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Abstract

Experimental research has demonstrated the ext@égformance of the near surface mounted (NSM)
technique with carbon fibre reinforced polymer (G5Raminates for the shear strengthening of reaefdr
concrete (RC) beams. This paper presents a fildteent analysis to evaluate the behaviour of RQrisea
shear strengthened with NSM CFRP laminates. Toigredrrectly the deformational and the cracking
behaviour of RC elements failing in shear usingnaared crack approach, the strategy adopted tdatemu
the crack shear stress transfer is crucial. Ferghipose, a strategy for modelling the fractureend was
implemented in a smeared crack model already egisti the FEM-based computer program, FEMIX.
This strategy is mainly based on a softening skrass-shear strain diagram adopted for modelhieg t
crack shear stress transfer.

To assess the predictive performance of the deedlopodel, the experimental tests carried out with a
series of T cross section RC beams shear streregtrescording to the NSM technique by using CFRP
laminates were simulated. In this series of bednse different percentages of CFRP laminates fand,
each CFRP percentage, three inclinations for thenates were tested: 90°, 60° and 45°. By using the
properties obtained from the experimental programHte characterization of the relevant propeuifebe
intervening materials, and deriving from inversalgsis the data for the crack shear softening diagr

the simulations carried out have fitted with higitaracy the deformational and cracking behaviouhef



tested beams, as well as the strain fields inghdarcements. The constitutive model is brieflgchébed,

and the simulations are presented and analysed.
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1. INTRODUCTION

Near Surface Mounted (NSM) with Carbon Fibre Reicéal Polymer (CFRP) laminates is a strengthening
technique of high potential to increase the shesistance of Reinforced Concrete (RC) beams that ha
some risk of collapsing in a brittle shear failum@de. This technique is based on introducing CFRP
laminates into slits opened on the concrete colrenlateral faces of the beam and bonded to ebadry

an epoxy adhesive [1]. The efficiency of the NSMhi@que with CFRP laminates for the shear
strengthening of RC beams has already been asd@gesgerimental research [1-3]. Dias and Barrgs [1
concluded that NSM technique is more effective thaternally Bonded Reinforcement (EBR) technique,
since NSM provided a larger increase not only imgeof maximum load, but also in terms of load yiag
capacity after shear crack formation. The NSM gsovided higher values of the maximum strains
measured in the CFRP (better utilization of thesiterstrength of the CFRP material).

Available research shows that the predictive perforce of computer programs based on the finiteeém
method (FEM) and incorporating constitutive modelsthe material nonlinear analysis of RC strucsure
failing in shear is quite dependent on the contstitumodel adopted to simulate the shear streasfain

the cracked concrete [4, 5]. In fact, Suryaetal. [5] have evidenced that, for capturing correchg t
deformational behaviour and the crack pattern ofdR&nents failing in shear by using a smeared crack
approach, it is fundamental the adoption of a sistt@ss-shear strain softening law for modelling th
damage that occurs during sliding/opening procéss aracked cement based material. Recently a total
crack shear stress-shear strain approach was iraptedhin a multi-directional fixed smeared cracldeio

for a better simulation of the strengthened beaitim in shear and in flexural/shear [6]. This egaxch
was able of simulating the decrease of the totaticshear stress with the crack opening, but iffaeds
predicted by the model for the behaviour of somrenewas higher than the one registered experiniental
Furthermore, due to numerical instabilities sonmeutations were not capable of attaining the deifhect
corresponding to the peak load.

In this paper a softening diagram is proposed fodefling the sliding component of the crack constie

law, and it was implemented into a multi-directibfised smeared crack model for capturing with high



accuracy, not only the deformational and load éagrgapacity of RC beams failing in shear, but also
crack patterns formed during the loading procedhieftype of structural elements.

To appraise the predictive performance of this hateras applied on the simulation of an experita¢n
program composed a series of T cross section R@death a certain percentage of steel stirrups and
shear strengthened according to the NSM technigitle @FRP laminates that is described in detail
elsewhere [1]. For this purpose it was simulateg: fieams with distinct NSM CFRP shear strengthening
configurations: three inclinations of the lamina{ds°, 60° and 90°); three percentages of CFRFs Thi
experimental program was used to demonstrate #ar sktrengthening effectiveness of the NSM techaiqu
for RC beams. The constitutive model is briefly ad®ed in this paper, with the main focus on the
innovative aspects implemented in an already exjstiulti-directional fixed smeared crack model THe

predictive performance of the proposed model isss=d by simulating the experimental tests.

2. NUMERICAL MODEL

2.1. Introduction

In the present work is described a multi-directidin@ed smeared crack model capable of simulatiritty w
high accuracy RC beams failing in shear. The mamovative aspect in this constitutive model is the
treatment of the concrete fracture mode Il by usirspftening diagram to simulate the crack sheasst

vs crack shear sliding in the context of a smeagoroach. The executed parametric study reveals the
relevance of this enhancement on the constitutiveathin order to be possible to capture the deftional

response and the crack pattern of RC beams farispear.

