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Figure 1. Punching failure perimeter adopted for the evaluation of the punching resistance when columns have: (a) and
(b sguare cross section, () citewlar cross section.
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Abstract

In this paper analytical formulations are develofmahe prediction of the punching resistancelaf $labs

of steel fibre reinforced concrete (SFRC) flexyrakkinforced with steel bars. By performing stadesit
analysis with a database that collects experimemgsililits on the characterization of the post-cragki
behaviour of SFRC, equations are determined foretreduation of the residual flexural tensile strang
parametersfg) from fundamental data that characterize steet$ibThefri strength parameters proposed by
CEB-FIP 2010 were used for the definition of theess-crack width lawdw) that simulates the fibre

reinforcement mechanisms in cement based matetralthe second part of the paper is described an
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analytical formulation based on the concepts pregoby Muttoni and Ruiz, where the-w law is
conveniently integrated for the simulation of thantibution of steel fibres for the punching resiste of
SFRC slabs. By using a database composed of 15¢himgntests with SFRC slabs, the good predictive
performance of the developed proposal is demomestraihe good performance of this model is also

evidenced by comparing its predictions to thosenfather models.

Keywords: Reinforced concrete, Flat slab, Punching, Stbetfieinforced concrete, Analytical models.

INTRODUCTION

Recent experimental programs have shown the ptigsiii building structural systems based on flatbs

of steel fibre reinforced concrete (SFRC) suppoxadreinforced concrete (RC) columns (Espion 2004,
Mandl 2008; Destréet al. 2009; Destrée and Mandl 2008; Barmetsal. 2012). This type of slabs is
generally designated by Elevated Steel Fibre Reiefb Concrete Slabs (ESFRC), and it includes a
minimum continuity rebars, also referred as antigpessive collapse rebars, placed in the bottotheolab

in the alignment of the columns (Sasani and Salyird@08). The results obtained in these experinhéasés
have demonstrated that this construction systefilldulhe structural exigencies required for resitig
buildings, and is a competitive alternative to thailabe conventional construction methods. Howeaer
reliable acceptance of this innovative construcgatem also requires the existence of design e
that can predict its structural behaviour with hagtturacy, namely the punching resistance, sinoeltpuog
failure is quite brittle and, in general, conductshe global collapse of a building (Garde¢ial. 2002).

In terms of punching resistance of conventionainfiorced concrete flat slabs, in general, theaaasign
standards, such is the case of ACI 318 (2008), BE§1985), EC2 (2004), and CEB-FIP Model Code
1990, adopt the approach that the ultimate puncl@sgtanceyrq, is obtained adding the parcel due to the
concrete resistanc@/rcq to the term that simulates the contribution oéahreinforcementYrsq €.9.,
Vr.&VreatVrisa FOr slabs without shear reinforcemeévit=Vr,cq and the design procedure for punching is
based on the verification that the nominal shegsstvng in two or more critical sections around the

column does not exceed the nominal shear strengiéhe.g.,vr, &N o
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Recently, the CEB-FIP Model Code 2010 proposedmesendations for the evaluation of the flexural and
shear resistance of members made by fibre reirdommancrete (FRC). These recommendations are
supported on residual flexural tensile strengtrapeetersfr;, that characterize the post-cracking behaviour
of FRC, and are determined from three point bentists with notched FRC beams. The full definitom

the strategy to obtaifi from experimental tests, as well as the aforerneeti recommendations, are
described in the following sections.The CEB-FIP Mo€ode 2010 has also proposed a very simple
approach to simulate the contribution of fibre feinement for the punching resistance of FRC flabs
Vrie Several studies have been done with the purpodeveloping a design approach for the predictibn o
the contribution of fibre reinforcement for the phing resistance of SFRC slabs (Narayanan and Blarwi
1987; Harajliet al. 1995; Muttoni and Ruiz 2010; Michedd al. 2012), but the predictive performance of
these models is generally limited to a relativethaf number of punching tests, and the contributbfibre
reinforcement is not based on the most recent keage about modelling the post-cracking behaviouhisf

composite.

In the present paper a design formulation is pregdsr the evaluation of the punching resistanc8FERC
slabs. This model is based on the principles pregdsy Muttoni and Ruiz (2010), where a stress-crack
width relationship is used to simulate the contiithu of the fibre reinforcement mechanisms for the
punching resistance of SFRC flat slalds;s TheVryis determined from thi; parameters proposed by CEB-

FIP Model Code 2010.

DESIGN FORMULATIONS PROPOSED BY STANDARD CODES

Design formulation for flat slabs only reinfor ced with conventional steel bars

ACI 318 (2008)

According to ACI 318, the punching resistance &f type of slabs analysed in the present papernénsul

from:

PpVR4 2Vsg (1)

where,
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VR4 =VRg [Ip[d 2

with

VRd = mir{% EEH,B%} \/é_c EEGDE; d +1J; fC] [MPa, mm] 3)

3

In Eq. (2) bo is the perimeter corresponding to the formationtt@ punching failure surface, assumed
localized at a distance=0.5 from the external face of the column, and wtfita geometric configuration
represented in Figure la.In Eq. 3)is the ratio between the larger and the smallgeaxf the column’s
cross sectiongs=3.32 for columns located in the interior of thelthug (assumed centrically loaded), such
is the case treated in the present wd¢kis the average concrete compressive strength aealwsing
cylinder specimens, andlis the internal arm of the longitudinal tensilenfercement of the slab’s cross

section.

