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Abstract. Discrete steel fibres can increase significantly bending and the shear resistance of concrete
structural elements when Steel Fibre Reinforced c&a (SFRC) is designed in such a way that fibre
reinforcing mechanisms are optimized. To assesdiltine reinforcement effectiveness in shallow stuual
elements failing in bending and in shear, expertaleand numerical research were performed. Uniaxial
compression and bending tests were executed teedéme constitutive laws of the developed SFRCnys
cross-section layered model and the material dotisg laws, the deformational behaviour of struatu
elements failing in bending was predicted from mthement-curvature relationship of the representatizess
sections. To evaluate the influence of the pergentd fibres on the shear resistance of shallouctires, three
point bending tests with shallow beams were peréatnirhe applicability of the formulation proposed b
RILEM TC 162-TDF for the prediction of the sheasistance of SFRC elements was evaluated. Inverse
analysis was adopted to determine indirectly thires of the fracture mode | parameters of the apes
SFRC. With these values, and using a softeningr@imdor modelling the crack shear softening behayithe

response of the SFRC beams failing in shear waigeel.
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1. Introduction

The precast concrete industry is frequently reqebst produce reinforced concrete structural elésnehhigh
geometric complexity. These geometric conditiorieontuce difficulties on the placement of the remfament,
which can increase significantly the production dirand final price. The replacement of ordinary Istee
reinforcement by steel fibres can represent a grdance in this industry.

The use of discrete steel fibres as a reinforcemgstem for cement based materials is now a cumexttice
for several applications, such as industrial flpowanel lining, prefabricated elements, and hyticatructures
(di Prisco et al. 2004). The resulting materiatiésignated Steel Fibre Reinforced Concrete (SFRI®.post
cracking residual strength can be much higher iRGREhan in the homologous (same compressive strengt
class) plain concrete (PC) due to fibre reinforcemechanisms provided by fibres bridging the csa@arros

et al. 2005). In consequence, SFRC allows highl lefvetress redistribution by providing a signifitancrease

of load carrying capacity after crack initiatiorurehermore, the deformation capacity of a struchewveen the
phases corresponding to crack initiation and itkurfia can increase considerably which contributms the
development of structures of larger safety. Thigspecially relevant in structures of redundant imemof
supports (Barros and Figueiras 1998; Barros eR@D9). The level of the post cracking residual reith
depends of several factors, such as: fibre geotngtdracteristics, fibre material properties, ceteproperties,
method of SFRC application.

When well conceived, fibre reinforcement can belaegd totally or partially with the conventionalest
reinforcement for the flexural and shear resistasfceoncrete elements (Casanova 1995, Roshani 199@)
percentage of this replacement depends on thedfygéement, support and loading conditions andpbst-
cracking resistance of FRC. Recently the FRC wassdied as a tensile Strain-Softening (SS) FR& tmsile
Strain-Hardening (SH) FRC, depending on the evolutf the tensile stress after crack initiation §h&an and
Reinhard 2005). According to this classificatior§&FRC is characterized by a post-cracking tessiéss that

is lower than its tensile strength at crack initiaf while SH-FRC has a post-cracking tensile stribst is
higher than its stress at crack initiation and @nmarack with strain localization is formed atemgile strain
higher than 2%. The typical feature of SH-FRC is ttevelopment of a diffuse crack pattern before the
localization of the failure macro-crack (Pereiraket2010).

To contribute for this line of research, in thegmet work experimental and numerical research eanged out

to assess the steel fibre reinforcement effectisemlar the shallow structural elements failing @nbding and in



shear (ACI 318 2008). A parametric study is carvetito evidence the effect of relevant charadiessf the
post-cracking behaviour of SS- and SH-FRC in theneat-curvature and force-deflection responses isf th
type of structural elements. The performance ofath@lytical approach recommended by RILEM TC 16FTD
(2003) for the prediction of the fibre reinforcerhenntribution in terms of shear resistance of cetecbeams is
also assessed.

Modelling the behaviour of SFRC beams failing imahunder the framework of the material nonlinéaitef
element analysis is still a challenge due to ttitcdity of simulating accurately the constitutiVews for the
crack opening and crack sliding. To determine thetéire mode | parameters of the developed SFR&] 115
define the diagram that simulates the crack opemiiigtion and propagation, an inverse analysiar(Bs et al.
2005) was carried out with the experimental resulitained in three point notched beam bending testsuted
according to the recommendations of RILEM TC 162FTfor the characterization of SFRC (2003). For
modelling the crack shear sliding behaviour, thst fattempt was supported on the use of the sleantion
factor (Sena-Cruz 2004) whose value progressivetyehses with the increase of the crack openingeier,
with this strategy the model was not able of priéaicthe occurred shear failure modes, and a tgh lad
carrying capacity for the beams was predicted. Veranme this deficiency of the model, a shear softg
diagram was used to simulate the fracture modeHich was a strategy already proposed by otheroasitior
plain concrete beams (Rots and de Borst 1987). Withstrategy the maximum load of the tested beaas
captured with acceptable accuracy, as well as tifuetaral softening behaviour of the beams and sthear
failure mode. Further information on the numerisahulation of material nonlinear behaviour of caeter

structures is available elsewhere (de Borst 2002).

2. Steel fibre reinforced concrete for reinforced concrete elements failing in bending

2.1. Introduction

Due to the reinforcement mechanisms provided eéitbridging the crack surfaces, steel fibres len used
to enhance both the flexural and shear strengtioérete elements. In flexure, the presence oédilslecreases
the crack width and the average crack spacing (®%aatle 2000, Chiaia et al. 2009) and increase ¢l |
carrying capacity at serviceability and ultimataiti states of structural members (Swamy and Al-mak®81).

The simulation of the contribution of steel fibffies the behaviour of laminar structures (slabs]lsihabeams



or shells) of SFRC failing in bending is still aatlenge, since several parameteruence this contribution,
such as: geometrical characteristics and materggdegties of the fibres; concrete properties; métabSFRC
application; geometry of the structure; loading ditans. Due to this fact, there are several apghea for
modelling the fibres reinforcement contributionf hone of them has received a full acceptanceeéthentific
community, which does not contribute for a moreeaged use of this high performance material, even i
applications where its use would result in techirdcel economic advantages.

The advantages associated to the addition of Siees to concrete mixes may be potentiated bygusoncrete
with self-compacting requirements (Okamura 1997ulting a Steel Fibre Reinforced Self-Compacting
Concrete (SFRSCC). The option for a SFRC with setfipacting requisites in this experimental reseaints

of assuring a fibre distribution along the depthtled beams with higher homogeneity than in reg8BRC
compositions, since vibration practice in the capiprocedures promotes an increase of the fibreeptage
from the top to the bottom of the element (Barrod &ntunes 2013)Therefore, for the assessment of steel

fibre reinforcement effectiveness for shallow stawes failing in bending, SFRSCC was used.

2.2. Experimental program



2.2.1. Test series

The experimental program is composed of three seoife shallow beams. Each one has a shear span
(a=450 mm) almost equal to 3.5 times the effectigptd of the beam cross secti@id= 3.5), a total length

of 1600 mm, a distance between supports of 1350amina cross section area of 350x150°rtsre Fig. 1). A

different percentage of longitudinal reinforcemersts adopted for each series of beang Go =0.2), 3¢8 (
p=0.36) and 310 (p=0.56), having been attributed the designations of Aaml C for these series,

respectively. In all tested beams, three steel bl mm diameter were applied in the top parthaf tross
section. Twelve beams were tested: six reinforc#ll steel fibres and the other six without steblds, used
for comparison purposes. To keep the longitudiras bn the aimed positions, one steel stirrup wasitipned
in the alignment of the supports and in the symynakis of the beam. The concrete cover thickneghedge

bars was assured by using spacers.