2.2. Multi-directional fixed smeared crack model

Under the framework of the finite element analydie tested beams are considered as a plane stress
problem. The description of the formulation of thelti-directional fixed smeared crack model is riestd

to the case of cracked concrete, at the domaim @fitagration pointlP) of a plane stress finite element.

According to the adopted constitutive law, strasd strain are related by the following equation
Ag =QCICO A£ (1)

being Ag = {Ao,,00,,07,,)" and Ae = {Ag,A¢,,0y,,}" the vectors of the incremental stress and

incremental strain components.



Due to the decomposition of the total strain imticeastic concrete part and a crack pAg,= As™ + Ag”

crco

, In equation (1) the cracked concrete constitutharix, D™, is obtained with the following equation

[6]:

o =p°-p” [1°] [0+ 1°D°[1°]| 17D" @

where D is the constitutive matrix of concrete, assumirig@ar behaviour

1 v, 0
CEioEve 10 (3)
¢ 0 0 1-v,

beingE: and v the Young’'s modulus and the Poisson'’s ratio otccete, respectively. In equation (BY

is the matrix that transforms the stress comporfeoits the coordinate system of the finite elementhe
local crack coordinate system (a subscfigtused to identify entities in the local craclkomtinate system).

If mcracks occurs at dR

I R . @

where the matrix crack orientation of a genéficrack is defined by

o :{ _coszei _sirfeg 2sif co§ } )
-sing cos s co§ 6 - Sif
with @ being the angle between tkeaxis and the vector orthogonal to the plane oftth@ack.
In equation (2)D” is a matrix that includes the constitutive lawtlug m cracks
D" .. 0 .. O]
0 =l0 .0 . o0 ®
o . o .o
with D™ being the crack constitutive matrix of tifecrack
D {D'c; (:, } )
0 Dy

where D and D;"; represent, respectively, the modulus corresponigetite fracture mode | (normal)

and fracture mode |l (shear) of tifecrack.

The behaviour of non-completely closed cracks fatimeanIP is governed by the following relationship
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Ag; =D"Ag} (8)
where Ag?' is the vector of the incremental crack stress amepts in the coordinate system of each of

them cracks

Ao =[A0%, AT, .. A0% AT, .. AGT, Ar%,T 9)

and Ag! is the vector of the correspondent incrementaticeirain components

Net =[DeS, Ay, . Dl AV, . e, AT (10)

n,i
By using theT® matrix, the vector of the incremental crack straomponents in the finite element
coordinate systemig, can be obtained fromg}
ne” =[T1°7 ae” (11)
and the equilibrium condition
Ag;" =T“Ag (12)
must be assured.

In the present approach, a new crack is arisen IR avhen the angle formed between the new crack and

the already existing crack®

hew?

exceeds a certain threshold anglg, (a parameter of the constitutive
model that in general ranges between 30 and 6&dsdr]).
The crack opening propagation is simulated withttiimear diagram represented in Figure 1, whigh i

defined by the normalized stress, , and strain,,, parameters that define the transition points betw

the linear segments of this diagram. The ultimatck strain, £, is defined as a function of the

Cr

parametersy, and§, fracture energy(G; , tensile strengthf,, = o7, and crack band width, , as follows

(71,

2 G
&, = (13)
El +a1€2—a2£1+a2 fcl b

Cr

H - Cr —_ Cr Cr —_ ~Cr Cr —_ ~Cr Ccr
beinga, =o,,/0,,, a,=0,,/0;,, §=¢&,1¢, andé§, =&,/ &,

To simulate the fracture mode Il moduluz

., a shear retention factor is currently used [7, 8]

o« B
DII - 1_ﬂGC (14)



where G, is the concrete elastic shear modulus ghds the shear retention factor. The paramegfeiis

defined as a constant value or as a function oftineent crack normal straim;" , and of the ultimate crack

cr
nu?

normal strain,e” , as follows,

cr P
p= {1— = ] (15)
£
When p, =1 a linear decrease g8 with the increase ot is assumed. Larger values of the exponent

p, correspond to a more pronounced decrease ofsthgarameter [7].

In structures governed by flexural failure moddss tstrategy leads to simulations with reasonable
accuracy. Exceptions occur in structures thatlfgithe formation of a critical shear crack. To siate
accurately the deformational response and the grattkrn up to the failure of this type of struesirthe
adoption of a softening crack shear stesgrack shear strain relationship is the strateglaggd in the
present work. In fact, Suryané al. have already demonstrated that the adoption béarssoftening law
for modelling the shear stress transfer in cradk@utrete is fundamental for a proper simulationhef
behaviour of engineered cement composites (ECOnbdailing in shear [5]. The law proposed by these
authors for simulating the crack shear stress-sieling response of ECC is based on the modelldped

by Li et al.[9]. This law was implemented by Suryamtbal. in a fixed smeared crack model where two
orthogonal cracks can be formed in an integratmntpf a finite element. However, experimentadevrice

of RC structures failing in shear shows that in¢hdcal shear regions non-orthogonal cracks arméd
[1-3, 11, 12], thereby in the present work a saftgriaw for modelling the fracture mode Il of cerhen
based materials was implemented in the above tescrnulti-directional fixed smeared crack model,
where several cracks can be formed in the samgratten point based on a stress criterion andestiuid
angle between cracks.