CEB-FIP MODEL CODE 1990
The CEB-FIP Model Code 1990 recommends that theclpog resistance of a RC slab without shear

reinforcement should be determined from the follmyvequation:

VRd =VRgd [ [d [MPa, mm] (4)
with

Vg =012 [{L00Cp ) *3 [MPa, mm] (5)
where

=1+ %) [mm]; (6)
P = PxLpy @)

The & parameter in Eq. (6) aims to simulate the sizeceffThe reinforcement ratio of the tensile flexura
reinforcementp, is calculated from Eq. (7) by considering thenfeicement ratipx andpy in the two main

orthogonal directionsx(andy). For the evaluation gf, andpy, a width of the slab cross section equal to
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e+6-d (for the columns of square cross section), or etu&-r.+6-d (for the columns of circular cross

section), is considered, Figure 1.

EC2 (2004)
In the Eurocode 2, EC2, it is assumed that the lingaesistance of RC slabs without shear reinfosrs

can be estimated by the following equation:

VRd =VRgd (U [d (8)
with

3
Vrd = ma{CRd L KC{1000p 07, ) 400850k 2 ch%} [MPa, mm] ©)

wherek is defined ag (Eg. (6)), but a maximum limit of 2.0 is imposexki while p is obtained from Eqg.
(7) with an upper limit of 0.02. In Eqg. (8) the twal perimeter,u;, is localized ad from the external
surface of the colummaE2), and can assume the configurations represémtéigures 1b and 1c. In Eq. (9)

Cra,=0.185r.

CEB-FIP Model Code 2010
According to the CEB-FIP Model Code 2010, the pumghresistance of RC slabs without shear

reinforcementVr,~Vrq IS determined from the following equation:
f
VRd =VRed =Ky [—l\/; [y, (&l [MPa, mm] (10)
' Ve
whereby is the critical punching perimeter at a distaac®.5 from the external surface of the column, as

represented in Figures 1b and 1c. Kpgarameter depends of the rotation of the slab,ismttermined

from the following equation:

1
Ky = <06 mm
¥ "15+0.9 [ (kg mm] (1)

wherekyq parameter simulates the aggregate interlock:
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20.75 [mm] (12)

beingdy the maximum diameter of the aggregates.
The rotation of the slaly, (Figure 2b) required to determine theparameter, is evaluated according to the

approach Il indicated in CEB-FIP Model Code 2030applying the following equation:

MRd

W= 15d—GLd[EdeJ (13)

wherers indicates the position, in relation to the axighed column, at which the radial bending momemt,
is null (Figure 2a). The value of can be considered equald@®2Ls (Ls is replaced by for the analysis in
x direction, and.s is replaced by for the analysis iy direction, Figure 2c) in slabs where thg/Lsy ratio
pertains to the interval [0.5 — 2.0]. In Eq. (1B% tn=Vs 48 (Johansen 1962) amokq represents the design
value of the actuating and resisting bending momespectively. Botlmsg andmgq are evaluated for a slab
strip of a width ofbbs=1.5- (s xIsy)>><Lsmin Wherersyandrsy is thers in x andy direction, respectively, and
Ls,miniS the minimum value betweénandLs,, Figue 2c. The strategy to evaluaig will be discussed in a

posterior section.

Design formulation for FRC flat dabs flexurally reinforced with conventional steel bars - CEB-FIP
Model Code 2010
For SFRC slabs, the CEB-FIP Model Code 2010 recamdsi¢he following equation for the evaluation of

the punching resistance:

VRd =VRed VR fd (14)

where Vg is calculated according to Eg. (10), and the pacoeresponding to the contribution of fibre

reinforcementyVr g, IS evaluated from:

f
VR fd :F—IFUK [y [ (15)

being,
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ths—%Eﬂths—0.5DfR3+O.2Dle)20; fr = 0,450 g (16)

fry =
In Eq. (15)fruk represents the characteristic value of the ulémmasidual flexural tensile strength, which is
calculated for an ultimate crack widtlvj of 1.5 mm. When the SFRC slab also includes cotiwmeal
flexural reinforcement, the CEB-FIP Model Code 2@1@gests the use of=y d/6, wherey is calculated
from Eq. (13). Thdrs in EQ. (16) represents the residual flexural tensirength for the verifications of
serviceability limit states. Thig; (i=1 and 3) parameters indicated in Eq. (16) reptethenresidual flexural
tensile strength parameters of FRC, and are datednfrom the load versus Crack Mouth Opening

Displacement CMOD) registered in three point notched beam bendists tdy applying the following

equation:
3[FRi [
fR' =Rl ==
| ZEH)EhSpZ (17)

whereFrg; is the force corresponding @MOD, andL (500 mm),b (150 mm) andhs, (125 mm) are the free
span, the width of the cross section and the distémom the tip of the notch to the top surfacehef beam,

respectively (CEB-FIP Model Code 2010).

