the same, the
number of strips effectively crossing the CDC dases (Fig. 4b).

The peak NSM shear strength contributMﬁfx increases by increasing the web cross

section depthh,, (Fig. 4c), since both the number of strips effesd§f crossing the CDC
and their available bond lengths increase in thor. h, < 400mm (1 mm= 0.0394in),

concrete fracture is so deep that: 1) the shoaterdl strips fail for semi-conical fracture
and 2) the central longer ones fail for mixed-shatsemi-cone-plus-debonding. For
increasing values oh,,, concrete fracture progressively becomes shall@mdrthe last

values assumed by the resisting bond lengths iseregherefore, since larger values of

Lg; can attain larger values of peak bond-transfeficde (Bianco 2008),V{*"§‘X

increases. Foh, >400mm, after an initial and more superficial semi-cohifracture

that involves all of the strips crossing the CD@d dhe eventual failure of the shorter
ones for mixed-shallow-semi-cone-plus-debonding tentral, longer ones, rupture.
Thus, for increasing values @f,, the larger the number of strips whose tensilensjth

can be attained, the larger the peak NSM sheargitreontribution becomes.



Table 1 —Range of values of the parameters whose influeraseinvestigated.

Study| v 4 h, b, as by St B Eq fu | fom ‘o’ Ly | 1o 7, oy [ 0

° ° mm | mm | mm |mm| mm | ° GPa | GPa| MPa MPa| MPa | MPa| mm | mm | mm
RB | 0.01| 45.0| 500.0 | 200.00f 1.4 | 10.0 200.0| 45.0 150.0 3.0 35/285| 2.0| 20.1 9.0 0.07 0.83 1411
1 |[1-10% 45.0] 500.0 | 200.0f 1.4 | 10.0l 200.0| 45.0| 150.0 3.0 35.028.5| 2.0| 20.1 9.0 0.07 0.883 1411
2 0.01{20-50 500.0 | 200.0f 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.0285]| 2.0| 20.1 9.0 0.07 0.83 1411
3 0.01| 45.0(200-70Q 200.0| 1.4 | 10.0 200.0| 45.0( 150.0 3.0 35.0285| 2.0| 20.1 9.0 0.07 0.883 1411
4 0.01f 45.0| 500.0 |50-400/ 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.0285| 2.0| 20.1 9.0 0.07 0.8 141
5 0.01| 45.0| 500.0 | 200.0(1.0-5.5 10.0| 200.0| 45.0| 150.0 3.0 35.028.5| 2.0| 20.1 9.0 0.07 0.883 1411
6 0.01| 45.0| 500.0 | 200.0| 1.4 |5-35| 200.0| 45.0( 150.0 3.0 35.0285| 2.0| 20.1 9.0 0.07 0.83 1411
7 0.01f 45.0| 500.0 | 200.0| 1.4 | 10.050-800 45.0| 150.0 3.0 35.0285| 2.0| 20.1 9.0 0.07 0.8 1411
8 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0{45-90[ 150.0 | 3.0| 35.0 28.5| 2.0| 20.1 9.0 0.07 0.83 1411
9 0.01f 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0({100-250 3.0 | 35.0| 28.5| 2.0 | 20.1 9.0 0.07 0.883 141
10 || 0.01| 45.C| 500.C | 200.( 1.4 |10.C| 200.C | 45.C | 150.C |1.C-5| 35.C| 28.t | 2.C | 20.1 | 9.C 0.07 0.82 | 14.1
11 | 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0[10-90 28.5| 2.0 | 20.1 9.0 0.07 0.83 1411
12 || 0.01| 45.0 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0f 35.010-45 2.0| 20.1 9.0 0.07 0.83 1411
13 | 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0f 35.028.5|0.5-5 20.1 9.0 0.07 0.83 14.1
14 | 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.028.5| 2.0 (9.5-35 9.0 0.07 0.83 14.1
15 | 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.028.5| 2.0| 20.1|3.0-19 0.07 0.83| 14.1
16 | 0.01| 45.0| 500.0 | 200.0| 1.4 |10.0f{ 200.0| 45.0| 150.0 3.0 35.0285| 2.0| 20.1 9.0|0.05-0.4 0.83| 14.1
17 | 0.01| 45.0| 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.028.5| 2.0| 20.1 9.0 0.07|0.2-10, 14.1
18 | 0.01| 45.0 500.0 | 200.0| 1.4 | 10.0 200.0| 45.0| 150.0 3.0 35.0285| 2.0 20.1 9.0 0.07 0.832.0-20

(1 mm=0.0394in - 1N = 0.2248b - 1000psi= 6.9MPa).
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Figure 4 — Influence on the peak NSM shear strength conidhuvf"?fx of: a) load step

y; b) CDC inclination anglé?; c) beam cross section dept}) and d) widthb,,; ) strip
cross section thickness, and f) widthb; (1 mm= 0.0394in - 1N = 0.2248b).