The implemented crack shear diagrams are represenkggure 2, but the presentation of the formatat

will be focused on the linear diagram (Figure 2ming the formulations for the other diagrams alxd
elsewhere [10]. The crack shear stress increasearly until the crack shear strength is reaclfé'g, (first

branch of the shear crack diagram), followed bgeréase in the shear residual strength (softemarrh).

The diagram represented in Figure 2a is definethéyollowing equations:
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The initial shear fracture moduluB,’ , is defined by equation (14p(" is replaced byD;;) by assuming
for S a constant value in the range ]0,1[. The peakkcshear strainy, , is obtained using the crack

shear strength (from the input dataj,, , and the crack shear modulus:

cr

T,

r " tp
- 17
J/t[(:p D[(f;_ ( )

W

The ultimate crack shear straiyf;, , depends on the crack shear strengﬁlg,, on the shear fracture energy

(modell fracture energy)G; ., and on the crack bandwidth;

f.s

2G, .
A (18)

I, I,

In the present approach it is assumed that thekdbandwidth, used to assure that the results are
independent of the mesh refinement [8], is the seaamé&oth fracture mode | and mode |l processes, bu
specific research should be done in this respegtder to assess the influence of these model pream

on the predictive performance of the behaviourlefrents failing in shear.

When the softening constitutive law representedrigure 2 is used to evaluate the fracture mode I
softening modulusD; of equation (7), its value depends on the brandedising the diagram. For this

reason five shear crack statuses are proposedaindrteaning is schematically represented in Fi@are
The crack mode Il modulus of the first linear biaioé the diagram is defined by equation (14), theosid

linear softening branch is defined by

cr

DY =D =— Z-t,p
T2 T ycr _ r (19)
tu t,p

and the crack shear modulus of the unloading doddeng branches is obtained from

cr

T[ max
’ (20)

r
t,max

o — e —
DII - D[,3—4 -

being )/ .. and 7\ ., the maximum crack shear strain already attaineitfas corresponding crack shear

stress determined from the softening linear branBbth components are stored to define the

unloading/reloading branch (see Figure 2a).



In free-sliding status|¢| > |y |) the crack mode Il stiffness moduluB;" = DY, is null. To avoid

numerical instabilities in the calculation of th#fsess matrix and in the calculation of the imi&irforces,

when the crack shear status is free-sliding, @uvesivalue is assigned to this term.

A free-sliding status is assigned to the shearkcstatus where;" > £ . The details about how the shear

crack statuses were treated can be consulted edse\\t0].

3. PREDICTIVE PERFORMANCE OF THE NUMERICAL MODEL

3.1 Introduction

To assess the predictive performance of the moestribed in previous section, the experimentabtest
carried out with a series of T cross section RQrizeshear strengthened according to the NSM teclniqu
by using CFRP laminates were simulated. The expariah program corresponding to tests of these beams

is described in detail elsewhere [1], so only afimésume of this program is given in the followsggtions.

3.2 Seriesof beams

Figure 3 presents the T cross section of the teambecomprising the experimental program. The
reinforcement systems were designed to assure &ieae mode for all the tested beams. To localize
shear failure in only one of the beam shear spatisee point load configuration of a distinct léngf the
beam shear spans was selected, as shown in Figuree3monitored beam spani)lis 2.5 times the
effective depth of the beam;(ti=2.5). To avoid shear failure in theleam span, steel stirrup8@75mm
were applied in this span. The differences betwkerested beams are restricted to the shear reamf@nt

systems applied in the heam span. The experimental program is made apebeam with steel stirrups

@@300mm (2S-R beam, with a percentage of stirrppg, of 0.10%); and nine beams @8@300mm

that include distinct CFRP arrangements on tHeeam span (three distinct percentages of CFRmM&as
and, for each CFRP percentage, three inclinationge laminates, 90°, 60° and 45°, Figure 4).GRBP
shear strengthening percentagg, , was obtained from:

203, b,

Pw = s, 3ind,

(21)

whereas = 1.4 mm andx = 9.5 mm are the dimensions of the laminate csestion. In equation (21),
bw= 180 mm is the beam web width, amdand & represent the spacing and inclination of the CFRP,
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respectively. The strengthening technique is compax the following procedures: 1) using a diamond
cutter, slits of about 5 mm width and 12-15 mm tepé¢re opened on the concrete cover (of about 22 mm
thickness) of the lateral faces of the beam weguife 3.2), according to the pre-defined arrangerfmnt
the laminates (the laminates were not anchorebedéam flange, they were restricted to the bealm we
Figure 4); 2) the slits were cleaned by compresse®) the laminates were cleaned with aceton¢hd)
epoxy adhesive was produced according to supmiesmmendations; 5) the slits were filled with the
adhesive; 6) the adhesive was applied on the fzfdbe laminates; and 7) the laminates were indenti®

the slits and adhesive in excess was removed. amagtee a proper curing of the adhesive, at lezsst o

week passed between the beam strengthening operatial the beam test.