ASSESSMENT OF THE PREDICTIVE PERFORMANCE OF DESIGN FORMULATIONS
PROPOSED BY STANDARD CODES

Introduction

The predictive performance of the the formulatigmeposed by standard codes, described in a previous
Section, is evaluated in terms of tveVex/Vine parameter, whereey, is the punching failure load registered
experimentally, andVine=Vr=Vr. is the punching failure load estimated accordingthe analytical
formulations of the considered standard codes. girpose of this section is to determine the fornoma

that best predicts the punching failure load of flR€slabs Vr=Vr,J, in order to be adopted with the model
proposed in the present work to estimate the fiload of SFRC flat slabs that are also flexuredipforced

with steel bars, e.§/in=Vr=Vr VR This assessment was executed by consideringabatst of punching

tests with flat slabs described in the followingtsen.
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Database (DB)

A database (DB) composed by 154 slabs submittgaut@hing test configuration was built, 137 of them
were reinforced with longitudinal steel bars/gridsorder to avoid the occurrence of flexural faélunode.
None of these slabs has conventional shear/puncainfprcement. However, 105 slabs composing the DB
were made by SFRC. In terms of concrete compressigagthf.m the DB is composed of slabs with in

the range of 14 to 93 MPa, so a quite high inteexadts for a parameter that has a relevant impadhe
punching resistance of concrete slabs. For thes dlalit were flexurally reinforced with steel batise
internal arm of this reinforcemend, (Figure 2) has varied from 13 mm to 180 mm, whilke reinforcement
ratio (o) is in the interval 0.4 to 2.75%. In the SFRC sl|dlhooked, “twisted, “crimped, “corrugated,
“paddle¢ and other types of fibres were used, with an espsgio that varied from 20 to 100, and in a
volume percentags2%. In some of the SFRC slabs (6 specimens), tfRCSkas only applied in a region
around the loaded area (that represents the posifithe column), considered the region where pungch
failure could occur. In terms of loading conditioradl the slabs of the DB were submitted to a load
distributed in a certain area of the slab witheahsferring any bending moments from the loadingageto
the slab. In the tests of the DB, the columns wgareilated by a RC element monolithically connedtethe
slab or applying steel plates, or even introdua@ngemi-spherical device in between the piston ef th
actuator and the tested slab. The cross sectidgheo€olumns and steel plates was square or circltar
avoid results that can compromise the reliabilityhis statistical analysis, the slabs with a thieks lower
than 80 mm were discarded, since an eventual mflief size effect can have a detrimental consexuen
this study. Furthermore, the slabs where the coma@mpressive strength has decreased more thannl5%
consequence of the addition of fibres were alsdeséegd, since this decrease reveals that the SFRC m
composition was not properly designed. Furtherildetdoout the DB can be found elsewhere (Morae® Net
2013).

In this section, slabs only reinforced with stearshare considered for the assessment of the pwedic

performance of the formulations proposed by stahdades, described in the previous chapter.

General statistical analysis procedures
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The performance of the formulations proposed bydiwesidered standard codes for the prediction ef th
punching resistance of RC slabs is appraised tb@gollected data registered in the DB. For eaobgsal,
the obtained values o are compared witlVex, and al factor corresponding to th€e/Vine ratio is
evaluated. The values afwere classified according to the modified versidrthe of theDemerit Points
Classification(DPC) proposed by Collins (2001), where a penalty (PENassigned to each range Jof
parameter according to Table 1, and the total oblbtes (Total PEN) determines the performancehef t
proposal. The penalty is a weighting factor detaadifrom statistical analysis that takes into aotsafety,
accuracy and economic aspects (Collins 2001). Adicgrto this strategy, the proposal with the minimu
total of penalties is the best one under this fraank.

In next section the models in analysis are desigghatsMODi (i=1 up to 4), with the corresponding
formulation assigned in the footnote of Table 2.

In the analysis performed, unit value was assuroedlf the safety factors (such is the casgc.@ndyr in
equations (10) and (15), respectively) considenethb formulations, and average values were addpted
the properties of the materials (such Bsfe, fri, frs frs, fru), Since the analytical predictions will be
compared to the experimental results. Furtherniarthe evaluation of Eq. (10) of the model propobgd
CEB-FIP Model Code 2010, the Egs. (11) and (12) dlefine the punching failure criterion are repthty

the following ones:

3/4
= rad, mm
e @9
_ 15
Kag = 16+ d, [mm] (19)

in order to take into account that average valuesaw considered (Muttoni 2008).

Results

The results presented in the present section agsegerformance of the formulations describedanti®n
“Design formulation for flat slabs only reinforcedth conventional steel bars” for the predictiontbé
punching failure load of flat slabs only reinforcetith longitudinal bars, e.dvine=Vr=Vr. The results are
presented in Table 2, and from the analysis it lsanconcluded that MOD4, corresponding to the one

proposed by CEB-FIP Model Code 2010, has best qwastlithe punching failure load registered
9
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experimentally, with the lowest COV. Furthermotasithe one with the largest number of predictionthe
appropriate safety interval according to the DP&b{& 1), e.g. 21 samples withl[0.85-1.15[. Therefore, it
will be selected for the evaluation of tMa in the context of the formulation to be develoged the

prediction of the punching failure model of SFR& #labs flexurally reinforced with steel bars, Edt).

