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Abstract

With the aim of contributing for the development adsign guidelines capable of predicting with high
accuracy the punching resistance of steel fibrgoated concrete (SFRC) flat slabs, a proposatesgnted

in the present paper and its predictive performaiscassessed by using a database that collects the
experimental results from 154 punching tests. Teeretical fundaments of this proposal are basethen
critical shear crack theory proposed by Muttoni Aiglco-authors. The proposal is capable of priedjche

load versus rotation of the slab, and attends @gotinching failure criterion of the slab. The pregatakes

into account the recommendations of the most reC&m-FIP Model Code for modelling the post-cracking
behaviour of SFRC. By simulating the tests commpsihe collected database, the good predictive

performance of the developed proposal is demomestrat
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models.

1. INTRODUCTION



In recent years the use of steel fibres to increddbe punching resistance, and mainly, to conbettle
punching failure mode into ductile flexural failuneode of reinforced concrete (RC) flat slabs hasnbe
explored. In fact, available research [1-3] showreat, if proper mix compositions of steel fibrenfeirced
concrete (SFRC) are used, steel fibres can bebtrigaear reinforcement for RC flat slabs, by imprg the
load carrying capacity and the energy absorptigfopmance of the column-slab connection. These fitsne
are derived from the fibre reinforcement mechanipnosided by fibres bridging the micro-cracks thaest
the crack propagation, favouring the occurrendargfe number of cracks of small width.

The resisting tensile stresses supported by thed Bbges in a cracked concrete have also the fiadea
effect of delaying the yield initiation of longituchl and transversal conventional steel reinforagmehich
contributes to increase the ultimate load carryéagacity of RC structures or to a partial suppoessif
conventional reinforcements.

By testing prototypes of real [4, 5] or smallerlecgb], the use of steel fibres has been investidjats,
practically, the unique reinforcement of the fliths for residential and commercial buildings. Tiyge of
slabs, generally designated by Elevated Steel Rlereforced Concrete (ESFRC) slabs, is reinforced av
steel fibre volume percentagé, of about 1%, and it includes a minimum continlbgyrs, also referred as
anti-progressive collapse bars, placed in the botibthe slab in the alignment of the columns [i]spite
of the promising results obtained in these testBable design models capable of predicting, withhh
accuracy, the load carrying capacity, the deforomali response and the failure modes possible toranc
ESFRC slabs are not yet available, which is a denable resistance for a comprehensive acceptatithis
structural concept that apparently has severahteahand economic advantages. Due to the britibeacter
of punching failure mode, the existence of a desipdel capable of predicting correctly the punching
resistance and the deformation capacity of SFRGli#dos is of paramount importance in this cont8gine
analytical models were proposed for the evaluatibtihe punching resistance of SFRC slabs, sombkewht
with an eminent empirical nature, but the predetperformance of these models was, in generaltdihid
the simulation of a relatively small number of sesarried out by the authors [8-11]. In the presemtk a
database collecting 154 punching tests with SFR&bsslwas developed to appraise the predictive
performance of these models and the one proposédebguthors of the present work. This model iefas

on the Critical Shear Crack Theory (CSCT) propobgdMuttoni [12], being possible to determine the



punching resistance of SFRC slab by intersectingrae corresponding to the load versus rotatibiy) of

the column-slab connection, with a curve that defirthe failure criterion. This model integrates the
contribution of fibre reinforcement mechanisms gsthe recommendations of the most recent CEB-FIP
Model Code 2010 [13]. The present paper describegptoposed formulation and compares its predictive

performance using the aforementioned database.

2. LOAD VERSUSROTATION APPROACH

2.1. Refined formulation

The load versus rotation proposed in the presenk i8dased on the recommendations of Muttoni fha}
are applied to a column-slab connection assumingyamnetric conditions for this structural component
(Figure 1). The crack pattern of the slab at ulterlaading conditions can be assumed as dividedradial
segments (Figure 1a). Each radial segment is delintiy a tangential crack formed close to the calumy
two radial cracks, and by the edge consideredfieedoarder of the slab.