2.2.2. Mix compositions

The mix composition adopted for manufacturing tfRSCC was optimized for a solid skeleton that idehi
45 kg of the selected steel fibres péofrconcrete. This mix composition was obtainediypg a design method
that takes into account the strong perturbatioectfproduced by steel fibres on the flowability fodsh
concrete. In fact, steel fibres are stiff and do essily accommodate to the dynamically changirapstof the
bulk paste located between particles constitutimg granular skeleton structure. Consequently, #sigd
procedure and the optimization process followeddhieve self-compacting requirements are sensiblbd
fibre content, as well as the geometrical and riatproperties of the fibres (Pereira 2006; Barbsal. 2007).
The characteristics of the SFRSCC mix compositi@iacluded in Table 1. The materials used wereergm
(C) CEM | 52.5R (rapid hardening and high strengtiment, according to EN197-1:(2000), limestoneeffill
MICRO 100 AB (LF), a superplasticizer (SP) with tthade name SIKA 3002 HE, water (W), four types of

aggregates (fine river sand, FS; coarse river s&®t, crushed calcareous 6-14 mm, CG_1; and crushed

calcareous 14-20 mm, CG_2), and hooked ends #itee$ {SF) with a lengthl{ ) of 60 mm, a diameted of

0.75 mm, an aspect ratid, (d, ) of 80 and a yield stress of 1100 MPa.

In the beams reinforced with conventional steestmanly, the self compacting concrete (SCC) mix siaslar

to the mix composition applied in the SFRC beaneg (Bable 1) apart the fact that the former ones ahog



include fibres. This is not the most appropriatecedure since the composition depends on the énefes
introduced by the fibres. However, for this relativsmall content of fibres (45 kg#nit was assumed that the
changes necessary to introduce in the mix compaosiue to the presence of fibres are not so sggmifi that
compromise the principal conclusions of the preseotk. For both compositions no visual signal of
segregation was detected and the mixtures showead l[ygpmogeneity and cohesion. The total spreaaihd the

time to reach a spread diameter of 500 mim, measured with the slump cone in conjunction Witking, were

measured, as well as thd,/H, (blocking ratio) parameter of the L Box test (EAR@ 2002). The obtained

results are indicated in Table 1 showing that #iEmpacting requirements were assured.

2.2.3. Test set up and monitoring system
The beams were subject to four line loads distetubh the width of the beam’s cross section (see F)i. The
force was registered by a load cell of 300 kN maximcapacity while the deflections were measurerhfiiwe

LVDT’s (Linear Voltage Differential Transducer), &wof them of 25 mm measuring length () placed at the
middle of the shear span, and the three others gf= 50mmlocated at the central part of the beam. To avoid

the recordings of extraneous deflections like suppettlements and deformability of the reacticande, the
LVDT’s were supported on an aluminium bar fixedhe alignments of the supports of the beam, aesepted
in Fig. 1. The tests were carried out with servataaled equipment, imposing a deflection rate 0f.@n/s in

the central LVDT for the test control purposes.

2.2.4. Results and analysis

A label Li_j_k was used to differentiate the tesbetms, where: “L” can be replaced by A, B or @ésignate
the series that the beam pertains; “i” identifies humber of the beam test in each series (two $eeene
tested per each series); “j” represents the dianuétthe steel bars used as tensile longitudinafesecement;
“k” represents the quantity of applied fibres (wlin kg per m of concrete). For instance, A2_6_45 beam
represents the second beam of “A” series thatirfaeed with 6 mm diameter longitudinal steel bard
includes 45 kg of steel fibres pef of concrete. If “” is omitted, the result represethe average value of the
results of the beams of the corresponding seribs. drincipal characteristics of each beam are @idit in

Table 2.



The relationship between the measured deflectidheaimidspan and the applied force of the testedniseis
represented in Figs. 2, 3 and 4. Each curve carelpto the average load values at each defletia,

obtained from the two beams of the correspondimgseFrom the analysis of these curves it is okeskthat
after crack initiation the load carrying capacitytbe SFRSCC beams is higher than the correspor8i®g

ones. The difference of the load carrying capaoétween these two types of beams increases frororéok

initiation up to the maximum load of the SFRSCCrhedlowever, this difference decreases by increattiag
percentage of the conventional reinforcement.

In terms of Serviceability Limit States (SLS) foeftbction control, Eurocode 2 (2004) recommends tha

maximum deflection of a structural member should erxceed a limit value in the rang&/Z501/500],

depending on the type of structure, wheris the span length of the member, in mm. Assuraitignit value of

u=L/400= 3.4nm (ug ) for the deflection, the corresponding forde, ¢, was obtained (see Table 3, where

FFRC is the force of the beam made by a fibrous comiposand F ™' is the beam manufactured with the

corresponding plain concrete). From the analysitheSe values it can be verified that fibres inseeaF ¢
from 1.29 up to 1.77 when thg ¢ values of the SCC beams are taken for compariagopes. This increase
was as higher as lower was the reinforcement ddtibe longitudinal steel barsp . This table also includes the
values of the maximum forces supported by the debams £t and F;%° is the maximum force of the
SCC and SFRSCC beam, respectively). From the asalyshe F;  and F, ;values it can be concluded that
Fs.s/ Fy.sratio ranged from 0.66 to 0.95 in the beams wittdues, while in the beams reinforced with fibres
the F, ./ F cratio varied from 0.70 to 0.97. For both typeseaififorcementF ./ F, cratio increased with the
decrease op . This shows that fibre reinforcement is very efifee for the verifications of the design
requirements imposed by the serviceability limittes, being this effectiveness as more pronounsdaar is
p.

To evaluate the increase in terms of beams loagingrcapacity provided by fibre reinforcement dhgrithe

deflection process of the beams, the differencevéxn the load carrying capacity of the SFRSCC a@@ S
beams, AF , for each deflection value was evaluated. Thetiogiahip between the beam midspan deflection
and AF/F ratio is represented in Fig. 5 in whidh is the load carrying capacity of the SCC beamhat t
same deflection wherdF is evaluated. From the resulting curves it is apptathat the contribution of the

fibres for the beam load carrying capacity starbenf very early stages of the beam deformation afistr the
7



formation of incipient cracks. It is visible thdtF / F increases up to the deflection corresponding toptek
load of the SFRSCC beams, having this increasemattaa maximum value of 80%. The decrease\bf/ F

ratio with the increase ofp is also apparent. For the beams reinforced with rifinimum percentage of
longitudinal reinforcement (L_6) the maximum vakfethe AF/F ratio occurred at a deflection of about the
deflection corresponding to the serviceability tistates (i, ; = 3.4mm). In the series of beams reinforced with
the other two percentages of longitudinal reinfareat, the AF/F ratio maintained almost constant in the
deflection range between 20% and 200% of thg, . This means that the benefits provided by fibre
reinforcement for the serviceability limit statee @s more pronounced as lowepis In the case of being
necessary to increasdF /F of beams of considerabl@, a higher content of fibres needs to be applied, a

subject treated in section 2.4. However, econométtachnical aspects should be considered sindddsethe
higher costs of the fibres (in comparison to the @h conventional steel bars), the costs derivednhfthe
necessity of using higher percentage of fine malteiin the concrete composition when the conterftboés
increases should be also taken into account.