PRACTICAL PROPOSAL FOR THE ESTIMATION OF THE RESIDUAL FLEXURAL TENSILE
STRENGTH PARAMETERS, fri

Introduction

The predictive performance of the model proposeth@present work for the evaluation of the punghin
failure load of SFRC flat slabs will be assesseddiyparing the estimated results with those auailaibthe
DB described in Section “Database (CB)”. As alreadiicated, the contribution of fibre reinforcemdot
the punching resistance is simulated by using tdmeeptfri, however, these values are not available in the
majority of the works composing the DB. Therefdmeapply the proposed model to the tests compdbiag
DB, another database was built by collecting resfi) of the characterization of the post-cracking diex
behaviour of SFRC according to the recommendat@m€EB-FIP Model Code 2010. Since the fibre
volume percentagd/, and fibre aspect ratids/¢), (Quotient between fibre length, and fibre diameter)

are practically the unigue common information aalalié in the works forming the DB of the punchingtse
the statistical analysis performed with the coBéctdata for the characterization of the post-cragki
behaviour of SFRC was governed by the criteriodeyiving equations for thk; dependent on the and
li/d. The authors are aware that this is a quite singgproach to simulate the fibre reinforcement
mechanisms, since other variables like the fibrédmaond strength, fibre inclination and fibre esdment
length influence the values &f (Cunhaet al. 2010), but this information is not available irosle works.
Therefore, a relatively large scatter of resultsagurally expected for the relationshifas(Vs, I/ds), but
actually this is the unique possibility of considerthe fibre reinforcement mechanisms accordinghto
CEB-FIP Model Code 2010 for the prediction of thmghing failure load of the slabs collected in B by
applying the proposed model. Preliminary statistcalysis by considering also the bond strength also
carried out (Moraes Neto 2013), but the obtaineslilte have revealed that by also adopting these

parameters, the dispersion of the results incre@geficantly, since a large scatter of bond sttenglues

10
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exists in the bibliography. Taking this into acchuhe statistical analysis was carried out in otdederive

equations that conduct to safe predictions.

Database (DB) and proceduresfor the analyss

A database composed of 69 results from three pwitthed SFRC beam bending tests was collected
(Moraes Neto 2013). The analysis of the DB hascatgid that fibre reinforcement indékfi/d, is the most
influential parameter on thé&; values. Taking into account the geometric charities and volume
percentage of the steel fibres most used in thitada experimental programs of punching SFRC sldbs
database is restricted to the tests with concreitgfaorced with hooked ends steel fibres, in a vaum
percentage ranging from 0.13% to 1.25% and wittefdspect-ratio in the interval 50 to 80.

In the first step of the analysis of the informatiavailable in the DB, relationships betwdgrand V:4#ds
were established (Moraes Neto 2013). The predigiarformance of the equations were then evaluated i
terms of theli=friexdfrime parameter, wheréiexp and frime IS, respectively, the residual flexural strength
parameter recorded experimentally (available inDB3 and estimated according to the obtaified/:4dd
relationships. The predictive performance of thesationships was also appraised by using a matifie
version of theDPC, where a penalty is assigned to each rangde drameter according to Table 1, and the
total of penalties determines the performance efghV:iid: relationship. To assure stable predictions, the
statistical analysis was executed in order to gi®dverage values far=fry exffr1,imeaNdizme in the lower
bound of the interval considered as “conservatiifgble 1), which assures safe predictions in teofms

design philosophy.

Assessement of the predictive performance of the fri-V:iA#d: relationship
Analyzing the results of the DB it was realizedtttiee fri-Vidddr function that best fit the results is of the
type (Moraes Neto 2013)fg; =k; [ﬁ\/f s /ds )Ci. To derive thek; and thec; values j=1 and 2), a

parametric analysis was executed (Moraes Neto Z2@81&@der to obtain the best compromise in termghef
lowest R-squared values JRof the fitting process and the lowest total pgaslaccording to the modified

DPC, having resulted the following equations:

11
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| cl | 0.8
fry = kg Eﬁvf E»LJ =7.5E€vf [-»LJ [MPa] (20)

d¢ d¢
| c2 | 0.7
frs = ko EEVf [-sdlj =6.0 [ﬁvf E-»dLJ [MPa] (21)
f f
fR3=k3 Dle=085DfR1 (22)

Eq. (22) shows a tendency for a linear relationgldjweenfr: andfrs, which was already pointed out in a
previous work (Barrost al. 2005).

The predictive performance of Egs. (20) and (21¥ wasessed by taking the results estimated fof; the
parameter, and considering the dispersion of thelteeand total penalties according to the modifdL.

The obtained results are presented in Figure 3odx ‘and whiskers” plot of theratio for thefr: andfrsis
represented in Figure 3b. The box plot diagram lyjcably depicts the statistical five-number summary
consisting of the minimum and maximum values, d&dlower (Q1), median (Q2) and upper (Q3) quatrtiles
Table 3 resumes the obtained results. As expeeexkglatively high dispersion was obtained for the
predictions of both parameters, which is intrindjcdependent of the dispersion of results in th for the

fr1 andfrs, since the values of these parameters are alsotedf by the properties of the surrounding cement

matrix, but not considered in the present apprahehto the reasons already pointed dite authors are

doing an effort for increasing the database orcttagacterization of the post-cracking behaviousBRC, in
order to derive more reliable equations for theedaination offri.