By increasing the RC beam web cross section wigjth(Fig. 4d), the peak NSM shear
strength contributionvf“,“fx presents a two-phases behavior with an almost-clga



division between themselves in correspondence ofvatue of approximately
b, =150mm (1 mm = 0.0394in). For values of the web widthp, <150 mm, by

increasingh,, , Vf’"“fx increases almost linearly up to a maximum whibe Values of the

web width b, >150mm, any further increase df, does not yield any further increase
of V{"&. This is due to the fact that, fty, <150 mm, the strips symmetrically placed on
the opposite sides of the strengthened web inteéransversally with each other, thus
affecting the concrete semi-conical fracture cat'pmz:vfcif . It follows that, for very short
values of b,, concrete semi-conical fracture is very deep ammbstnof the strips
effectively crossing the CDC fail since concretcture reaches their free extremity.

By increasingh,,, for values approaching,, =150 mm, concrete fracture progressively
becomes more superficial so that the last valusamasd by the strips’ resisting bond
lengths and, consequently, the maximum force they tansfer by bondvp®™,

increase. Thusvfr?fxincreases linearly up to attaining its maximum Byr=150 mm in

correspondence of which the last values of thestiagi bond lengths of the central strips
reach such values that allow them to transfer aimmax bond forceV %™ |arge

enough to attain the strip rupture capac‘itii. Therefore, forh, =150mm, central
strips rupture. For values df, >150mm, due to the lack of interaction between strips
placed on the opposite sides of the beam web, arfiefr increase oh, does not
produce any change in the overall response.

The peak NSM shear strength contributifi¢* presents, with respect to either of the
CFRP strip’s cross-section dimensiores (or b; ), a three-phases trend (Fig. 4e-f). In

the first phased; <1.5mm or b; <8 mm), the prevalent failure mode is tensile rupture

of the strips and/{'¢* increases almost linearly by increasing eitagror by . In fact,

after a soon and shallow concrete fracture, moshefstrips crossing the CDC rupture
due to their reduced cross-section area. In tlerimediate phasel(5<a; < 4.5mm or
8<b; <12mm, where Imm= 0.0394in), the prevailing failure mode is mixed-shallow-

semi-cone-plus-debonding and’* increases, by increasing eithef or by, with a

gradually decreasing rate. By increasing eithethefstrip’s cross-sectional dimensions,
after an initial and deeper concrete fracture,rémeaining resisting bond lengths, even if
relatively shorter with respect to the first phasan mobilize bond at a higher extent,
which means that a larger percentage of the peade finey would be able to transfer

through bondvf'i’d'max can actually be attained due to the larger temsgii¢ure capacity

Vftr . In the third phaseg; >4.5mm or b; >12 mm), the commanding failure mode is
concrete semi-conical fracture since concrete diracbecomes progressively deeper up



to reaching the free extremities of the availabtenc lengths andv{"y* is almost

independent of the value assumed by either of tbesesectional dimensions.
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Figure 5 — Influence on the peak NSM shear strength coniobuV{"¢* of: a) strips’
spacing s; ; b) strips’ inclination angles; c) strip’s Young’s ModulusE; ; d) strip’s
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a (1 mm=0.0394in - 1N = 0.2248b).



However, for very large values of either of thaépstiross-section dimensions, the model
progressively loses accuracy underestimating thecrete fracture capacity since the
approximation of the concrete fracture surface ssrai-cone whose axis lies on the web
face may no longer be acceptable.

By increasing the spacing; between adjacent strips, their contribution toghak NSM

shear strength significantly decreases (Fig. 5agesithe number of strips effectively
crossing the CDC decreases in turn. For very shaltes of s;, due to the high
interaction between adjacent strips (Biaet@l. 2010), concrete tensile fracture capacity
is very low so that concrete fracture is relativébeper. The strips characterized by the
shorter available bond lengths fail since conchieteture reaches their free extremity, the
ones characterized by an average value of availdided length undergo a
mixed-shallow-semi-cone-plus-debonding failure d@hd central, longer ones, rupture.