3.3 Test setup and monitoring system

The three point beam bending tests were carriedising a servo closed-loop control equipment, @kin
the signal in the displacement transducer (LVDT3iphened at the loaded section, to control the aest
deflection rate of 0.01 mm/s. To avoid concretdlsppat the most loaded beam support, a confingmen
system based on the use of wet lay-up CFRP shextsapplied (three layers with the fibres direction
coinciding with the beam axis direction).

Four strain gauges (SG_L) were bonded in eacleafibnitored CFRP laminates (two per beam) according
to the arrangement represented in Figure 5a, aedstael stirrup positioned in the shear span was
monitored with three strain gauges (SG_S) instadlecbrding to the configuration represented in fégu

5b. The location of the monitored laminates anadlgis in the tested beams is represented in Figjure

3.4 Main results

The relationships between the applied force and#ilection at the loaded section for the testeahise

are presented in Figure 6.

The results show that, for deflection higher thiaen dne corresponding to the formation of the Btstar
crack in the 2S-R reference beam, the adopted dBRIhates configurations provided a significant
increase in the beam's load carrying capacity.alst, fthe decrease of stiffness observed in the 2S-R
reference beam when the first shear crack was fbemaes not so significant in the CFRP shear strearggt
beams. This reveals that the CFRP laminates bigdtlia surfaces of the shear crack offer resistance,
mainly, to crack opening, resulting a smaller ddgten of the shear stress transfer between thes fat

9



the crack due to aggregate interlock effect. Tloeegffor deflections above the deflection corresiom

to the formation of the shear crack in the 2S-Renezice beam, an increase of the beam's stiffness is
observed in the shear strengthened beams. The opmking resisting mechanisms provided by the
laminates bridging the cracks also contribute tyaase the load at which yield initiation occurghe

stirrups.

The strengthening arrangements with the lowegt had the smallest increase in terms of the bearh loa

carrying capacity (11.1%, 29.3% and 27.2% for tlearbs strengthened with vertical laminates, and

laminates at 45° and 60°, respectively). For thariseshear strengthened with the intermedggte, the

strengthening configurations of vertical laminatsd laminates at 45° and 60° assured an incredke i

beam load carrying capacity of 23.1%, 38.8%, an@%9 respectively. Among the beams strengthened

with the highestp ,, , as already happened for the other two percentéigestrengthening configuration

of 8, = 45° was the most effective in terms of maximuadi@apacity, since an increase of 47.0% (2S-

10LI45) was obtained, while an increase of 30.8%-{PLV) and 35.8% (2S-9L160) was recorded for the

strengthening arrangements 8f =90° andd, =60°, respectively. Regardless of the percentadeF&tP

it was verified that inclined laminates are morieetive than vertical laminates. Furthermore, améase

of the percentage of CFRP led to an increase di¢laen’s shear resistance. A very important asgabto
effectiveness of the NSM technique, regarding thalyesed beams, is its capacity to mobilize thedyiel
strain of the stirrups crossed the diagonal shaituré crack at the maximum load of the strengtbene
beams.

The global analysis of the failure modes of thee@deams with CFRP laminates indicates that fieaefy

of NSM technique for the shear strengthening oftlR@ms increases with the concrete strength [11, 12]
In fact the failure process includes fracture & tloncrete surrounding the laminates, having tinerete
become adhered to the detached laminates. In tadwith the highest percentage of CFRP the dritica
failure mode is governed by a group effect of #raihates that consists on the premature detachohant

concrete layer that includes the laminates.

3.5 Finiteelement mesh, integration schemes and constitutive lawsfor the materials
To simulate the crack initiation and the fracturedm | propagation of reinforced concrete, thenitir
tension-softening diagram represented in Figurea% adopted. The values that define this diagram are

indicated in Table 1, and were obtained from thpeexnental program for the characterization of the
10



relevant properties of the intervening materiatsthis table is also included the data necessadgtime

the shear-softening diagram represented in Figare@opted to simulate the degradation of crackrshe
stress transfer after crack initiation. Since nailable experimental results exist to charactettieecrack
shear softening diagram, the adopted values weeenall by inverse analysis by fitting the experitaén
results as best as possible.