In a design context of a SFRC slab, three pointhed SFRC beam bending tests should be executed
according to the recommendations of CEB-FIP Modzd&C2010 in order to obtain tfw of the SFRC, and
these values are directly used in the proposed hiod¢he evaluation of the punching failure loafleo

SFRC slab supported on columns.

THE CONTRIBUTION OF FIBRE REINFORCEMENT FOR THE PUNCHING RESISTANCE OF
SFRC FLAT SLABS
The contribution of fibre reinforcement mechanidomsthe punching resistance of SFRC flat slaks, has

been investigated by several researchers (NarayamérDarwish 1987; Harajit al. 1995; Muttoni and

12
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Ruiz 2010; Choiet al. 2007; Higashiyameet al. 2011), but none of them has acquired generalized
conclusions to be considered as design guideliterier

With the aim of contributing for the developmentaoformulation that is sufficiently simple to beoaded in
the design practice, and with scientific rigour @ale of simulating with enough accuracy a phenonteat
has a brittle character and huge impact if a ceapccurs (Gardnest al. 2002), a new approach to
determineVris described in this section by combining the nomshprehensible knowledge available. This
formulation is based on the principles proposed/iogtoni and Ruiz (2010), being the contributionfibfe
reinforcement mechanisms simulated by a stressack avidth law,si(w), recommended by the CEB-FIP
Model Code 2010, but considering Egs. (20) and {@ tetermines(w).

According to Muttoni and Ruiz (2010), it is accdpéato consider that a slab with axisymmetric strcad
conditions, when submitted to a load level correslirg to the failure state, can be regarded a®apgof
radial segments that rotate as rigid bodies, Figure

The reinforcement mechanisms offered by the filsressing the critical punching surface are simaldg
the stress-crack width relationship (Figure 5a)] after convenient integration a@f(w) at the fracture
surface, the fiber reinforcement contribution toe punching resistend&: can be obtained.

According to the Critical Shear Crack Theory (CSEMuttoni 2008; Muttoni and Schwartz 1991), the
crack opening of the punching failure cragk,is proportional to the rotation of the slah,and the distance

from the bottom surface of the sla{Figure 5b):

Wy 2)=ulylz (23)

wherey is the coefficient relating the rotatignwith the crack opening. Thep parameter was obtained by
using the rotation values at punching failure logg, of the slabs composing the database introduced in
Section “Database (DB)”". For each slabytsvas evaluated from available experimental datd,sesuming
that the ultimate crack widthw,, should be in the interval 1.5 to 3.0 mm, for eaghn this interval the
corresponding value of theparameter is determined from Eg. (23). Thewas determined at the level of
the tensile flexural reinforcement, considerigl-x (Figure 5), where the position of the neutral axjds
determined by applying the approach recommende@El-FIP Model Code 2010 (Figure 6), whésg is
obtained from Eq. (16) witlm,=2.5 mm, as suggested by this standard. Thereffmréhe u parameter that

respect Eq. (23) for the considensg it is obtained the contribution of fibre reinferaent for the punching

13
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resistanceVrs and applying Eq. (14) the punching failure loadestimated and compared to the value
registered experimentally. This algorithm was exeduor the adopted interval of,, and the pair ofv, and

u parameters that have best predicted the punchihgd load of the experimental programs colledtethe
database was=2.5 andm=2.5mm (Moraes Neto 2013).

According to Moraes Neto (2018), is calculated from the following equation:

W, = O.BSEE Em[Tl - X‘SJ i (24)
where,

Eulzpw[Esm?’[ﬁl—gj %1—%) (25)
and

Y= E,fBCt[Es 61Eh 5 Déngl (26)

In equation (25)E-l1 represents the flexural stiffness of SFRC craatteds section, obtained according to
the procedures adopted for RC members (Moraes 23#8), and assuming a stabilized cracking stage. Th
contribution of fibre reinforcement for tiel; is only indirectly taken in the evaluation of theutral axis,
Figure 6. In Eq. (25§ is a factor to take into account the real arrareggnof the reinforcement, since the
CSCT is supported on the principle of axisymmestitictural conditions, but the majority of the lbaihd
tested RC flat slabs have orthogonal distributidrthe reinforcement (Guandalini 2005). According to
Muttoni (2008),5=0.6 yields to satisfactory results. The evaluatibithe position of the neutral axig,was
made according to the recommendations of CEB-FIEéViGode 2010, see Figure 6.

The ys factor in Eqg. (26) simulates the post-crackingstenstrength of cracked concrete (tension stiffgni
effect), wherd is the concrete tensile strengH,is the elasticity modulus of the steel reinforcamg is
the reinforcement ratio of the tensile flexuralnfercementh is the slab thickness, ama,= f.:h%6 is the
cracking moment.