For increasing values of;, concrete semi-conical fracture becomes progrelssiv
shallower and the strips characterized by the shatailable bond lengths fail due to
mixed-shallow-semi-cone-plus-debonding failure @ central ones rupture.

By further increasings; , the number of strips crossing the CDC progre$gineduces.
For the cases of spacing larger than 808 the number of strips effectively crossing the
CDC varies between two and one. For these casestrips generally undergo an initial
shallow concrete fracture followed by loss of bavidle the central ones, or the only one
in the case of one strip only crossing the CDCturgs.

By increasing the value of the inclination of thaps with respect to the beam axi%

(Fig. 1la-b), the peak NSM shear strength contributdecreases (Fig. 5b) mainly
because, other parameters being the same, botiuthker of strips effectively crossing
the CDC and their initial available bond lengthsréase.

The strip's Young's Modulus€s; has, on the whole and for the values assumedein th

present study, a negligible influence ¥ (Fig. 5¢). In fact, since the value &;

mainly influences the value of the necessary baadsfer length b,d (4.) (Bianco

2008), it ends up influencing, in the initial loateps, the penetration depth of concrete
fracture inside the web core. Nevertheless, hakiargin assumed a very low value of the
increment of the CDC opening angje although different values dE; could imply a

different penetration depth of concrete fracturgha initial load steps, the last values
assumed by the resisting bond lenglhg result, altogether, almost equal. Therefore,

since similar values ofg; can mobilize a maximum value of bond folg*™* which

is practically the sameE; only negligibly influences the peak NSM shear rsgté

contributionV/{"g*.

The trend of the peak NSM shear strength contxbhuv{"“fx with respect to the strip
tensile strengthf;, shows two phases separated by an almost cledtunihg point
approximately in correspondence of the value of GPa (1000 psi = 6.9 MPa).



(Fig. 5d). For values off;, smaller than 3.GPa, the ultimate behavior is governed by

the prevalent rupture of the strips. In fact, aftee initial concrete fracture, which
generally occurs around all of them, most of th@stfail by rupture. For increasing
values of f;,, after the initial concrete fracture, due to theréased value of the strip

tensile capacityv;", the last values assumed by the strips resistorgl bengths can

mobilize a progressively larger percentage of tI’tea:hnd-capacityvfﬁ’d'max and the
number of strips that undergo rupture progressivetiuces to the central ones only. For
values of f;, approaching 3.GPa, due to the increased strip tensile capacity, #se |
values assumed by the strips resisting bond lengthsattain their entire bond-capacity
VP9 ™ without rupturing since/ 2™ < V", Since f,, does not affect the mechanics

of bond,i.e. it has no influence on eithdfy’; (4;) or V*™ as long as this latter is

smaller thaantr , for values of f;, larger than 3.@Pa, strips no longer rupture and the
ultimate state, characterized by mixed-shallow-seomie-plus-debonding for all of the
strips, remains exactly the same regardless ofahee assumed by, .

The variation of V{"¢* with respect to concrete mechanical properties and a

presents a nonlinear trend (Figs. 5e-f) in whigle¢hsuccessive linear branches, mutually
connected by gradually varying stretches, can hgleil out. In the first phaser(<10°
and f,,<10MPa, not represented in Fig. 12e since concrete isstrattural), due to

the fact that concrete mechanical properties arg l®v, concrete fracture penetrates
very deep inside the core of the beam web up tokgureaching all of the strips’ free
extremity. In this first phase, in which concretacture is the prevailing failure mode,

Vi is very low and increases linearly for increasidues of eitherf,, or a. By

further increasingf,,, or a, concrete fracture becomes progressively shalleeedhat:
a) the resisting bond lengths that result afterléise concrete fracture are longer and b)
the number of strips, in correspondence of whichcoete fracture reaches the free
extremity, reduces to the shorter ones only while fonger ones undergo an abrupt
reduction of their resisting bond length. In thecw® phase 10°<a < 30° and
10< f,, < 30MPa) most of the strips fail due to mixed shallow-semne-plus-
debonding so that the last values of the residimgd lengths and in turn, the maximum
value of force they can transfer by bomﬁd'max, increase. Thus the peak NSM shear