The indicesl. 4 and I , representing the relative increase of the beam tarrying capacity provided

by fibre reinforcement for the deflection corresgimiy to the serviceability limit states and for ttheflection
corresponding to the maximum load carrying capagitgFRSCC beam, respectively, were determined from

the following equations:

FFRC -F ref
| F = TXIOO (1)

When FF¢ and F™ correspond toF, it is evaluated thel. for the serviceability limit state analysis,
l¢sg» Whereas thel, for the ultimate limit state analysis g , is obtained when the maximum forces (
Fu.s) are used in the evaluation of Eq. (1). The valoes, i 4 and I are included in Table 4. These

values indicate that the reinforcement of 45 Koérinfibres provided a gain in the load carrying acipy at the
u,, ; deflection that ranged from 29% to 77%. This ga@itreased with the increase pf. In terms of the
maximum load, this tendency was almost the sameeshis gain varied from 23% to 74%, with an iase of

the gain with the decrease af .



2.2.5. Fibre distribution

To evaluate the degree of heterogeneity on the fitistribution in the plane of the beam, three camples
were extracted along its longitudinal axis. Thedildistribution in the depth of the beam was alstimeated
cutting these samples in three slices of equakiigiss. According to the EFNARC (1996), the amodtiritboes

is calculated from

Q=—y— 2

where m; is the weight (in grams) of the extracted fibresnf the core sample arnd. is the volume of the

core sample in ctnThe content of fibres increased linearly in tieptth of the beam, showing that even without
external compaction the highest specific weighthef steel fibres, amongst the concrete constituedtso a
tendency of an increase of the fibre content akbvegdepth of the laminar structural element. Howgegae to

the good homogeneity of the mix the fibre distribntdoes not show any tendency in the plan of tanh

2.3. Numerical Simulation

Previous works (Barros et.&2005, Barros and Fortes, 2005) have shown thaigws cross-section layered
model that takes into account the constitutive lafghe intervenient materials and the cinematid #me
equilibrium conditions, the deformational behaviadfirstructural elements failing in bending can bedicted

from the moment-curvature relationshipy] — ¢, of the representative sections. To verify theatdlfily of this

model to predict the deformational behaviour of SERC laminar structures, the tests carried outersttope of

the present work were simulated. To evaluateMheg of the cross sections they were discretized iay@rs

with a thickness of 50 mm. The tensile and compoeskngitudinal reinforcements were converted tiees
layers with a thickness that provides the crosi@earea of the corresponding steel bars, plat@® anm and
130 mm from bottom surface of the cross sectioa E&g. 1). The concrete tensile behaviour is sitedldy the
stress-strain diagram represented in Fig. 6. THeesaof the parameters defining the concrete doise
model are included in Table 5. The values of theupeters defining the trilinear stress-strain softg diagram
were obtained from inverse analysis, fitting thepemmental results with the minimum error. The fuze

energy, G, , obtained for SFRSCC is about 44 times thg of SCC, which is in agreement to the equation

proposed by Barros and Figueiras (1999) for thenesion of G, of FRC reinforced with the type of fibres



used in the present work. Furthermore, Table 5 siteavs that the post-cracking residual strengt8FRSCC
can be simulated by an almost constant stress66&@_, , which is also in close agreement with the results

obtained in previous research projects (Barros5L98s expected, for 45 kghvof steel fibres the tensile
strength is only marginally increased.

The values of the parameters of the steel conistituhodel are indicated in Table 6. Between yiglitiation
and ultimate strain a parabolic evolution of threstes was assumed for this branch.

As Figs. 2, 3 and 4 show, this numerical strategyy predict the behaviour of elements failing indiag with
high accuracy up to peak load. In the series witfibres, after the yield initiation of the longdinal steel bars
a moderate deflection hardening phase follows, iwfidhe expected behaviour of elements with ontirnary
reinforcement, since this phase depends on thevimehaof the steel bars. In the series reinforceth wwteel
bars and steel fibres a significant deflection kaimdg phase occurred after the yield initiation thé
longitudinal steel bars due to the contributiortted fibres bridging the formed cracks. After peakd these
beams presented a clear structural softening ptiaseto concrete crushing in compression. The nwaleri
model is not capable of capturing this phase siniebased on load control, in which an incremehtoad

(AE) is imposed to the beam and the bending momkhj (n the middle section of the elements discretjzin

the beam is calculated. From the moment-curvaespanse of the sectioiM —¢ ), the corresponding secant

flexural stiffness El,) at this bending moment is determindél { = M / @) and used in a matrix displacement
approach to obtain the increment of displacemeats € K_*AF ) for the imposed increment of forceAF )

(K, is the secant stiffness matrix of the beam, ragylirom the assemblage of the secant stiffnessixnaft
each element composing the beam). Since in thisoapp the bending moment at the cross sectioreikrtbwn
variable, and considering that the—¢ of the cross section of these beams has a saftémanch, the secant

flexural stiffness is not possible to determinedrel/ the curvature corresponding the peak momerrefbre,

this approach is only capable to determine thecfaleflection response up to the peak load.

2.4. Parametric studies
Soranakom (2008) has recently developed a closad-$olution capable of determining the moment-ctumea
relationship of a cross section of a beam reinfbrimngitudinally with steel bars and made by SS-FRC

Recently Taherkt al. (2010) has adapted this model in order to simu&$eFRC and SH-FRC reinforced
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concrete beams failing in bending, in which a patasidual strength is considered for FRC in tenig
assigning a constant value ¢@f to the normalized residual strength of FF(QJ'1 =a, = ,u) . In order to obtain
a close form solution, the simplified constitutilesvs for the concrete and steel bars represent&dyin/ were

adopted. In this parametric study the influencehef following parameters that characterize the poatk

residual strength of FRC will be assessed in teomflexural capacity of elements failing in bending,
parameter for (SS) FRC (thg parameter is maintained constant and equal t®B0.28parameter for SS-FRC
(the [ parameter is maintained constant and equal to }0.08, parameter for (SH) FRC (thes
parameter is maintained constant and equal tq@)parameter for SH-FRC (thef, parameter is maintained
constant and equal to 3.00). For each one of thassmeters the influence of the steel reinforceretig, o,

is also analyzed assuming values of varying from 0.0 (pure FRC) to 0.8%, which covaratiof the cases in
which hybrid reinforcement (fibres and steel baggechnically and economically justifiable.

The influence of each variable is evaluated in teafnormalized moment-curvature diagram (- @),

M=MM 3

9=9q, “)
where, M" and ¢ are the normalized moment and curvature, ahg and ¢, are the cracking moment and

the corresponding curvature calculated for a regtkam section from the following equations:

5
M, :(—13bd2(E£cr) ©)

2, ©)

cr

(”cr:d

Using the moment-curvature relationship the beandsmalized force-deflection responsep(-u) of a
statically determinate element failing in bendingl Wwe determined using the algorithm describedBarros
and Fortes, 2005), wher@ = p/ p, andu =u/uy,, being p, and u, the beam distributed load at FRC
crack initiation and the corresponding deflectiogspectively. p,, is the p load when in the centre of the

beam the bending moment coincides with, .

11



For the parametric study, a simply supported bebro span length subject to a constant distribigaed (p)

is considered. The geometry characteristics ofctloss section of this beam and the values thahédfie
diagrams representing the constitutive laws ofitkervening materials are indicated in Table7.

The results of the parametric study are represeimtdelgs. 8 to 11. As expected, for statically det@ate

elements the variation op —u" follows closely the variation oM - ¢ .