To evaluateVg; it is assumed that the post-cracking stress tafw)=oi(,z), can be represented by the

following linear constitutiver-w approach recommended by CEB-FIP Model Code 2010:

14



a1 (W)= ey (W)= frs ‘Z—V\; {fris —050fps +0.20fR )20 (27)
355

356 Replacing Eqg. (23) into Eq. (27) yields:

4
Ot (l//,Z):ths‘%[ﬂths‘0-5DfR3+0-2['fR1)20 (28)

357
358 TheVry is obtained by integrating(y,z) on the are#o, whereA,, see Figure 5a, represents the horizontal

359 projection of the punching failure surface (Morakso 2013):

Vi = [0l 2) Ay (29)
Ao
Q104- Q203 -
Ve (@)= mrid ({1 - 20K) [ 2[01 03+ d (1-K)fL- 20k + k2)-Kk° (30)
20d [M2(y) M4 S 20)
360
361 where,
_ pl(fre =050 foy +0.20 fpy) 1
Q= fre; Q2= = : =r.: =
Fis’ Y . 8=r; Q4= i) (31)
m
wzwuzo-SSEEE[Tl_thjms; k=§ (32)
362

363 To evaluate thé/rs an assumption was assumed by considefigz)=ci(w)=a1(W,) (See Eq. (23)) and
364 adopting forw, the value 1.5 mm recommended by CEB-FIP Model C2O&0 (clause 7.7.3.5.3).

365 Therefore:

Vet = [orlp 2) Ay = [or (w,) WA = o (wy) D (33)
Ao o
366
367 wheresi(wy) is obtained from Eq. (16):
W,
ot (wWy)= fru (W)= frs ‘2—% {fris ~0.50f g +0.20FRy )20 (34)
368

369 resulting:

15
VR f ={ths_E[(ths_O-s['fF&'*'o-ZDle)}Do‘O (35)
370
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371 ASSESSMENT OF THE PREDICTIVE PERFORMANCE OF FORMULATIONS FOR SFRC FLAT
372 SLABS

373 Since the formulation of CEB-FIP Model Code 201G Ihast fitted thé/r of the collected DB, it was
374  selected to be coupled with the proposed modelgteticts the contribution of fibre reinforcemeat the
375 punching resistance of SFRC flat sla¥s;, resulting a model capable of estimating the tineching failure
376 load of SFRC slabs reinforced with longitudinaletears:Vine=Vr=Vr¢+Vr; In the previous Section two
377 equations were proposed to estimdg i) Eq. (30) that requires performing a full intation of the crack
378 opening-fibre stress law, thereby is herein desgghasThe-refin 2) Eq. (35) that is more simple to obtain,
379 thereby is herein designated BEse-simpl| whererefin andsimpl means refined and simplified, respectively.
380 In Table 4 the predictive performance of these twadels is compared to the one resulting from the
381 application of the formulation proposed by CEB-IMBdel Code 2010 that was already described. Ithean
382 concluded that both proposed formulations evidenoellent predictive performance with a relativetgall
383 COV. Both formulations present average valué ofuch closer to the unit value than the CEB-FIP ehod
384 and lower COV. Furthermore, these models have thlsdargest number of predictions in the approeriat
385 safety interval according to the DPC (Table 1).d8bsn the results and considering its easy attangnt is
386 recommended to uséhe-simplapproach to predidtr;, based on Eq. (35).

387 The CEB-FIP Model Code 2010 provides a large nunolbgredictions against safety, e.gl &alue in the
388 interval [0.50-0.85][, considered “Dangerous” acaugdo the DPC (see Table 1), was obtained forl&9ss
389 In the CEB-FIP Model Code 2010 a constant postkingcresidual strength is assumed distributed & th
390 punching fracture surface for the simulation of fitere reinforcement contribution for the punching
391 resistance. This is in fact the same strategy adojpt the simplified approach herein proposed (B§)),
392  but the relatively high number of unsafe predicticlemonstrates that the punching failure surfasenasd
393 in this standardbp.d) seems not realistic, or not compatible with tlssumption of a constant residual
394  strength distribution in the punching failure sedaln this model th&is calculated fronfr, determined
395 by Eq. (16). To evaluatiey, instead of adopting,=y-d/6as recommended by this standard, it was assumed
396 w,=1.5 mm, since the former approach lead to moreafenpredictions. If a proper safety criterion is
397 considered as the one that 85% of the samples menmathe interval=[0.85-1.15[, av~4.0 mm should be

398 adopted in the model proposed by CEB-FIP Model Caii®.
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COMPARISON OF THE PREDICTIVE PERFORMANCE OF THE DEVELOPED MODELS

In this section the predictive performance of tiefined and simplified modelsTle-refin The-simpl
developed in the present work for the evaluatiothefpunching failure load of SFRC flat slabs impared

to the one of the following models found in theeddture: Narayanan and Darwish (1987), Shaaban and
Gesund (1994), Harajket al. (1995), Holanda (2002), Cheit al. (2007), Muttoni and Ruiz (2010) and
Higashiyamaet al. (2011). The formulation of these models is presginh Moraes Neto (2013) and Moraes-
Netoet al. (2012). Like in a previous Section, the predictperformance of the models was based on the
evaluation of thel=Ve/Vine parameter and on the analysisicccording to the modified version of the
DPC, where thé&/e, is the punching failure load of the slabs collddie the database described in Section
“Database (DB)". The models in analysis are desgphasMODi (i=1 up to 9), with the corresponding
formulation assigned in the footnote of Table 5 amdhe caption of Figure 7. The box plot diagram i
Figure 7 graphically depicts the statistical fiueatber summary, consisting of the minimum and marimu
values, and the lower, median and upper quartiiedar each model. From the analysis of Figure 7 thed
values included in Table 5 it can be concluded tivatproposed models, together with the model oftdi

and Ruiz (2010), are those that assure valudsatdser to the unity with the lowest COV. Howevitre
models proposed in the present work provided thallest total penalties, with the largest number of

predictions in the appropriate safety interval.