According to some authors [14-16], it is admissiol@ssume that these radial segments rotateabdiies

in turn of the point localized at the bottom of thenching failure surface (Figure 1b). Therefoteisi
accepted that a radial segment has constant motatibetween the critical shear crack and its edge.
According to Muttoni and Schwartz [17], in the aolo/slab connection the shear foiéds transmitted
through a compression strut formed at the extemmgibn to the punching failure surface (Figure 1h).
Figure 1b the variables, ro, rq andrs represent, respectively, the radius of column@ssrsection, the
distance to the axis of the column of the punchailgire surfacerg=r+d/2, whered is the internal arm of
the longitudinal reinforcement), the distance @ tircumferential loading line and the radius & $tab.

The stresses and the corresponding internal fdaresed in the radial segment are indicated in Fagay
whereF¢ andFs represent the resultant force in the concreteompression and in the reinforcement in
tension, both in the radial direction, whitg: andFs; are the resultant force in the concrete in congioas
and in the reinforcement in tension, both in thegemtial direction. The stress componests and ot
represent the post cracking tensile strength ofGFRradial and tangential direction, respectivélinally,

V andVr represent the acting and the resisting shear foespectively. The force componelis andFs,

and the stresses, generate the radial bending momemi while force componentB, and Fs, and the



stressesry: produce the tangential bending momemn{Figures 2a and 2b). For the evaluation ofrthethe
vertical component of the resisting force due taveloeffect provided by the longitudinal reinforcemevas
neglected, as well as the vertical component ofé¢kaltant stresses due to fibre reinforcement ar@sms.
The representation shown in Figure 2c correspamdscblumn/slab connection assumed in an axisynenetr
conditions. When the slab has square geometry (&iga), it can be converted into an equivalentutirc

slab (Figure 3b) by adopting the following transfiations [18]:
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wheree is the edge of the cross section of the columd,Lais the edge of the slab, both assumed of square
geometry.

According to Guandalini [19] and Muttoni [12], thead versus rotation of a slab in axisymmetric cgtreal
conditions can be directly obtained from the quamar (4L) or bilinear (2L) moment-curvature diagr
(m-x) represented in Figure 4a. In this figure, theandmg represents, respectively, the bending moment at
crack initiation and the resisting bending momeaagtic bending moment) of the slab’s cross secfide

E-lp and E‘l1 represent the flexural stiffness of the slab’sssrgection before and after crack initiation,
respectively. The., r. andry is the distance from the axis of the column of ¢hess section where the
curvatureycr, y1 andyy is installed, respectively. In these variables, shbscriptser, 1, andy represent the
crack initiation, the stabilization of the crackipgocess and the yield initiation of the longituaditensile
reinforcement, respectively.

The equilibrium of bending moments@i (Figure 2c) yields:
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wherem is dependent of the distangevhich has justified the transformation of therLy diagram (Figure

4a) into than-r diagram depicted in Figure 4b. Adopting the folilogvassumption:

xw)== ©6)

the transformation ah(y) into m(r) is executed by performing a simple procedure ahgmg the variable:
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Adopting the diagram of Figure 4b and considering B), the integral of Eq. (5) can be decomposéat i
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Introducing Eg. (9) into (5) and solving the intaigryields:
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which is the equation that establishes the relatigmbetween the rotation and the load carryingcity of
the slab. In this equatiom(y) is the radial bending moment for the rotatipnevaluated at=ro, and the
mathematical operatoso>=x if x>0 and«x»>=0 if x<0. To evaluate the plastic bending momeng, the
recommendations of CEB-FIP Model Code 2010 [13] tlee simulation of the contribution of fibre
reinforcement are adopted in the present work (Eidg). A detailed description on the evaluationmgfis
available elsewhere [18]. The bending moment atkcriaitiation, m, is obtained from the following

equation:



for th?
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wherefc is the concrete tensile strength that can be asttinaccording to the recommendations of CEB-FIP
Model Code 2010.
Theru(y), ri(y) andry(y) in Eq. (10) is the position, from the axis of #@umn, of the section of the slab

that develops the curvatuye(y), x1(v) andy(y), respectively. These curvatures can be deternifoetthe

following relationships:

Xcr = Eméro = Fer (w):/\/icrs s (12)
= Mer _ ¥
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Xy = E—gl ~ Xis = )= X <'rg (14)

For the evaluation of the uncracked flexural séffs,E-lo, the contribution of the reinforcement is negldcte