In Figure 7 is represented, as an example, thee felement mesh used for the simulation of the 2851
beam. The beams are modelled with a mesh of 4-nedeshdipity plane stress finite elements. The
longitudinal steel bars, stirrups and the NSM CH&Rinates are modelled with 2-noded perfect bonded
embedded cables (one degree-of-freedom per ead).nod

For modelling the behaviour of the longitudinal amgnsversal steel bars, the stress-strain rekttipn

represented in Figure 8 was adopted. The curveefurminmpressive or tensile loading) is defined ke th

points PT1=(£ o ) PT2=(¢,,,0,) and PT34¢,, ,0,,), and a parameter p that defines the shape of

sy ! sy su !
the last branch of the curve. Unloading and relogtinear branches with slofg, = o, /¢, are assumed

in the present approach. The values of the parasnetdhe constitutive model for the steel are ¢atizd
in Table 2.
For modelling the NSM CFRP laminates, a lineartelastress-strain relationship was adopted. Table 3

present the values obtained in experimental tesks@FRP laminates specimens.

3.6 Simulations and discussion

The experimental and the numerical relationshipsden the applied load and the deflection at tadéal
section for the tested beams are compared in FRjuFde crack patterns of these beams at the etiteof
analysis (at the end of the last converged loateinent) are compared with the obtained experimental
crack patterns in Figure 10. These two figures stimtthe numerical model is able to capture wibdy
accuracy the deformational response of the beahsaptured with good precision the localization and
profile of the shear failure crack.

Figure 11 also shows that the numerical simulatfiingth good accuracy the strains measured irsteel
stirrups and NSM laminates, which means that tiseraption of perfect bond between steel stirrups and
NSM laminates and surrounding concrete is acceptaddl least in the design point of view for the
serviceability and ultimate limit states. The réswaorrespond to 2S-4L145, but similar level of aecy

was obtained in the simulations of the other beams.
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3.7 Simulation of experimental testscarried out by other authorswith NSM strengthened RC beams

failed in shear

To have a better assessment of the predictive peaface of the developed model, it was used on the
simulation of the experimental tests carried outhaallalet al. [13] with a series of RC beams shear
strengthened with NSM FRP reinforcements. Figurerd@resents the geometry of the numerically
simulated full scale T-beams. For the numericalugations it was selected two series of two beansh ea
(Table 4), the SO series without steel stirrupsl, tie S1 series with steel stirrups of 8 mm diamete
spacing of 175 mm. The S0-CON control beam hasype bf shear reinforcement, while the SO-NSM
beam is shear strengthened with vertical CFRP spdsed at 130 mm, placed in the span length 1050 mm
of the beam where the shear failure is expectext¢ar (Figure 12d). In the S1 series, the S1-COairbe

is shear reinforced with steel stirrups, while SSNNbeam also includes vertical CFRP rods spacé&aaat
mm. The longitudinal reinforcement consists of fbars of 25 mm diameter disposed in two layersién t
tensile zone, and six bars of 10 mm diameter irctimpression zone (Figure 12c¢).

The concrete beams are modelled with a mesh ofdéehaerendipity plane stress finite elements. The
concrete properties in the numerical simulatioesaeluded in Table 5, and, apart the crack shafeersing
diagram, they were obtained from the informatiomilable in the reference [13]. For the crack shear
softening diagram, values similar to those adoptéle simulations described in Section 3.5 wepéed,

with minor adjustments, taking into account thdet#nces on the intervening materials in thesetesb
programs.

The longitudinal steel bars, stirrups and the NSMRE rods are modelled with 2-noded perfect bonded
embedded cables (one degree-of-freedom per eaef).idte behaviour of the longitudinal and transakers
steel bars is simulated by the stress-strain oglahiip represented in Figure 8, whose values ofdahables
that define this diagram are included in Table Be Tensile strength, the modulus of elasticity Hrel
ultimate tensile strain of the CFRP rods of 9.5 diameter was, respectively, 1885 MPa, 148 GPa and
1.26% [13].

Figure 13 compares the relationship between thdiempfpad and the deflection at the loaded section
recorded experimentally and obtained in the nuraksitnulations. These results confirm the capabdlit

the developed model to simulate the behaviour obR&mns failing in shear.

12



3.7 Influence of the parametersthat definethe crack shear softening diagram

To assess the influence of the parameters thateddfe crack shear softening diagram (Figure 2ahen
load-deflection relationship predicted by the nussmodel, the values of these parameters arefreddi
from those used in the previous section. For thidysthe 2S-4L145 beam was selected, but the ceimis

to be extracted have a generalized character.

3.7.1 Influence of G;

Figure 14 compares the load versus deflectionaatdd section obtained for three different valuethef

shear fracture energy ), 0.01, 0.05 and 1.0 N/mm (all the remaining pasters were maintained the

same), the first one is lower and the last onégisdr than the value considered in the analysiseection

3.6 (0.05 N/mm). This figure also compares the lcraaiterns obtained in the simulations correspandin
to these three values & ;. As expected, by increasing; , the stiffness and the load carrying capacity
also increase. The crack patterns revealed thatdogasingG; ; more shear cracks are formed due to the

higher crack shear stress transfer.