CONCLUSIONS

In the present paper a model was proposed to prédicpunching failure load of steel fibre reinfedc
concrete (SFRC) slabs centrically load¥d)( This model is supported on the assumption haVr Vg,
where Vr and Vg is the contribution of concrete and fibre reinfarent for the punching resistance,
respectively. To determine the best available féatmn for the prediction ofVg. the predictive
performance of models proposed by ACI 318, CEB{ARIel Code 1990, EC2 and CEB-FIP Model Code
2010 was assessed by estimating the punching restdts collected in a database (DB) built for this
purpose. From this study it was concluded that GEB-Model Code 2010 evaluates more accurately the

concrete contribution for the punching resistan€eR€ slabs, and consequently it was selected to be
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combined with the formulation developed for thedicgon of the punching resistance of SFRC slaltss T
formulation is supported in the critical shear &r#loeory, and integrates a stress-crack widthioglahip
(ov(w)) for modelling the contribution of fibre reinfontent mechanisms. The(w) was determined
according to the recommendations of CEB-FIP ModetleC2010 for the characterisation of the post-
cracking flexural tensile behaviour of FRC. Thegmsed model has two levels of sophistication, dne o
more laborious calculus, and the other with a semplay of obtaining th&r

The predictive performance of these two versionthefdeveloped model was appraised by simulatiag th
punching tests composing the DB. Both versiondiefrhodel have predicted with high accuracy theirfail
load of the punching tests of the DB, and assustteband safer predictions than the ones obtawtd

available models for the evaluation of the puncHailgire load of SFRC slabs.
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512
513
514 NOTATION

Ao Horizontal projection of failure surface

As Area of tension reinforcement

A's Area of compression reinforcement

b Width of a isolated slab element

bo Critical perimeter for punching shear (ACI 318 &#EB-FIP Model Code 2010)

bs Strip of slab to avaluet the bending moment

d Internal arm of the slab

o Diameter of fibre

dg Maximum diameter of the

E Modulus of elasticity of concrete

Es Modulus of elasticity of reinforcement

fe Average compressive strength of concrete in cylisgecimens
fet Average tensile strength of concrete (Braziliam)tes

fres Post-cracking strength for serviceability crackmipg
= Post-cracking strength for ultimate crack opening

fri Residual flexural tensile strength of fibre reirtfed concrete corresponding to CMOD
fyd Design yield strength of reinforcement

Fs Internal compressive force of tensile reinforcement

F's Internal compressive force of compressive reinforest

h Slab thickness

l1 Second moment of area of cracked concrete crosiisec
k,¢& Size effect parameter

Kag Aggregate interlock parameter

k, Rotation of the slab parameter

l¢ Length of fibre

L Span of slab

MR Resisting bending moment (plastic bending moment)
Med Actuating bending moment

ro Radius of the critical shear crack

re Radius of a circular column

rq Radius of the load introduction at the perimeter

rs Radius of circular isolated slab element

up Critical perimeter for punching shear (EC2 and CHB-Model Code 1990)
\Y, Shear force

Vi Fibre volume percentage

Vred  Design concrete contribution to punching sheangtie

Vrd  Design punching shear strength

Vria  Design fibre contribution to punching shear strangt

Vrsa Design shear reinforcement contribution to punclsihgar strength
Vsd Actuating shear force

w Shear crack opening
Wy Maximum acceptable crack width imposed by desigrdi®mns
X Neutral axis of slab
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Qs

Xts
&c

&fu
Es
Esu
Es
&t,bot
VN,d
VR,d
14

Parameter for columns located in the interior efblilding

Efficiency factor of the bending reinforcement fiffness calculation
Ratio between the larger and the smaller edgesofdfumn’s cross section
Tension stiffening parameter

Concrete strain

Ultimate strain of concrete in compression zone

Ultimate strain of fibre in tensile zone

Strain of steel reinforcement in tensile zone

Ultimate strain of steel reinforcement in tensibme

Compressive steel reinforcement strain

Concrete tensile strain at the bottom surface efstab

Design nominal shear stress

Design shear strength

Average interracial bond strength of fibre matrix

Tensile reinforcement ratio

Stress

Rotation of slab
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Table 1. Modified version of thBemerit Points Classificatio(DPC).

Table 2. Predictive performance of the design nedetording to the modified version of the DPC.

Table 3. Predictive performance of Egs. (20) arlgd {2 the context of the modified version of the@P

Table 4. Performance of models for the predictibrihe punching failure load of SFRC flat slabs adaag to the
modified version of the DPC.

Table 5. Performance of several models to prédigt classification of the models according to the ified version of

the DPC

Table 1. Modified version of theemerit Points Classificatio(DPC).