3
EuozEdI—z (15)

The evaluation of the flexural stiffness of SFR@aked cross sectiofl;, was executed following the

procedures adopted for RC members [18], and asguandtiabilized cracking phase:
E0,=pBEm3f1-2 1—ij 16
1=pP EIB S EE dj EE 304 ( )

The contribution of fibre reinforcement for tiiel1 is only indirectly taken in the evaluation of theutral
axis, x, Figure 5 f) andA parameters are evaluated according to [13],fant introduced in next section).
In Eq. (16)4 is a factor intending to take into account theamgement of the reinforcement, since the
deduction of Eqg. (10) was supported on the priecgdl axisymmetric structural conditions, but theangy

of the built and tested RC flat slabs have orthafj@mrangement of the reinforcement [19]. Accordiag
Muttoni [12], #=0.6 yields to satisfactory results. The evaluattbrthe position of the neutral axis, was

made according to the recommendations of CEB-Fl@MGode 2010 [13], see Figure 5.



The s factor in Eq. (8) simulates the post-cracking lenstrength of cracked concrete (tension stiffgnin

effect) that according to Muttoni [12] it can beetenined from the following equation:

f m
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This means that the fibre reinforcement was natrigkto account for the evaluation@f Enhancements in
this respect can be adopted by using the closed $otution proposed by Tahesi al. [20] for determining
the moment-curvature relationship of FRC of stsftening or strain hardening character, but thigr@each

increases significantly the complexity of the moaiehed to be proposed in the present work.

2.2. Simplified formulation

Instead of using the quadrilinear (4ix)-x diagram to derive the load versus rotation retesiop, in the
present section the simpler bilinear (2b}x diagram (orm-r) is adopted, since it provides a formulation
more suitable for design purposes. To derive tlae hersus rotation relationship supported on them2t
diagram, it is necessary to assume the slab deswdpim two regions: elastic,£ro) and elasto-plastic
(ro<ry<rs), as represented in Figure 6b.

Establishing the bending moment equilibriunGhpoint, and considering the elastic hypothesisrg), it is

obtained Eq. (5). In this equation:

mr(‘//)@o:Eﬂldr%@o (18)
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Replacing Egs. (18) and (19) into Eq. (5) it isaobed:

V(gy) = r ZD: (EO, [ﬁh In(:—sﬂ for ry <o (elastic regime) (20)
q 'c 0

Analogously, for the elasto-plastic casgsry <'rs, the following equilibrium equation is derived:
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where
fs ry fs r
[my(r)car = [ mg cair + fEDldgEdjr =mg Eﬂry —ro)+ EDlW/Dh[—SJ (22)
Replacing Eq. (22) into Eqg. (21) it is obtained:
_ 2 rs . .
V(w) = CEOq [ D1+In| = || for re<ry<rs (elasto-plastic regime) (23)
g = r
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Based on experimental results [3, 21, 22], it wasfied that the slab’s rotation is proportionak¥e/\Ve)*?,
whereV andViex is, respectively, the actuating shear force aeddhd corresponding to the flexural failure
of the slab:

3/2
wc{ v J (24)
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To obtainVsex the equilibrium Eq. (21) is considered with:

rS

[ m feir = mg frg ~ o) (25)
o

and assuming,=rs, see Figure 6b, results:

Vilex = 2LTling D(%) for ry=r (flexural failure load) (26)
q Cc

Combining Egs. (23) and (26), and assumipg.35-rs that was determined from experimental evidence

[18], the following relationship between load aotation was derived [18]:

w:o.sm[g v J -

Eq. (24) can get the following configuration
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w=A (28)
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where2 is the constant relating and(V/Vie)*?

, whose value was determined by dimensional arsa[¢8i.
In this analysis the same parameters of Eq. (27¢ wensideredyx, rs, E-l1, having resulted the following
equation [18]:

3/2
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where A=0.65 for regular concrete anfl =1.625 for concrete of lightweight aggregates. Blabs in
axisymmetric structural condition®gex is obtained from Eq. (26), while for square sldiesyield line theory
leads toVnex=8-mk. EQ. (29) is the simplified expression for thedogersus rotation that is recommended to
be used in the design practice.