Influence of S parameter for SS-FRC
Fig. 8a represents the effectiveness/f parameter in terms of the cross section residigning moment,
AM /M

where AM =M __. —M . is the difference between the maximum resistingdivey moment (

min ? min

M ) Which occurs for3 =15 (M, =M _;5) and the minimum resisting bending momeRt () which
occurs for 8 =1.01 (M;, =M,_, ). Fig. 8b is illustrated the effectiveness Gf parameter in terms of

beam’s load carrying capacity\p/ p,;,, where Ap = p,, = P, With B, =F;_,s andR,, = F,_, ;). From

in

Fig. 8 it is clearly visible that the effectiveneasterms of AM /M ;. and Ap/ p,,, provided by the increase

n
of B, decreases with the increase pof (if the remaining FRC parameters are maintainetstamt). It is also
visible that for statically determinate elements #ifectiveness of increasing, parameter is higher in terms
of cross section resisting bending moment thareims of load carrying capacity of the beam. Theimam
effectiveness in terms of cross section resistiegding moment occurred for the interval ¢f varying
between 2.4 p=0.8) and 4.2 (p =0.0), while in terms of beams load carrying capacitgwred in the range

of u0[2.6(0= 0.8 5.1p= 0.0). According to the Eurocode 2 (prEN 1992-1-1 200RE maximum

deflection for serviceability limit statesi( ¢ ., ) should be restricted to the interé#P504/500 (depending on
the type and utility of a structure), wheré is the beam’s span length. For the present beam
Us s max D[10~ 20 mm, which is approximately 10 to 20 times higher thagu, (U ./ U, 0[10-20).
Taking into account these results it can be coreduthat the increase gf, is quite effective in terms of

serviceability limit states.

12



Influence of y parameter for SS-FRC

Figs. 9a and 9b represent the influence of the-grastking residual strength parameter, of SS-FRC in terms
of AM/M_,, and Ap/p,, responses respectively. In terms of the load tayrcapacity of statically
determinate elements failing in bending, Fig. 9ences that the effectiveness of increasing theof SS-
FRC is smaller whenp =0, than when the beams have the minimum reinforcemetio that assures a

stabilized crack propagation,o,, (about o, [0.2%). For SS-FRC beams without conventional

reinforcement, apart the case pf=0.99, the M —¢@ curve of the remaining cases has a softening hranc
leading to a marginal increase in terms of beapgs! Icarrying capacity. For beams wigh= p_, , the increase
of x4 has the most favourable impact in terms & and Ap. However, for beams witho> g, , the

effectiveness of increasing the parameter in terms oAM /M ., and Ap/ p,,, decreases with the increase

n

of p.

Influence of a parameter for SH-FRC

Figs. 10a and 10b represent the influencefpfparameter of SH-FRC in terms &M /M, and Ap/ p.,,

n

responses respectively. It is visible that the, _ - M

min

= Mﬂlrs - Mﬁlzzo) and B, — P, (= P;g:s - P;g:zo)

decreases with the increase pf (maintaining the remaining FRC properties).

Influence of x4 parameter for SH-FRC

Fig. 11 shows that the effectiveness of of SH-FRC in terms ofAM /M ,, andAp/ p,;, decreases with the
increase op . However, the relatively high costs of a fibrenfercement system that assures SH characteristics
to a FRC in order to provide the sanM and p of a conventional reinforcement systems is stillyo

justifiable in very specific structural systemsglsus the case of elements of geometric complexityments
that corrosion of steel bars cannot occur, anchges where time consuming to prepare and applyecoional
reinforcement systems has significant impact orfitted costs of the structure.

3. Steel fibre reinforced concrete for RC elements failing in shear
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3.1. Introduction

The application of stirrups in concrete elementgeeially in those of hollow section or composedttoh
walled components, mobilize significant labour tjmesulting in important financial charges. In stural
concrete elements of buildings in seismic risk aribe density of steel stirrups and hoops maycdiff to
obtain the desired concrete quality. Due to thigetyf reasons, the substitution of stirrups peeldibres has
been studied for several researchers (Casanova C@8anovat al. 2000, Barragan 2002, Getttial. 2004).
Casanova (1995) concluded that steel fibres magtiute significant percentages of steel stirrigspecially
when high strength concrete is used, since the fibinforcement mechanisms increase with the isereéthe
concrete strength, as long as fibre rupture isdmahi

Experimental results evidenced that beams reinfbrody with steel fibres showed a similar, or evmssiter,
post cracking behaviour than reference beams Wghntinimum amount of steel stirrups (Meda et28105).
When used in beams reinforced with steel stirrafeel fibres significantly improved the shear resise. Steel
fibres also reduce the width of shear cracks, flhysroving the concrete durability and structuraedgrity

(Meda et al2005).

3.2. Experimental program
3.2.1. Test series, specimens, mix compositions, test setup and monitoring system
Six series of High Strength Concrete (HSC) of gjtbrtlasses 50MPa and 70MPa were developed bynearyi

the dosage of steel fibres (0, 60 and 75 Ry/mhe specimens were labelled &g, _FCj, where “i" is the

concrete compressive strength class of the specanen‘” indicates the dosage of fibre (in kdjmFor

instance f_ ., _Nofibresrepresent the specimens of 50MPa concrete connpeestsength class without fibres,

while f FC75represent the specimens of 70MPa concrete conpeestsength reinforced with 75Kgfm

em70—
steel fibres. Table 8 includes the six designed coimpositions. The steel fibres already presentethe
previous section were also used in this experinhgmtagram. For each mix composition three cylind@rs0
mm diameter and 300 mm height), three cubes (ofmi&0edge), and four prismatic specimens (600x150%15
mnY) were cast and tested to assess the compressibrbentding behaviour of the developed concrete

compositions. To evaluate the influence of the @etage of fibres in shear resistance of HSC elesndimtee
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point bending tests with shallow beams of 800x1Blxmn? dimensions were carried out (distance between
supports equal to 720 mm).

The experimental program was composed of twenty éhallow beams, four beams for each series: two of
plain concrete and two with two steel bars of 20 diameter as the tensile longitudinal reinforcemaittich is

a relatively high reinforcement ratio in order torde the occurrence of shear failure in these bedins
geometry of the beams and the arrangement of thisreement are represented in Fig. 12.

The tests were executed with a servo-controlledpegent of maximum load capacity of 300 KN. Thegesere
controlled by the displacement transducer of theledor, at a displacement rate of 3 um/s, usingthcs

purpose the LVDT placed at the midspan of the beam.

3.2.2. Results and analysis

Compression behaviour

The compressive strength of each series of Higan8th Steel Fibre Reinforced Concrete (HSSFRC) was
obtained after 14 days of concrete casting opersitids expected, all HSC presented similar comjuess
behaviour, with a small increase on the strength tie increase of the fibre content. It was obsgérthat the
residual strength has increased with the fibre ex@nfThe main obtained results are included in &&blEach

result is the average of three tests. The averagpiessive strength was a little bit lower thanttrget values.

Flexural behaviour

Apart the geometry of the notch in the prismaticedmens, the remaining RILEM TC 162-TDF
recommendations (2003) for the characterizatiothefflexural behaviour of SFRC were adopted. In, fie
preliminary specimens were tested with a notch -8f @m thick and 25+1 mm depth, as recommended by
RILEM TC, but several cracks were formed outside tiotched section. According to RILEM TC 162-TDF
these tests are not valid because the energy disdipn the fracture process cannot be accurateljuated,
since the real area of the cracks formed is alimygbssible of being determined. The depth of theemeéhat
assured the formation of a single crack in the medcplan was determined from experimental triassyirig
been obtained a notch depth of 74 mm, which is alrhalf the depth of the specimen cross sectior.fdtte-
deflection curves,F —u, obtained in the tested series are depicted inJdgEach curve is the average of the

F —u relationship recorded in three specimens. The senihout fibres showed a deflection softening
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behaviour, with abrupt load decay after peak |oHte series with fibres presented a pronounced a&fte
hardening and ductile behaviour. After the cradkiation a hardening phase happened in all segagarced
with fibres. The softening phase has started feridientical values of deflection (around 2.0 mmaiinseries.