strength contributionv{‘]i"X increases according to a linear trend that presamt

inclination larger than the one characterizing firt phase and much closer to the one
characterizing the relationship betwe\{ﬁd'max and Lg; (Bianco 2008). In the second

intermediate phase30°< a < 40°¢ and 30< f_,, < 60MPa), concrete fracture continues

to become shallower and the last values of thestiegi bond lengths progressively
become long enough to allow the transfer, througidbstresses, of a force large enough



to equal the strip rupture capacit\yf”. Therefore, in this intermediate phase, by

increasing f,, or a, central strips start to rupture an‘lefn?ﬁlx increases by a

progressively decreasing rate. In the third antipasse & >40° and f_, >60MPa),
even if concrete fracture becomes shallower andloster and the last values of the

resisting bond lengths Iargev,f“,“lf‘X does not further increase since the central strips

which substantially contribute to the peak valuepture for a certain value of .

Therefore, in this last phasla’,,“"‘i’lx is practically independent of the value assumed by

either ., or a .
The parameterr, has a negligible influence on the peak NSM sheaength

contribution V{"¥* (Fig. 7a). For the range of values herein adojfeble 1), that are

deemed physically reasonablg, only slightly influences the extent to which tétiil
concrete fracture around each strip penetrateddrtbie web core (Bianco 2008). In fact,
the largerr, , the slightly shallower the concrete fracture @ndurn, the slightly larger
the last values of the resisting bond lengths. Kbetess, at those slightly larger values
of Lg; does not correspond an appreciable variatior\/,?yi‘fX since, even if the peak

force these latter can transfer by bon,?ij'max is larger, it can not be entirely attained. In

fact the central strips, which mainly contribute tile peak NSM shear strength

contributionV{"*, prematurely fail by rupture.

The peak bond strength has, despite a fluctuation around an average yvalugarginal

influence oan’"“fX (Fig. 6b). Since for smaller values of, the necessary bond transfer

length L, (J;) is larger (Bianco 2008), in the very firgt steps of the loading process
¥(t,) . the resulting imposed end slf; [y(t,)] and the force originating in the loaded

end being the same, concrete semi-conical fradwrdeeper. Nonetheless, concrete
fracture stops progressing inwards relatively mwehlier since the vertices of the
hypothetical concrete semi-conical fracture sudaeach, in the following steps, such

depths that the corresponding concrete fractuength Vfcif (Xi') is large enough to
prevent further fracture. It results that the latsemi-conical concrete fractures are
shallower with respect to the case of a largefand that the remaining resisting bond
lengths are relatively longer. On the contrarythia case of a larger value of, concrete

fracture penetrates deeper inside the web coretladesulting latest resisting bond
lengths are shorter. Nevertheless, even if diffenaalues of the last resisting bond

lengths Lg;;, for different values ofr;, would be capable of attaining different values of
Vf'i’d'max (Bianco 2008), these latter are always larger tbl,%{n regardless of the value

assumed by, so that they can not be attained since stripsurafpeforehand.
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Thus, the peak of the shear strength contributi@mvided by a system of NSM FRP
strips Vf”,“fx does not appreciably vary by varyirg since, in correspondence of the

max

for which V¢ ™ is attained, the central and longer strips prensdtuupture.

max

The peak shear strength contribution provided tystem of NSM FRP strip¥/;

shows, by increasing, and for the values herein assumed for the othempeters, a
pseudo bi-linear trend (Bianco 2008) with a notacleut division between the two
pseudo straight lines. Since an increaserpfonly yields a decrease of the necessary
bond transfer length b,d(é'u) for values of the imposed end slip larger than

approximately 2.Gnm(Bianco 2008), it does not produce any variatiothia penetration
depth of concrete fracture that generally occuthénfirst load steps in which the values
of imposed end slip; are low. Thus, the resisting bond lengths thataianafter the

last semi-conical fracture has occurred around edfthe strips effectively crossing the
CDC, have almost the same values regardless ofallue of 7, . However, for a generic

value of the resisting bond length, by increasipgthe peak force transmissible by bond
Vf?d'max increases, (Bianco 2008). Along the first of thdsanches £, <12.5MPa -

max

1000 psi = 6.9 MPa), by increasingr,, Vy' " slightly increases while in the second

branch {, >12.5MPa) V{"’E‘X is almost constant. Along the first branch, atiathent of

Vi, the central strips, characterized by the largdues of Lz, manage to attain their

peak bond-transferred forCéfﬁ’d'maX while in the second branch, in correspondence of

a

the peak\/f”?kx, the central strips undergo tensile rupture withming able of mobilizing

the whole bond force they are capable to trangf¥r™®. The slight increase of "™ in

the second branch is due to the contribution ofltberal strips that, even if undergo
max

mixed-shallow-semi-cone-plus-debonding, in corresjgmce of the attainment &’y
still have a resisting bond length large enoughetgister an increase of bond transferred
force for increasing values af, .