If the contribution of the reinforcement in commies is neglected, and concrete crushing is assumed
occur simultaneously with the yield of the longinal reinforcement, Eq. (29) gets the following

configuration, whose deduction is described initletsewhere [18]:

3/2
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In Eq. (30)Z =0.358 for regular concrete amo=0.894 for concrete of lightweight aggregates, arfd, and

Es represents, respectively, the reinforcement rdtie, yield stress and the modulus of elasticitythef



flexural reinforcement. The parame®rin Eg. (30) is the distance of the flexural rencEment to the
concrete tensile surfacd-@in Figure 5).

In Egs. (30) and (31)Yru(wy) is the post-cracking residual strengthSFRCat ultimate limit conditions,
wherew, is the maximum acceptable crack width imposeddsigh conditions. According to the CEB-FIP
Model Code 2010 [13]fru(wW,) should be evaluated fov,=1.5 mm. In Eq. (31jr: andfrs are the residual
flexural tensile strength parameters, whose evaluas carried out according to the recommendatioins
CEB-FIP Model Code 2010, by performing three poiotched beam bending tests [13]. In Egs. (32) and
(33) V: andly/dr and the fibre volume percentage and fibre aspdit (quotient between fibre lengtl,and

fibre diameterds).

2.3. Prediction of theresidual flexural tensile strength parameters of SFRC by using a database

As already mentioned, the predictive performanciefproposed models will be assessed by comptreng
estimated results with those available in a dawlf@8) that collects 154 punching tests. In thesslals,
the contribution of fibre reinforcement is simuldiey using the concept of residual flexural tenstlength
parameterdgi, whose values, in the majority of the works coniipgpshe DB, are not available. Therefore, to
apply the proposed models to the tests composmd another database was built by collectingltesu
(fr) of the characterization of the post-cracking Gl behaviour of SFRC according to the
recommendations of CEB-FIP Model Code 2010. Siheefibre volume percentag¥;, and fibre aspect
ratio, l/d;, are practically the unique common informationikade in the works forming the DB of the
punching tests, the statistical analysis performid the collected data for the characterizatiorthaf post-
cracking behaviour of SFRC was governed by theroih of deriving equations for thig dependent on the
V: andld/di. The authors are aware that this is a quite sirapf@oach to simulate the fibre reinforcement
mechanisms, since other variables like the fibrédmaond strength, fibre inclination and fibre esdment
length influence the values &, but this information is not available in thoserkg Therefore, a relatively
large scatter of results is naturally expectedtierrelationshipéi —(Vs, l/ds), but actually this is the unique
possibility of considering the fibre reinforcemenéchanisms according to the CEB-FIP Model Code 2010

for the prediction of the punching failure loadtbe slabs collected in the DB by applying the psmab
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models. The authors are doing an effort to incréhisedatabase and, therefore, deriving more reliigb—

(s, l/dk) relationships. Egs. (32) and (33) were obtairmmbaling to the described methodology [18].

In a design context of a SFRSC slab, three pointhead SFRSC beam bending tests should be executed
according to the recommendations of CEB-FIP ModeléC2010 in order to obtain the of the SFRSC, and
these values should be directly used in the praposelel for the evaluation of the punching failload of

a SFRSC slab supported on columns.

3. FAILURE CRITERION

3.1. Fundamental formulation

In the present approach it is assumed that thehmgcesistance of a RC slab can be estimated @diogpio

the critical section concept, e.g., the nominalastsressyr, is defined as the ratio between the punching
failure load ¥y) and an area considered as representative oluthehmg failure surfacebg-d):

Vu

VR = bo—m (34)

whereby represents the punching critical perimeter atstéadcen-d from the external surface of the column
(Figure 7). It is also assumed that the contributid fibre reinforcement can be integrated in B4)(by

using ak: factor:

Vy 1
VR = —-
R byl k (35)

where this factor simulates the influence of thestiimportant steel fibre reinforcement mechanisamely:
fibre volume percentagd/{), fibre aspect ratiol{ds) and fibre-matrix bond strength,). Thea; factor aims
to simulate the degree of influence of these fithraracteristics on the punching resistanc8ERCslab. In

order to integrate these new aspects in the dribaar Crack Theory (CSCT) proposed by Muttoni,[12
the k; & was included in the equation of the CSCT, resgitin