The influence of the fibre dosage on the post-aracRexural strength was higher in thg, ., series. In fact,

the difference between the series with 60 kg andkgr®f fibres per cubic meter of concrete was more
pronounced inf_,, than in the f_, series. The softening branch in tHg_, series with 60 kg/fof steel
fibres has more pronounced load decay than irhallother series. This shows that the same dosagteif
fibres may cause different levels of reinforcemeifiectiveness in concretes of different strengtissl Due to

the better fibre-matrix bond properties provided hy,,, 60 kg/n¥ assured a peak load higher than the one
registered in thef_,, with the same content of fibres. However, since tlumber of fibres crossing the
fracture surface is almost the same in both semesthe energy accumulated up to peak load offthg is

higher than in f_ ., , the load decay in the softening phasefgf,, was more pronounced than ify ., series.

Behaviour in shear
The loadvs midspan deflection curves obtained from the threiat loading tests carried out with the shallow
beams are presented in Fig. 14. Table 10 inclugedarce at a deflection corresponding to the sesability

limit state (L/400 with L being the beam span léngt mm), F ¢, and to the ultimate limit state (maximum
force), F, 5, registered in the tests. To estimate the corttdbuwof fibre reinforcement at serviceability and a
ultimate limit states, the values df ; yand I , established in Eq. (1), were determined. Theeegaare

indicated in Table 11 from which it can be concllideat fibre reinforcement provided a contribution the
load carrying capacity of the shallow beams, ated&ibn SLS analysis, ranging from 43% to 72%, wilidr the

ULS analysis, the fibre reinforcement effectivenemsed from 80% to 118%.

Failure modes

As Fig. 15 shows all tested RC beams failed in istidawever, the number of flexural cracks formedtaphe
ocurrence of the shear failure crack increased thighincrease of the content of steel fibres. Furttore, it is
visible that the inclination of the shear failumaak (angle of the shear crack plan with the beamgitudinal
axis) decreased with the increase of the contenfiboés, which justifies the resulting benefits fitbre
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reinforcement, since larger area of crack bridggditires was mobilized and more favorable inclioatof the
fibre resisting tensile force was obtained for shear resistance. Moreover, due to the crack ogeniiestment
offered by fibres bridging the shear crack planslifuse crack pattern occurred in the vicinity the shear
failure crack, contributing for the increase of yyedissipation and for the more ductile failuredambserved

in HSSFRC beams, in comparison to HSC beams (sed~&. 14).

3.3. Predictive performance of the RILEM TC 162-TDF model

As a result of the Brite-Euram Project (2002), veha@umerical and experimental research was developed
RILEM TC 162-TDF (2003) proposed a formulation hetclose format of CEB-FIP Model Code (1993).
According to this formulation the shear resistanfe concrete element reinforced with steel stisrugteel
fibres and ordinary longitudinal reinforcement igem by:

Vigs = Vgt Vit Vg 7)
where V;, and V,, represent the contribution of concrete and stéielups, respectively, for the shear
resistance determined according to the CEB-FIP M@aele (1993), and/,, is the contribution of fibre
reinforcement:

V, =0.7k k7, bd [N] (8)
where k; and k; are factors that for the cross sections of thdlslvebeams assume a unitary value,

andd are the width and the depth of the cross secéind,

T, =0.12f [N/mn¥] (92)
or

Ty =0.12f, , [N/mn¥] (9b)
where f; and f, , are respectively the characteristic value of tij@iealent and residual flexural

tensile strength parameters determined under tmmmendations of RILEM TC 162-TDF (2003).
Applying this formulation to the experimental pragr carried out in the present work, the contributib steel
fibres for the concrete shear resistance was etealudhe obtained values included in Table 12 stiat the

smaller safety factor in series reinforced withrdbwas 1.88. It should be mentioned that in theutations of
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Table 12 average values were used for the equilvaleh residual flexural strengthening parameténgesthe
use of characteristics values lead to too hightgdfetors due to the relatively high coefficierftvariation
(COV) that was obtained for these parameters. Aiptesalternative to decrease the COV of thesempeters is
the use of experimental programs composed of 1Q2tdending specimens (in the present experimental

program the series of notched beam tests were csedpaf three specimens).

3.4. Numerical simulations
Previous research (Peregtal. 2008) indicated that fracture mode | propagatib8BRC can be simulated by

the tri-linear softening diagram represented in. Hi§), whose parameters (mode | fracture enefgly, and

values of £, and oy, that define the shape of the softening diagram) lwa obtained performing inverse

analysis with the force-deflection data registeredthree-point notched beam bending tests carrietl o
according to the RILEM TC 162-TDF recommendations.

To simulate the crack shear sliding, a shear reterfactor (8) is currently used (Sena 2004). With this
approach the increment of shear stress.{) transferred between the crack planes decreashshve increase
of the crack normal straingf' ), according to an assumed relationship betwgerand ¢;', like the following
one:

B=W1-g'le,) (10)
where gdefines the decrease level @gf with the increase of the crack normal strain.tlncures that do not

fail by the formation of a critical shear crackstlétrategy provides simulations with reasonableiraoy.

However, to capture the structural softening aicttires failing in shear, a softening crack sheass vs. crack

shear strain relationship, like the one represemdeg. 17, should be used. In this figuré,r is the concrete

shear strength an®; is the mode Il fracture energy (Rots and de Bb@&7). In the performed analysis the
same crack band widtH () was assumed for either the fracture mode | aactdre mode Il diagrams. In order

to obtain results independent of the finite medineenent, the value of, was assumed equal to the square

root of the area of the sampling points of thetéidlements (Bazant and Oh 1983).
To determine the values of the parameters thahelafie fracture mode | propagation an inverse aislyas
performed using the force-deflection relationstffp-u) obtained in the notched beam bending tests. The
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stress-crack opening diagram represented in FigvakBused to simulate the crack propagation. Tibigrdm is

defined from the stress crack initiatior; , the mode | fracture energyG{ , which is the area under the
o-w diagram) and the two par of(,a;) points. According to the inverse analysis, théusa of these
parameters are obtaining by fitting th&-u curves with the minimum error of the parameter

err = I AZ® where A and A are the areas below the experimental and the ricahef—u

A = A

curve, respectively.

Fig. 19 shows the finite element mesh used innkerse analysis. 2D line interface finite elememse located
in the specimen's symmetry axis (Segtaal. 2004). In the remaining parts of the specimenalingight-node
Serendipity plane-stress elements were used. Gansto integration scheme (Schellekens 1990) witee
integration points (IP) was used for the 2D linéeiface finite elements, while Gauss-Legendre iatiégn
scheme with 22 IP was used for the eight-node elements. Theegabf the concrete Young's Moduliks,
considered in the inverse analysis are indicatélthivle 9.

The adequacy of the numerical strategy adoptedds/s in Fig. 20, revealing that the proposed tedino —w
diagram is capable of predicting the post-crackiebaviour of the tested specimens with enough acguilhe
values defining theo —w diagram obtained from inverse analysis are inauderable 13.

The performance of the crack shear softening medal assessed by the simulation of the experiméséd
with shallow beams failing in shear. A finite elemhenesh of 406 plane stress elements of 8 noddh, avi
Gauss-Legendrex2 integration scheme, was used in these simulatibhe steel bars were simulated by
perfectly bonded two nodes elements with 2 IP. Buthe structural symmetry of the beams, only palft of
the beam was simulated. The values of the fraahode | parameters of the smeared crack consitativeel
used in the simulations were the same derived ffaninverse analysis (see Table 13).