3.7.2 Influence of 7,
Figure 15 compares the load versus deflectionaatdd section obtained for three different valuethef
crack shear strengtfrf(p), 0.5, 1.1 and 4.0 MPa (all the remaining paransetere maintained the same),

the first one is lower and the last one is highantthe value considered in the analysis of thécse8.6

(1.1 MPa). As expected, the stiffness and the t@adying capacity after the formation of the catishear

failure crack of the simulation with the Iargeﬁj’p were much higher than in the other two cases. The
responses for theffffp of 0.5 and 1.1 MPa were similar, but a close inSpa on these responses reveals

that the one corresponding tﬁp =1.1 MPa was stiffer in the initial part and le8# & the final part, which
is justified by the crack shear stress-crack sk#ain diagrams represented in Figure 16. In facthe
simulation with a higher crack shear strengrj‘b €1.1 MPa) the cracks have entered in the softeplage
at larger deflection of the beam, but due to thestant value adopted for tHg, ;, the softening response
for this diagram was more brittle, conducting thiigher decrease of the beam’s stiffness. At ultimat

deflection, the crack pattern corresponding to simaller Tffp (0.5 MPa) includes a well-defined shear

13



failure crack (completely open), while the crackt@an representative of the Iargt{f“p (4.0 MPa), does

not include any crack completely open.

3.7.3 Influence of B parameter defining thefirst branch of the 7' —)f" diagram
To evaluate peak crack shear stra;'rﬁp, (Eqg. (17)) it is necessary to determine theahishear fracture

modulus, Dy}, which defined by Eq. (14) by attributing a cemtaiblue to the shear retention factgf,.

To assess the influence of this parameter on thgorese of the beam in analysis, three values were

considered, 0.05, 0.4 and 0.8, the first one ieloand the last one is higher than the value censitlin

the analysis of the section 3.6 (0.4). Figure lawshthat this parameter has an influence similazf‘go

since as larger ig3 as stiffer is the initial branch of the first boinof the 7' —)f diagram and softer is

the softening branch of this diagram (Figure 18)akt, up to a deflection of about 2mm (that cepands

to the formation of the shear failure crack in teference beam), the load carrying capacity ofoaem
increases with3 , but for larger deflections, when the influenceaftening branch of the” — )" diagram
becomes relevant, the load carrying capacity ofbdam increases with the decreasefof due to the

higher crack shear stress transfer (Figure 18).

3.7.4 Shear retention factor versussftening diagram for modelling the crack shear behaviour

Figure 19 compares the relationship between theefand the deflection at loaded section for therbiea
analysis when using the concept of shear retefdictor, 5 , (Eq. (15) withp;=3) and adopting thg” —){"
diagram already used in the simulations of se@ién Up to a deflection of about 2mm (that corresjso
to the formation of the shear failure crack in teference beam) the responses are similar, buteathés/
deflection limit the two approaches start divergsignificantly. The 8 approach has predicted a much
higher load carrying capacity than the correct preglicted when using thg' — )" diagram. Since thg8
approach implemented in an incremental model,thieeone described in the present work, is not dapab

of simulating a decrease of the crack shear strassfer (") with the increase of the crack shear strain (

¥"), this approach has incorrectly predicted a flakéailure mode.

4. CONCLUSIONS
14



This study presents the relevant results of anréaxpatal program for the assessment of the effenggs
of the NSM technique with CFRP laminates for theashstrengthening of RC beams with a certain
percentage of steel stirrups. From the obtainedtsgst can be concluded that:
- The NSM laminates provided a large increase in seahload carrying capacity after shear crack
formation compared to reference beam.
- The effectiveness level of the NSM technique wadtéid by the concrete tensile strength, sinceilatrég
a certain concrete volume was attached to the kedén The failure modes of the beam with NSM
laminates were also influenced by the percentagleeo€FRP laminates.
- Inclined laminates were more effective than waitilaminates and an increase of the percentage of
laminates led to an increase of the shear capafttye beams.
The capability of a FEM-based computer programréaligt with high accuracy the behaviour of thisayp
of structures up to its collapse was highlightelde Thtroduction of the shear crack softening diagnato
the multi-directional fixed smeared crack modebakd a good prediction of the deformational behawio
load carrying capacity, crack pattern and stratd§ in the reinforcements of the tested beamstBDtige
lack of specific experimental tests, the data tindethe shear crack softening diagram was obtained
inverse analysis. It can be concluded that theémphtation of the shear softening diagram in thiimu
directional fixed smeared crack model availablethe FEMIX computer program has improved its
capabilities to predict with higher accuracy thédagour of structures failing in shear or in flealishear.

A parametric study was carried out to assess thgeimce of the parameters that define the craclarshe

softening diagram#” —)") on the structural response of the type of beamatyaed in the present work.