A=Vexd Vine Classification Penalty (PEN)
<0.50 Extremely Dangerous 10
[0.50-0.85] Dangerous 5
[0.85-1.15] Appropriate Safety 0
[1.15-2.0 Conservative 1
>2.0 Extremely Conservative 2
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Table 2. Predictive performance of the design nedetording to the modified version of the DPC.

Total

A=VexdVine <0.50 | [0.50-0.85[| [0.85-1.15[| [1.15-2.00[| >2.00 PEN AVG STD | COV (%)
N° samples 0 3 3 18 0 24

MOD1 1.28 0.32 25.28
PEN 0 15 0 18 0 33
N° samples 0 7 14 3 0 24

MOD2 2 0.95 | 0.20| 2091
PEN 0 35 0 3 0 38
N° sampl 0 1 15 8 0 24

MOD3 samples 1.16 0.25 21.30
PEN 0 5 0 8 0 13
N° samples 0 2 21 1 0 24

MOD4 1.01 0.09 9.34
PEN 0 10 0 1 0 11

MOD1=ACI 318, MOD2 =CEB-FIP Model Code 1990, MOD3ZE MOD4=CEB-FIP Model Code 2010.
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Table 3. Predictive performance of Egs. (20) arld {2 the context of the modified version of the@P

fri fra frs
Ai=fri exdfrithe N° samples PEN N° samples PEN
<0.50 0 0 1 10
[0.50-0.85] 4 20 7 35
[0.85-1.15] 17 0 18 0
[1.15-2.00[ 43 43 38 38
>2.00 5 10 5 10
Total PEN 69 73 69 93
Statistical resume
fri fra fr3
Average (AVG) 1.37 1.32
STD 0.38 0.48
COV (%) 27.88 36.08
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Table 4. Performance of models for the predictibthe punching failure load of SFRC flat slabs adarg to the
modified version of the DPC.

Models The-refin The-simpl CEB-FIP Model Code 2010
A=Vexp/Vine | N° samples PEN N° samples PEN N° samples PEN
<0.50 0 0 0 0 2 20
[0.50-0.85] 6 30 5 25 39 195
[0.85-1.15] 43 0 42 0 9 0
[1.15-2.00[ 1 1 3 3 0 0
>2.00 0 0 0 0 0 0
Total PEN 50 31 50 28 50 215
Statistical resume
Models The-refin The-simpl CEB-FIP Model Code2010
’?X‘f/rg?e 0.97 0.98 0.73
STD 0.11 0.11 0.13
COV (%) 11.38 11.17 17.48
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Table 5. Performance of several models to pradigt classification of the models according to the ified version of

the DPC

2=Vexp Nine <0.50 | [0.50-0.85[| [0.85-1.15[| [1.15-2.00[| >2.00 |TotalPEN| AVG STD |cCoV (%)
N° samples 0 21 21 8 0 50

MOD1 0.92 0.23 25.29
PEN 0 105 0 8 0 113
N° samples 0 2 18 29 1 50

MOD2 1.24 0.26 20.89
PEN 0 10 0 29 2 41
N° samples 0 5 18 20 7 50

MOD3 1.42 0.62 43.38
PEN 0 25 0 20 14 59
N° samples 0 42 0 50

MOD4 1.32 0.20 15.47
PEN 0 0 42 0 42
N° samples 0 17 27 0 50

MOD5 1.20 0.29 24.03
PEN 0 30 0 27 0 57
N° samples 0 6 37 7 0 50

MOD6 0.99 0.13 13.26
PEN 0 30 0 7 0 37
N° samples 0 20 24 6 0 50

MOD7 0.92 0.18 19.45
PEN 0 100 0 6 0 106
0 6 43 1 0 50

0.97 0.11 11.38
0 30 0 1 0 31
0 5 42 3 0 50

0.98 0.11 11.17
0 25 0 3 0 28

MOD1= Narayanan and Darwish (1987); MOD2= Shaatah Gesund (1994); MOD3= Haragt al. (1995); MOD4= Holanda (2002); MOD5=
Choiet al.(2007); MOD6= Muttoni and Ruiz (2010); MOD7= Higiagamaet al. (2011); MOD8The-refin MOD9=The-simpl
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Figure 1. Punching failure perimeter adopted for the evaluation of the punching resistance when columns have: (a) and
(b sguare cross section, () citewlar cross section.
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Figure 2. Chatacteristics of the slab: (&) Distribution of the radial hending moment, (b Slab’s rotation at failure ()
Representation of the slab’s spans and width of slab’s strips.
611
3.5
35
3 -
2.5 3
- &
o=
1.5
1
0.5
1] r r r
a 025 05 075 1 o
VUL F1 3
ofRl «{R3
(2 (k)
Figure 3. Predictive performance of Egs. (200 and (21).
612

28



Tangential
reinforce me nt

Edge of the slab

Tangential crack

Radial segment
Fadial
reinforce me nt

Fadial crack

critical shear
crack

Figure 4. RC slab with avisymmetric structural conditions, crack pattern at ultimate limit state and reinforcement

artarigetrert.
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Figure 5. Contribution of fibre reinforcement mechardsms for the punching resistanice: (&) stress distribution and (h)
crack opening idealization.
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