Using these values for modelling the fracture mbgeopagation it was verified that the model did nmatch
the experimental results with good accuracy. Imevipus work (Barrogt al. 2004) dedicated to the numerical
simulation of FRC beams failing in shear, it waatly observed that, with the values obtained fiorerse
analysis for the characterization of the fractudm| constitutive law, the prediction performaé¢he model
was deficient. In structures failing in shear, fr&cture mode | properties are affected by the kcigliing
components (Nooru 1992, Divakat al. 1987), therefore a crack constitutive model basedndependent

properties for mode | and mode |l fracture modeshss the case of the present model, can onlyucaghe
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behaviour of these type of structures if the modi@dture parameters are adapted. Since spec#f@areh for
the assessment of the fracture parameters of FR@x@&d mode fracture propagation does not existyvtdues
of the fracture mode | parameters included in Tdldlevere obtained from trial-error approach. Thidicates
the necessity of doing research in this topic fecientific-based determination of the fractureapaeters.

The approach for simulating the fracture mode HI# another important aspect for the numerioadliotion of
the failure mode in this type of structures. Intfaghen the conventional shear retention factarsisd (for any

type of qparameter in Eq. (10)), the model predicted a flakfailure mode with a load carrying capacity for

the beams much higher than the ones recorded iextherimental tests (Fig. 21). However, by usinghear
softening law, characterized by the fracture mddgafameters included in Table 13, the model captuhe

peak load with high accuracy as well as the strat®&pftening behaviour and the shear failure m@dg. 21).

Since experimental data to characterize the crhelrssoftening diagram are not available, the \ilatmfer;r

and G{ were estimated from back fitting analysis, basedhe criteria of simulating with high precisioreth

peak load of the tested beams (Fig. 21).

4. Conclusions

The first part of the paper was dedicated to tlees@ment of the benefits of using a constant cbofesteel
fibres in shallow beams reinforced with distinchditudinal reinforcing ratios ¢ ). From the force-deflection
relationships obtained in three series of shallowarbs, it was concluded that 45 k§/wf steel fibres
contributed significantly for the beams load cargycapacity from the incipient crack formation staige., from
a deflection level that is lower than 1/10 of treflection corresponding to the serviceability lirstates. The
increase in terms of beam’s load carrying capamitywided by fibre reinforcement was as significastlower
wasp . At the deflection corresponding to the servickgblimit states, 45 kg/rh of the used steel fibres
(hooked end steel fibres of an aspect-ratio off0yided an increase of the beam load carrying acigpthat

ranged from 29 % forp = 0.56 up to 77 % forpo = 0.2. In terms of the beam maximum load carryiagacity,

this content of steel fibres provided an increase varied from 23% forp = 0.56 up to 74% forp = 0.2.
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A cross section layer model was used to determiree rhoment-curvature relationshigyl —¢ , of the

representative sections of the tested shallow bed@iris simple numerical strategy was able to ptediith
enough accuracy, the load-deflection responsetezgs experimentally.

The second part of the paper was dedicated to shkesament of the benefits of steel fibres for theas
resistance of shallow beams failing in shear. Txigeemental program evinced that steel fibre raicdéonent
provides a significant contribution for the sheasistance of high strength concrete laminar strastuA
content of 60 kg/rhof hooked end steel fibres (the same type usedll ithe research program) provided an
increase on the shear resistance that varied ffb 8 92 % for shallow beams of a concrete witlaegrage
compressive strength ranging from 50 to 70 MPa. #okg/n? of these steel fibres, this increase varied from
102 % to 118 %.

The formulation proposed by RILEM TC 126 — TDF ftre evaluation of the contribution of the fibre
reinforcement for the shear resistance of condsetams provided a safety factor of about 2.18, whitafety
factor of about 1.66 was obtained in the beamsowitisteel fibres.

For the FEM-based numerical simulation of the sivalbeams failing in shear, in a first attempt, thede |
fracture parameters were obtained from inverseyarsalfitting the force-deflection relationshipgoeded in the
notched beam bending tests carried out for theuft@xcharacterization of the developed HSFRC. This
methodology was unable of capturing the deformatidiehaviour of the beams with enough accuracyak
also verified that using the shear retention fadétwrmodelling the fracture mode Il propagationflexural
failure mode was predicted numerically, with a maxim load capacity for the beams higher than the one
registered experimentally. Simulations with goodusacy were obtained adjusting the values thamndetine
fracture mode | propagation and using a shearmafiediagram for modelling the crack sliding. Thiglicates
that more research should be carried out in ordedefine the crack constitutive law for the mixedda

fracture in FRC.
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Notation

a = shear span

A = the area below experimentaF-u curve
AT = the area below numericalF-u curve
Al = area of longitudinal reinforcement

b = cross section width

C = cement

CG-1 = crashed calcareous 6-14mm

CG-2 = crashed calcareous 14-20mm

CS = coarse river sand

d = cross section depth

d = internal arm of reinforcement
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o

= fiber diameter

E = tensile modulus of elasticity of FRC

U = normalized post-crack modulus of FRC

F = load carrying capacity of SCC beam at the sanilead®n whereAF is evaluated

fom = compressive strength

feqs = characteristic value of equivalent flexural téamstrength

F FRC = force of the beam made by fibrous composition

FRC = the maximum force of the beam made by fibrouspmasition

& = the service force of the beam made by fibrouspmsition

Fref = force of the beam made by plain concrete

frua = characteristic value of residual flexural tensifieength

Foot = the service force of plain concrete

Rt = the maximum force of plain concrete

FS = fine river sand

Fois = corresponding force aty, ¢

Fuis = corresponding force at,, ¢

G; = fracture energy

G; = mode | fracture energy

G, = mode Il fracture energy

H,/H, = blocking ratio

HSC = high strength concrete

HSSFRC = high Strength Steel Fibre Reinforced Concrete

I = relative increase of the beam load carrying ciéypdce to fiber reinforcement

lesis = relative increase of the beam load carrying ciépaie to fiber reinforcement, for the
deflection corresponding to serviceability limiat

lewLs) = relative increase of the beam load carrying ciépaie to fiber reinforcement, for the
deflection corresponding to maximum load carryiagacity

k, = constant factor

K, = constant factor

L = span length of the bending beams

I, = crack band width

I = fiber length

LF = lime stone filler

| neas = measuring length of LVDT
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Z.

cr

S

SCC

SF

SFRC
SFRSC(
SLS

SH

SP

SS

SH- FRC

SS- FRC

= moment of section

= normalized moment of section

= cracking moment of section

= weight of the extracted fibers

=distributed load of beam

=normalized distributed load of beam

= plain concrete

= distributed load of beam at crack initiation

= decrease level of3

= amount of fiber

= total spread diameter

= self compacting concrete

= hooked end steel fiber

= steel fiber reinforced concrete

= steel fiber reinforced self compacting concrete
= serviceability limit state

= tensile strain hardening

= superplasticizer

= tensile strain softening

= FRC post-cracking tensile stress which is higtiem its tensile strength at crack
initiation
= FRC post-cracking tensile stress which is lowan its tensile strength at crack
initiation

= time to reach the total spread diameter of 500mm
= deflection of the beam

= normalized deflection of the beam

= cracking deflection of the beam

= deflection corresponding to the serviceabilityitistate

= deflection corresponding to the ultimate limétst

= volume of core sample

= contribution of concrete in the shear resistasfdeRC element

= contribution of steel reinforcement in the shesmistance of FRC element

= shear resistance of a concrete element reinfondtid steel stirrups, steel fibres and
ordinary longitudinal reinforcement

= contribution of steel stirrups in the shear rasise of FRC element
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= £ =

hS)

p stab

= water

= crack width

= ultimate crack width

= percentage of longitudinal reinforcement

= minimum reinforcement ratio that assures a stadull crack propagation

= diameter of the bars

= difference between load carrying capacity of #@&C and SFRSCC beams

= increment of shear stress transferred betweercrifiek planes

= curvature of section

= normalized curvature of section
= cracking curvature of section
=tensile strength of FRC