Vu

g o Ok =v Of (wdo) (36)
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wheref(w,tb) is a function dependent on crack width,and on the roughness of the punching failureaserf
that was assumed correlated to the diameter oagheegatesio. If the proposal of Muttoni and Schwartz
[17] for the determination off from the rotation of the slaly(d) is now considered, yields:

Vu _ Ve
by M k; & ap +aglyld

(37)

According to Muttoni [12], and in agreement witle tresults from Walraven [24], and Vecchio and @elli
[25], the contribution of the aggregate interlock the concrete shear resistance can be estimated b
multiplying y-d by kdg, Whereksg=1/(dgotdg), beingdge=16 mm the reference diameter, algdhe maximum
diameter of the aggregates. In concrete of ligigiveaggregates it is assumdgF0O, since the fracture
progresses through the aggregates resulting avedyasmooth surface. Therefore, the following egua
governs the punching failure criterion ®FRCslabs:

Vu _ Ve
bo [ Ck; & &y +ag Ly [d kyg

(38)

beingv. the concrete nominal shear strength [26], whidhlw determined in the next section, as well &s th

ai (i=1 to 3) andk parameters.

3.2. Proposal

The values ofy parameters that define Eq. (38) were determinedttiyg as much as possible thg-y
response recorded in experimental punching tedts R slabs. According to ACI 318 [26], the paragnet
bo, which defines the perimeter of the punching failsurface, is localized at a distart from the

external surface of the column. This parametenaade obtained from the following equations:

by =4le+rld (for column of square cross section) (39)

ve = 0330/, (40)

beinge the edge of the column’s cross section. For theaes indicated at the end of the previous chapter,

the ks factor was assumed dependent onvhendli/d; fibre parameters:

12



ki =Vi EAN (41)
dy

To determine the; parameters, the value af was varied between 0 and 1 with small incremehts,and

for eacha, the values of, andas that best fit the experimental results (smallRdtwere obtained. A

preliminary parametric study in this context hadi¢ated that values @ outside of the aforementioned

interval conduct to worst predictions of the expemntal results. The following optimizedparameters were

those corresponding to the smallBétof the performed analysisai=1/3, a,=1.33,a:=1.82. Replacing these

values in Eq. (38) results:

V, 1

| M3 1.33+1820 M Ckyg
bo 08l O/ fe. EEVf E(TJ
f

(42)

3.3. Assessment of the predictive performance of the proposal

In this section the predictive performance of eiumef4?2), as representative of the punching faikueerion

of SFRClflat slabs, is assessed. For this purposejthevine parameter, comparing the experimentaly
and the theoreticale) values, is determined. The valuesi@re evaluated according to a modified version
of the Demerit Points Classificatio(DPC) proposed by Collins [27], where a penalty (PENassigned to
each range of parameter according to Table 1, and the totaleoffiies determines the performance of the

proposal. The theoretical results were obtaineohfiize following equation:

b = 1
" 133+ 1820 [8 [k,

(43)

while the experimental results were determined ftbenfollowing equation:

V

u

1/3
b, [0 /T, Eﬁvf EH (44
f

Uexp -

Figure 8a shows the predictive performance of tiopgsal, while Figures 8b and 8c present the &) (
and unsafei<l) results (in percentage) and a “box and whiskaelat of thed parameter, respectively. The

box plot diagram graphically depicts the statidtibee-number summary, consisting of the minimundan

13



maximum values, and the lower (Q1), median (Q2) apder (Q3) quartiles. The obtained results are
included in Table 2, where the number of samples penalty for each range foparameter, and the total of
penalties (Total PEN) are indicated, as well asaWerage (AVG), the standard deviation (STD) aral th
coefficient of variation (COV). The number of saegplwas limited to 40 because, in the majority @f th
slabs composing the DB the ultimate deflection was provided, whose value if fundamental for the
evaluation of the ultimate rotation of the slatb®introduced in Eq. (42). Figure 8 shows fRabf thevexr

vine IS quite small. However, Table 2 reveals thataherage of. is close to the unit value, and its COV is
relatively low. Therefore, the assumptions subjaderthis proposal for representing the punchintufe

criterion of SFRCflat slabs are acceptable:

bp =4[e+ rld ( for columnof squarecrosssection)
I
v, _ 1 ke =Vq Eli
bo 8 O/ f, kY3 1.33+1.82[ @ kyq 1
dg ~ dgo +dg