It was verified that the load carrying capacitytleé beams increase wifB ., while increasingrffp or 8

(both parameters used to define #ile—){" diagram) has similar tendency by increasing thad lcarrying
capacity of the beam up to a certain deflectiothef beam (when shear governing cracks are formed),
followed by a decrease due to a more brittle behavof the softening branch of thg —){" diagram.
Finally, by using the concept of shear retentiaridg £ , for modelling the crack shear stress transfer, an
abnormal high load carrying capacity is estimaté@th an incorrectly predicted flexural failure mqaehile
adopting a7;” —){" softening diagram, not only the response of trathéut also the failure mode and the

crack pattern are correctly estimated.

15
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NOTATION

& = CFRP width
b = CFRP thickness
by = beam web width
CFRP = carbon fibre reinforced polymer
d = effective depth of the longitudinal steel bars
DI = opening fracture mode stiffness modulus of thebranch of the
stress-strain diagram to simulate the fracture niadgck propagation
DY = crack constitutive matrix component relative he it" crack normal
opening mode (mode I)
DY, = crack constitutive matrix component relative te tcrack normal
opening mode (mode |) for thateration
Dy, = crack constitutive matrix component relative e " crack sliding
mode (mode II)
DY, = crack constitutive matrix component relativehe track sliding mode
(mode Il) for thek iteration
co = elastic constitutive matrix
D = crack constitutive matrix
p® = constitutive matrix for the cracked concrete
DS = constitutive matrix that takes into account teseanbly of severaf
N cracks with distinct directions
D" = crack constitutive matrix of th& crack
E. = concrete elasticity modulus
E, = modulus of elasticity of CFRP laminates and strip
E. = Young’s modulus of the longitudinal tensile steats
Esm = modulus of elasticity of steel
fom = average compressive strength
fa = tensile strength
fu = tensile strength of the FRP
fum = steel tensile strength
fym = steel yield strength
Fmax = maximum experimental load
Fsy = yield initiation load (atsy,.eq
G: = concrete elastic shear modulus
G, = mode | fracture energy
IP = integration point
LVDT = linear voltage displacement transducer
lb, = crack band width
Li = span length
NSM = near surface mounted
Nermax =  Maximum number of cracks per each integratiompoi
p = parameter that defines the shape of the lastchrarf the steel
stress-strain curve
p1 = shear degradation factor
p. = parameter defining the fracture energy availablte new crack
RC = reinforced concrete
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s = distance between CFRP laminates

SG_L = strain-gauges installed on NSM laminates
SG_S = strain-gauges installed on longitudinal steetba
tr = thickness of FRP
T = transformation matrix that takes into accountahsembly of several
(m) cracks with distinct directions
T = transformation matrix that takes into accountahsembly of several
(m) cracks with distinct directions for theateration
7o = transformation matrix of thi&' crack
—l
a, = fracture parameters used to define the trilirgdgess-strain softening
diagram
£ = shear retention factor
y& = crack shear strain
AyS = incremental crack shear strain of therack
AT = incremental crack normal strain of tiffecrack
As = vector containing the strain incremental compasien
Ag® = vector containing the incremental strain of threracked concrete
between the cracks
Asg® = vector containing the incremental strain of theck
As” = vector of the incremental crack strain componeintsthe crack
coordinate system
Aot = incremental crack normal stress of therack
Ag = vector containing the stress incremental comptsnen
Ag® = vector of the incremental crack stress componémtshe crack
coordinate system
ATE = incremental crack shear stress
ATS, = incremental crack shear stress ofitherack
g = crack normal strain
g = crack normal strain used to define paiim the trilinear stress-strain
softening diagram
e = ultimate crack normal strain
&h = strain corresponding to point 2 (PT2) of the Isteress-strain
relationship
&u = strain corresponding to point 3 (PT3) of the Isteress-strain
relationship
&, = strain corresponding to point 1 (PT1) of the Isteess-strain
relationship
g = angle between thg axis and the vector orthogonal to the plane of the
i" crack
g, = orientation between the new crack and the alrexdting cracks
6, = threshold angle
6, = inclination of CFRP
V. = poisson’s ratio
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pi
Pleq

Osh

fracture parameters used to define the trilirstaass-strain softening
diagram

strengthening ratio of the NSM laminates

equivalent flexural reinforcement ratio

reinforcement ratio of the bottom longitudinadeitbars

maximum principal tensile stress

normal stress for the1l iteration
crack normal stress

crack normal stress used to define poiint the trilinear stress-strain
softening diagram

stress corresponding to point 2 (PT2) of the |steess-strain
relationship

stress corresponding to point 3 (PT3) of the |s&teess-strain
relationship

stress corresponding to point 1 (PT1) of the |steess-strain
relationship

crack shear stress
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Table 1: Values of the parameters of the concrete cotisttunodel.