= crack normal stress
=compressive strength of FRC
= yield stress of reinforcement
= tensile stress of FRC
=cracking strain

= crack normal strain

= ultimate crack normal strain

= ultimate compressive strain of FRC

= strain corresponding to the compressive strength

= ultimate strain of reinforcement
= yield strain of reinforcement

= tensile strain of FRC

= normalized compressive modulus of elasticity FBIC
= normalized modulus of elasticity of steel bars

= normalized compressive yield strain of FRC

= normalized ultimate compressive strain of FRC

= normalized transition tensile strain of steelsbar

= normalized ultimate steel tensile strain of stk
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=first post crack normalized stress

=second post crack normalized stress

= shear retention factor

= ratio of first post cracking strain to crackirtgain

= ratio of second post cracking strain to craclgtrgin

= ratio of first post cracking strain/crack widthuttimate strain/crack width
= ratio of second post cracking strain/crack widthiltgnate strain/crack width
=normalized post crack residual strength of FRC

= shear strength

= design value in the shear strength due to sitee f
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Table captions

Table 1 - Adopted composition (per m3 of concrete).
Table 2 - Main characteristics of the tested shabbeams.
Table 3 - Force values of the tested beams.

Table 4 - Increase provided by fibre reinforcemierterms of load carrying capacity at serviceapi(it,. g, g )
and at ultimate [, , , ) limit state analysis.

Table 5 - Concrete properties for the simulatiothefRC beams.

Table 6 - Steel properties for the simulation & BC beams.

Table 7 - Geometric data and values for the carsté models for the parametric study (see FigQre 9

Table 8 — HSC mix compositions designed for theeeixpental program (per m3 of concrete).

Table 9 - Mechanical characterization of the tesexikes: compression tests.

Table 10 - Values (in kN) for the FSLS arfg, . .

Table 11 - Fibre reinforcement effectiveness indefpe serviceability (. 5 ) and ultimate (g, ) limit state
analysis.

Table 12 - Contribution of steel fibres to the amte shear resistance according to the RILEM TG TBE
formulation.

Table 13 - Values defining the tensile softenirggdam, obtained from inverse analysis.

Table 14 - Values of the fracture parameters fersimulation of the HSSFRC shallow beams.
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Table 1 - Adopted composition (pef of concrete).

C w SP LF FS CS CG_1 CG_2 SF s Ti HiH:
Designation

(ko) (kg) (dn®) (ko) (kg) (ko) (k@) (kg) (kg) (mm) (s)

SCC 380.5102.7 12,5 360.0391.4 429.1 336.9 298.2 O 700 12 0.80

SFRSCC 380.5102.7 12.5 360.0391.4 429.1 336.9 298.2 45.0 710 16 0.77
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Table 2 - Main characteristics of the tested small@ams.

Longitudinal

Percentage of longitudinal rei Fibre content

Designation ~ Reinforcement Series
nforcement (p) * FC (kg/n?)
(A)
AL 60
306 0.20 0
A2 6.0
A
Al 6 45
306 0.20 45
A2 6 45
B1 80
308 0.36 0
B2 8 0
B
BL 8 45
308 0.36 45
B2 8 45
C1 10 0
30 10 0.56 0
C2 10 0
C
C1 10 45
30 10 0.56 45
C2 10 45

S OA
= A 100
P 54
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Table 3 - Force values of the tested beams.

Fsis(kN) Fucs (kN)
[FC=0] [FC=45] F [FC=0]  [FC=45] F Fus Fuis
A 020 27.68  49.03 1.77 29.19 50.76 1.74 0.95 0.97
B 036 4246  64.45 1.52 55.42 78.96 1.42 0.77 0.82
C 056 5553  71.60 1.29 83.53 102.59 1.23 0.66 0.70

FC: fibre content in kg/f
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Table 4 - Increase provided by fibre reinforcemarterms of load carrying capacity at serviceap((it, g )
and at ultimate (¢ s, ) limit state analysis.

Designation lrsy (%0) ey (%)
L 6 77.13 73.90
L8 51.79 42.48
L_10 28.94 22.82

FC: fibre content in kg/m
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Table 5 - Concrete properties for the simulatiothef RC beams.

Compression Tensile strength Tensile softening
Panel fa E (GPa) o (MPa) B a, B a o
(MPa) i} T )

L60 86.34 40.00 3.00 2.00 0.20 4.00 0.10 0.080

L 80 86.34 40.00 3.00 230 045 6.00 0.42 0.092
L 100 86.34 40.00 3.00 230 045 6.00 041 0.085
L 6 45 91.22 45.00 3.50 5.00 0.65 40.00 0.45 3.900
L 8 45 91.22 45.00 3.50 5.00 0.65 80.00 0.57 3.900
L 10 45 91.22 45.00 3.50 5.00 0.65 60.00 0.43 3.900

* To transform a stress-crack with into a stresakstrelationship a crack band width value of 45atmost
three times the maximum aggregate size, accordiBgrant e Oh recommendations) was used
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Table 6 - Steel properties for the simulation & RC beams.

Diameter Elasticity Modulus Yield stress Tensile strength Ultimate strain

(mm) (GPa) (MPa) (MPa) (%)
6 200 514 605 1.0
8 200 559 635 1.4
10 200 550 625 1.2

36



Table 7 — Geometric data and values for the caristit models for the parametric study (see FigQre 9

b* d d* &, E P
( (GPa) ﬁZ ﬂl ,U v w jﬂ] ys ( lﬂsu
(%)

(mm) " ™™ (mm)  (95)

[1.01-15] [0.01-0.99T
250 500 50 001 30 150 1 10 40 10 12 120 [0.0-0.8]
[5.0-20.0]" [1.02-2.98]"

* b > width of the cross section# : depth of the cross section’ : internal arm of the longitudinal reinforcement.
** For strain softening

*** For strain hardening
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Table 8 — HSC mix compositions designed for theeeixpental program (per hof concrete).

Cement Water SP LF Coarse Agg.2 Coarse Agg.l FineAgg. Fine Sand Steel Fibres
Series (kg)  (@m’) (kg) (ko) (kg) (kg) (kg) (kg) (kg)
_N:)CIZ?Obres 300.00 120.46 5.36 114.00 308.98 309.19 503.35 9586. 0.00
faeo_FC60  300.00 120.46 7.01 228.00 294.27 294.46 457.59 6333. 60.00
foso_FC75  300.00 120.46 7.01 228.00 286.14 286.51 448.93 5660. 75.00
_N(];Cg;gres 400.00 114.00 7.84 200.00 303.10 303.30 471.32 6349. 0.00
f.mo_FC60  400.00 114.00 10.65 342.00 282.50 282.69 439.29 .2B12 60.00
foo_FC75  400.00 114.00 10.65 342.00 266.11 266.45 417.50 .3321 75.00
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Table 9 - Mechanical characterization of the tesgxries: compression tests (average of 3 specimens)

Series E (GPa) f., (MPa) Strain at compressive strength(%)
f s_NOFibres  36.31 (8.51) 41.74 (2.76) 0.350 (0.25)
f_, FC60 37.05 (2.90) 46.58 (0.78) 0.415 (0.11)
f_ ., FC75 39.01 (0.81) 48.10 (0.28) 0.377 (0.13)
f..o_NOFibres  48.41 (1.44) 66.38 (0.45) 0.310 (0.10)
f_,_FC60 45.68 (0.36) 65.73 (3.33) 0.337 (0.36)
f ., FC75 43.75 (0.97) 66.08 (2.06) 0.343 (0.24)

() Coefficient of variation
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Table 10 - Values (in kN) for the FSLS and FULS.