(45)

This equation, in spite of describing satisfacyotile punching failure criterion f{@FRCflat slabs, has the
inconvenient of do not being generalized for theesaof plain concret&/{0). To overcome this deficiency,

the parameterg andus are introduced into Eq. (45) resulting:

V, 1
” 1=
bo (8 3/ g U +k 23| 133+2000; @ Ckyg (46)
where
0if Vs 20
P71t vy =0 (47)
V11if Vs 20
U210 ity =0 (48)
WhenVi=0, Eqg. (46) becomes the one proposed by Muttd]ifiir RC slabs:
Vu 1 3/4
(49)

bo [ /T, 133+ 200 (@ [kgg  1+1500 (@ [kgg
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Taking experimental results found in the bibliodngpFigure 9 evidences that Eq. (46) assures sfaciidry
predictive performance for the punching failuregesion. In this figure the symbol of the ordinate axis

represents the left term of Eq. (46).

4. APPRAISAL OF THE PREDICTIVE PERFORMANCE OF THE PROPOSALS

4.1. Database (DB)

A database (DB) composed by 154 slabs submittggutehing 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/punchinfprcement. However, 105 slabs composing the DB
were made by SFRC. In terms of concrete averag@mssive strengthm, the DB is composed of slabs
with fem in the range of 14 to 93 MPa, so a quite highriratieexists for a parameter that has a relevanagnp
on the punching resistance of concrete slabs.Heoslabs that were flexurally reinforced with stesis, the
internal arm of this reinforcemend, (Figure 1) has varied from 13 mm to 180 mm, whilke reinforcement
ratio (o) is in the interval 0.4 to 2.75%. In the SFRC sldlhooked, “twisted, “crimped, “corrugated,
“paddl€ and “Japanesétype of fibres were used, with an aspect-ratiat varied from 20 to 100, and in a
volume percentage2%. In some of the SFRC slabs (6 specimens), tiCSkas only applied in a region
around the loaded area (that represents the posifithe column), considered the region where pingch
failure could occur. In terms of loading conditipradl 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 werailated by a RC element monolithically connedtethe
slab, or applying steel plates, or even introdua@ngemi-spherical device in between the pistonhef t
actuator and the tested slab. The cross sectidgheo€olumns and steel plates was square or circtitar
avoid results that can compromise the reliabilityhas statistical analysis, the slabs with a thieks lower
than 80 mm were discarded, since an eventual iflief size effect can have a detrimental consexguen
this study. Furthermore, the slabs where the cem@@mpressive strength has decreased more thannl5%
consequence of the addition of fibres were alsdented, since this decrease reveals that the SFRC m

composition was not properly designed.
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4.2. General statistical analysis procedures

The performance of the proposals for the predictibthe punching resistance of SFRC slabs is apgaai
using the collected data registered in the DB. éawh proposal, the obtained values/g are compared
with Vex, and al factor corresponding to thé../Vine ratio is evaluated. The values ofwere classified

according to the modified version of the DPC (Table

4.3. Results

The performance of the proposals correspondingg® ELO), (29) and (30) for the prediction of tbhad
versus rotation, with Eqg. (46) that represents fiiture criterion, is presented in Figure 10, where
experimental and theoretical results are compdrethis figure and in the following analyses, thegposal
corresponding to Eq. (10), (29) and (30) is dediephasRefined SimpleandBalanced respectively. The
symbol of the ordinate axis represents the lefntef Eq. (46). Figure 10 shows that the three aggites
have satisfactory predictive performance in terrhgoad versus rotation, and when conjugated witn th
proposed failure criteria can estimate with goodugacy the punching failure load. The performanicthe
three proposals for the prediction of the punchailyre load of the slabs composing the DB is assgsn
Figures 11a, 11b and 11c, by companag andVie Figure 11d shows the minimum and maximum values,
and the lower (Q1), median (Q2) and upper (Q3) tdaarof thel=Vex/Vine values predicted by the three
proposals. Table 3 includes the analysid atcording to the modified version BPC (see also Table 1).
Figure 11 and Table 3 reveal that the proposalgesponding to Eqgs. (10), (29) and (30) with théufai
criteria represented by Eq. (46) predict with gamturacy the results registered experimentallyh wait
relatively small dispersion of results (the COVigdrbetween 12% and 13%), being Befinedmodel the
one that conducts to the highe%, smallest number of total penalties, and largestlver of samples with

proper safety margin.