Property Value
Poisson’s ratio i) 0.15

Initial Young’s modulus E,) 33271 N/mm
Compressive strengtht() 39.7 N/mn#

Trilinear tension-softening diagram

f= 2.2 N/mni; Gi= 0.086 N/mm
gt]_: 0.005;0'12 0.3;522 0.1;0'22 0.3

Parameter defining the mode | fracture energy
available to the new crack [7]

p, =3

Crack shear stress-crack shear strain softenimggyatia

.= 1.1 N/mn%; G, =0.05 N/mm; B
=0.4

Crack bandwidthly

Square root of the area of Gal
integration point

USS

Threshold angle [7]

Ot = 30°

Maximum number of cracks per integration point [7]

2
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Table 2: Values of the parameters of the steel constigutimdel (see Figure 8).
Property @ Q2 | @16 | @32
foym(N/mn) 500 | 490 | 470| 625
fsum(N/mnf) 504 | 591 | 566 905
Esm(N/mnf) 217 | 196 | 181| 208
Esy(%o) 2.3 25 2.6 3
asy(N/mn¥) 500 | 490 | 470| 625
Esh (%o) 20 30 30 10
ash(N/mn) 537 | 490 | 470| 845
Esu(%o) 45 215 220 50
asu(N/mnf) 594 | 591 | 566| 905
Third branch exponent| 1 1 1 1
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Table 3: Properties of CFRP laminates.

CFRP laminates

Maximum tensile strength

fum = 2741.7 MPa

Young's Modulus

Em=170.9 GPa

Maximum strain

&= 1.60%
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Table 4: Details of the T-beams tested by Chaadtzdl. [13].

Designation of the beams

Internal steel stirrups

Shear strengthening

Spacing of CFRP rods

system (mm)
S0-CON - - -
SO0-NSM - Vertical CFRP rods 130
S1-CON B8 @ 175 - -
S1-NSM B8 @ 175 Vertical CFRP rods 130
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Table 5: Concrete propertiesf the T-beams tested by Chaa#akl. [13].

Property Value

Poisson’s ratio ;) 0.15

Initial Young's Strength E,) 30000 N/mnd

Compressive strengthfy) 25 N/mnt

Trilinear tension-softening diagram «f1.8 N/mn?, , G=0.09 N/mm, &=0.004,

1=0.25,£,=0.1,02=0.15
Parameter defining the mode | fracture energy=3

available to the new crack [7]
Crack shear stress-crack shear strain softening},=1.2 N/mn%, G;s=0.06 N/mm 3=0.5
diagram
Crack band widthiy Square root of the area of Gauss integrationtpo
Threshold angle [7] 0n=30°
Maximum number of cracks per integration pajir2

[7]

n
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Table 6: Propertiesf the steefeinforcementsf the T-beams tested by Chaalalal. [13].

Property @ (M8) ¢11.3(M10) @25.2(M 25)
Area (mn¥) 50 100 500
fsym(MPa) 540 470 470
fsum(MPa) 580 580 580
Esm(GPa) 186 188 180.7
Esy(%o) 2.9 25 2.6
Osy(MPa) 540 470 470
&sh (%o) 32 18.5 18.5
6sh(MPa) 570 520 520
Esu(%o) 147 133 133
6su(MPa) 580 580 580
Third branch 1 1 1
exponent
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Figure 19: Influence of using the proposed crack shear switediagram instead the concept of shear

retention factor withpy=3.
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Figure4: General information about the beams of the exparial program (CFRP laminates in dashed line).
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Figure 6: Forcevs.deflection at the loaded-section for the beamengthened with the: (a) lowest; (b)
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Figure 10: Crack patterns of the beams (in pink colour: crack completely open; in red colour: crack in the
opening process; in cyan colour: crack in the reopening process; in green colour: crack in the closing
process; in blue colour: closed crack).
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Figure 11: Force vs strains for the beam 2S-4L145 (a) NSM Laminate A, (b) NSM Laminate B, (c) Steel
stirrup.
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Figure 12: Details of RC concrete beams: (a) geometry, (@B3ssection of beams with steel stirrups, (c)
cross section of beam without steel stirrups, @hitoning ofsteel-stirrups-an@FRP rods in the shear

strengthened beams (M@8; M10=@11.3; M8=@25.2; dimensions in mm).
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Figure 13: Comparison between experimental and numericaioakhips between force and deflection at
the loaded section for the beams: (a)CRIN; (b) SO-NSM; (c) S1-CON; (d) S1-NSM.
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Figure 14: Influence of G; ; on the:(a) relationship between the force and the deflection at the loaded

section,(b)-(d) crack pattern corresponding to the assumed G; ..
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Figure 15: Influence of 7, on the:(a) relationship between the force and the deflection at the loaded

p
section,(b)-(d) crack pattern corresponding to the assumed 7.
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Figure 16: Representation of the crack shear stress-shear strain diagram for the Zf'p equal to 0.5, 1.1 and
4.0 MPa
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Figure 17: Influence of 8 parameter of th@, —){" diagram on the relationship between the force and the
deflection at the loaded section of beam 2S-4L145.
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Figure 18: Representation of the crack shear stress-crack shear strain diagram for the p equal to 0.05, 0.4
and 0.8
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Figure 19: Influence of using the proposed crack shear softening diagram instead the concept of shear
retention factor with p;=3.
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