FSLS I:ULS
Series F ref F FRC F FRC F ref F FRC F FRC
[FC=0] [FC=60] [FC=75] [FC=0] [FC=60] [FC=75]
f oo 97.35 146.06 154.83 97.66 187.50 212.73
fomro 112.10 160.29 192.36 125.23 225.82 252.90

FC: fibre content in kg/f
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Table 11 - Fibre reinforcement effectiveness inddre serviceability (IF(SLS)) and ultimate (IF(UDSimit
state analysis.

I F(SL9 (%) l F(ULS) (%)
Series
[FC=60] [FC=75] [FC=60] [FC=75]
f oo 50.04 59.05 91.99 117.84
fo0 42.98 71.59 80.33 101.96

FC: fibre content in kg/fn
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Table 12 - Contribution of steel fibres to the amte shear resistance according to the RILEM TGTIBE
formulation.

f f . Vcd de,l @ de,2 @ Vfd @ Vfd @ VRd @ VRd @
Cl

Series l\/TE’ MP SF,1® SF,2¢)
(MPa) — (MPa) 4Ny (MPa) (MPa) (kN)  (kN)  (KN)  (kN)
ferso 4174 3374 3036 - : i . 3036 - 161 -

_NoFibres

fg0_FC60 46.58 38.58 31.65 0.97 0.91 18.23 17.15 49.88 48.8D.88 1.92

fosoFC75  48.10 40.10 32.16 0.87 0.82 16.29 15.34 4845 47.52.20 2.24

f°m7_° 66.39 58.39 36.45 - - - - 36.45 - 1.72 -
_ NoFibres

fm0_FC60 65.73 57.73 3631 1.13 0.82 21.15 1545 57.46 51.7695 2.17

fomro_FCT5 66.08 58.08 36.38 0.90 0.49 16.95 9.19 53.33 45.57.36 2.72

(1)Consideringryy = 0.12f
V,,, and V., @ (or Vg, @).

exp

eqz [N/mn?]; (2) Consideringzyy = 0.12fp, [N/mnv]; (3) Ratio between
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Table 13 - Values defining the tensile softeninggdam, obtained from inverse analysis.
Tensile softening law

Series E oo 3 a $ a G
(N/mm?)  (N/mn®) (N/mm)
f.s0_FC60 37045 1.90 0.014 0.995 0.035 1.350 3.200
f e0_FC75 39014 3.50 0.012 0.995 0.044 1.200 5.140

Note: the values ofG; correspond to the area inside the tri-linear stoeask opening diagram
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Table 14 - Values of the fracture parameters fersimulation of the HSSFRC shallow beams.

Trilinear tension Softening crack shear
_ softening diagram stress-strain diagram
S e R & @ & @ G g G F
m
(N/mnr) (N/mm)  (N/mm?)  (N/mm)
lfzcg’go 37045 1.90 0.002 0.950 0.035 1.350 3.200 3.40 5.20.5
ferso 39014 3.50 0.001 0.950 0.044 1.200 5.140 3.00 3.1®.5

_FC75
Threshold angle=30°, Poisson’s coefficient=p=22 was assumed to defin@ in the simulations based on the

concept of shear retention factor
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Figure captions

Fig. 1 - Geometry, support and load conditionshef tested shallow beams, including the monitoriygtesn
[mm].

Fig. 2 - Load-central deflection curves of serie$L

Fig. 3 - Load-central deflection curves of serieSL

Fig. 4 - Load-central deflection curves of seried Q.

Fig. 5 - Relationship between the midspan deflactod the relative increment of the beam load azgry
capacity for all series.

Fig. 6 - Stress-strain diagram used in the numksicategy.

Fig. 7 - Idealized stress-strain response of FR{:té€nsile behaviour, (b) compressive behaviousdtiaon
Soranakom and Mobasher 2008); and (c) idealizedsstrain diagram for steel bars.

Fig. 8 - The effect of 5 parameter of SS-FRC in terms of normalized incress¢a) flexural, and (b) load
carrying capacity AM =My _i5 =M s M iy = Mg =101, AP = P =15 = Prmin» Prmin = Pg,=1.01)-

Fig. 9 - The effect ofuparameter of SS-FRC in terms of normalized incredsda) flexural, and (b) load

carrying capacity AM :Mﬂzo_99 M, Mpin =M =01 Ap= Pu=099 ~ Puin» Prin = Pru=001 -

Fig. 10 - The effect of 5, parameter of SH-FRC in terms of normalized inceeafs (a) flexural, and (b) load
carrying capacity AM =My s =M 1y, M iy =M g 30, AP = Pp =5 = Pinin » Prmin = P, =20 )-

Fig. 11 - The effect ofuparameter of SH-FRC in terms of normalized increafsda) flexural, and (b) load
carrying capacity §M =M _, oo - M, 0 Mo =M 00 AP =P 0657 Proin * Prvin = Pru=1.02 )-

Fig. 12 - Ordinary reinforcement: a) transversalwib) longitudinal view.

Fig. 13 - Load-displacement curves of the bendasgstwith prismatic specimens off@)soand b)fcmzoseries.

Fig. 14 - Load-displacement curves for the &),,and b) f_ ., series.
Fig. 15 - Crack pattern inf_, series: a) without fibres, b) with 60 kgfmnd c) with 75 kg/rhof fibres.

Fig. 16 - Tri-linear normal stress - normal strdiagram to simulate the fracture mode | crack pgegian.
Fig. 17 - Bi-linear shear stress-shear strain diangio simulate the fracture mode Il crack sliding.

Fig. 18 - Stress-crack opening diagram.

Fig. 19 - Finite element mesh adopted in the irvarsalysis.

Fig. 20 - Force-deflection curves of the nothcedrebending tests: comparison between experimenthl a

numerical results.
Fig. 21 - Relationship between the load and thespad deflection for the distinct numerical simuas.

of the RC beamsf_, =50 MPa).

46



F/2 F/2

350 . 205 .. 25 .. 25 .. 5 350 . 2R o

- [ [ [ _-l M a LT_ |
= s o » | la " 4 é o« & e
G VL= | - ——1 F 1 —— : ——Ty ' -1
I I SR SR S - g4 B e

—O— |

1125 | 450 | 1350 | 450 1125 | Adl

| 1600 i 350

Fig. 1 - Geometry, support and load conditionsheftested shallow beams, including the monitorigjesn
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Fig. 2 - Load-central deflection curves of serie$L
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Fig. 3 - Load-central deflection curves of serieSL
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Fig. 4 - Load-central deflection curves of seried Q.
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Fig. 5 - Relationship between the midspan deflectind the relative increment of the beam load aagry
capacity for all series.
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Fig. 7 - Idealized stress-strain response of FREtgnsile behaviour (based on Soranakom and Meb&€l08).
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Fig. 12 - Ordinary reinforcement: a) transversalwib) longitudinal view.
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Fig. 13 - Load-displacement curves of the bendésgstwith prismatic specimens of &), ., and b) f_
series.
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Fig. 14 - Load-displacement curves for the §),, and b) f_, series.
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Fig. 16 - Tri-linear normal stress - normal strdiagram to simulate the fracture mode | crack pgegian.
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Fig. 17 - Bi-linear shear stress-shear strain diangio simulate the fracture mode Il crack sliding.
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Fig. 19 - Finite element mesh adopted in the irvarsalysis.
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Fig. 20 - Force-deflection curves of the notchedrbédending tests: comparison between experimemtal a
numerical results.
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Fig. 21 - Relationship between the load and thespad deflection for the distinct numerical simudas.
of the RC beamsf(,,, = 50MPa).
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