The parameterd, has, for the values of the various parametersimeassumed, a

negligible influence on the peak NSM shear strengtimtribution (Fig. 7d). By
increasingd,, the bond results softer in the sense that, fazcaral value of the imposed

end slip J;; , the necessary transfer length is longer (Biar@@8? For a larger value of
4, and for an equal value ad;, concrete fracture in the first load steps is tieddy

deeper but it stops progressing inwards much ealfifollows that, the smaller the value
of &, the deeper the concrete fracture penetratiomiéntlie web core and in turn, the

smaller the latest resisting bond lengths. On thetrary, for larger values o8, the

latest resisting bond lengths are longer. Nonesiseleven if for different values @ the
last values of the resisting bond lengths are iiffe and due to that, would be capable of



providing a different value of the maximum conttibn V{*™ (Bianco 2008), this

latter can not be entirely attained since the stripture for a smaller value aMﬂf‘x is

approximately the same.
The slip valuesd, and J; have a similar influence, though marginal, on peak NSM

shear strength contributiok{{"“ﬁ‘x (Fig. 7e-f). By increasingd, or J;, the necessary

transfer lengths, the imposed end slip being tineesa@ecrease but only for large values
of the imposed end slip (Bianco 2008). On the @owirfor very small values od;;,
which are those corresponding to the first loadostén which generally concrete
fractures, the necessary transfer lengths are ffetted by a variation in the value of
either 8, or &;. It follows that, regardless of the value assurfed d, or J;, the
concrete semi-conical fracture has the same damih @nsequently, the latest values
assumed by the resisting bond lengths do not vgryaoying d, or ;. Anyway, by

d,max

increasingd, or J;, the maximum bond transferrable forde varies as function

of the value of the resisting bond length (Bian€@®&). Thus, by increasing, or J,

(Fig. 7e-f), an increase oK/f",“fx can be noticed as long as the maximum force

transferrable by bonvfﬁ’d'max is smaller than the strip tensile rupture capa\fl,i’y. From

the value ofd, (or d;) in correspondence of which the central stripst gt rupture,

V{"&* does not further increase by increasifig(or J;).

CONCLUSIONS
The main features of a mechanical model that weentéy developed to predict the NSM
FRP strips shear strength contribution to a RC beane presented. That model was first
appraised on the basis of available experimengallt®and then was applied to evaluate
the influence of each of the intervening parametersghe shear strength contribution
provided to a RC beam by a system of NSM strips.
The behavior of a system of NSM FRP strips contiitguto the shear strength of a RC
beam is extremely complex due to: 1) interactioroagnadjacent strips, 2) interaction
among all the possible failure modes, 3) complicggmmetry and 4) asymmetric
distribution of imposed end slips. For these reastime dependency of the peak NSM
FRP strips shear strength contribution on moshefibtervening parameters is extremely
non-linear.
From the results of the parametric studies it arideat a variation in each of the
parameters analyzed yields a gradual variationotii ibhe prevailing ultimate behavior
and configuration assumed by the system of NSM BfRPs. Nonetheless, the threshold
values of the parameters that mark the passagednenbehavior to the other can not be
taken as universally valid but they are valid ligkly to the set of values assumed for the
other parameters. However, the outcomes of thelestysresented are very useful to
better understand the relative influence of theouer input parameters on the ultimate
behavior of the system of NSM FRP strips.



Since the very first steps of the loading processcrete fractures, in the shape of
concentric successive semi-cones, around each eofstifips. The resulting envelope
fracture surface, starting from the CDC plane, peegively penetrates inside the web
core reducing the strips’ resisting bond lengthbe Tower the concrete mechanical
properties, the deeper concrete fractures.

A variation in the parameters defining the locahthstress-slip relationship can be felt,
in terms of peak shear strength contribution, @dylong as the last values assumed by
the strips’ resisting bond lengths are such asatuster, through bond, a maximum force
that is lower than the strip rupture capacity.
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