5. COMPARISON TO THE PREDICTIVE PERFORMANCE OF OTHER MODEL S

16



In this section the predictive performance of tbeaedloped model is compared to the one of the fatiors
proposed by: Narayanan and Darwish [8], ShaabarGasdind [29], Harajkt al. [9], Holanda [22], Chogt

al. [30], Muttoni and Ruiz [10] and Higashiyaretal.[31]. A detailed description of these formulatiaran

be found elsewhere [32], but a resume is in theciag. Like in the previous sections, the predetiv
performance is appraised in terms of @/ e./Vine factor and considering the modified versionD®C
(Table 1). The obtained results are indicated inldd and represented in Figure 12. Each of theetsdd
comparison is designated by MODi (i=1 to 7) andcasresponding reference is indicated in the fotetrud
Table 4 and in the caption of Figure 12. From tlhéaimed results it can be concluded that the model
proposed in the present work, regardless of theethevels sophistication, together with the model o
Muttoni and Ruiz [10], are those that assure tlghdst performance for the prediction of the punghin
failure load of SFRC flat slabs. In terms of thedified version ofDPC, Table 4 shows that the proposed
Refinedmodel provides the lowest total penalties, with tighest number of predictionsioin the intervals
[0.85-1.15] and [1.15-2.0] (37+11), to which copesd the lowest penalty values, being consequéndy

more reliable model.

6. CONCLUSIONS

In the present work three proposals were desciibethe prediction of the punching failure of stéiere
reinforced concrete (SFRC) flat slabs submittecetatrically loading conditions. The proposals ageda on
the critical shear crack theory, and only divergetloe level of sophistication adopted to define libeed
versus rotation for the slabs. The punching failaréerion adopted in these proposals is basedhen t
experimental results collected in a database andherrecommendations of ACI 318. The database is
composed of 154 experimental punching tests wihdlabs. This database was also used to appleise t
predictive performance of developed proposals, dryopming a statistical analysis of theVey/Vine, Where
Vexp and Vine is the punching failure load registered experiraiytand predicted analytically, respectively.
The predictive performance of the model was alsessed by applying a modified version of the Demeri
Points Classification. All the three versions of firoposal predict satisfactorily the load versmation of

the slabs of the database, and estimatedues in the interval 1.0 to 1.04 with a coeéfi of variation less
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than 13%, which is relatively small considering tduenplexity of the punching phenomenon. By comgarin
the performance of the developed proposal to tlethan seven models for the prediction of Yhg, it was
also verified that the more refined version of ineposed model assured the highest predictive peaiace

with the largest number of predictions in the imés considered proper for safety design.
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NOTATION

A's Area of compression reinforcement

As Area of tension reinforcement
b Width of a isolated slab element
bo Critical perimeter for punching shear

bg,c Loaded line for square slabs in circular edge dmrt
Bq,q Loaded line for square slabs in rectangular edgelitions

c Distance of the flexural reinforcement to the gete tensile surface
d Internal arm of the slab

do Diameter of the aggregates

o Diameter of fibre

dg Maximum diameter of the

dgo Reference diameter of the aggregates

e Edge of the column’s cross section

E Modulus of elasticity of concrete

Es Modulus of elasticity of reinforcement

Fs Internal compressive force of compressive reinforest

fe Average compressive strength of concrete in cylisgecimens
Fer Internal compressive force of concrete in radiegation

Fet Internal compressive force of concrete in tangéufirection

fet Average tensile strength of concrete (Braziliast)te

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

fri Residual flexural tensile strength of fibre reitfed concrete corresponding to CMOD
Fs Internal compressive force of tensile reinforcement

Fsr Internal tensile force of reinforcement in radiakection

Fst Internal tensile force of reinforcement in tangg@rdirection
fsy Yield strength of reinforcement

h Slab thickness

lo Second moment of area of uncracked concrete cerd®s
I Second moment of area of cracked concrete crossisec
L Span of slab

l¢ Length of fibre

M Bending moment at crack initiation

m Radial moment per unit width

MR Resisting bending moment (plastic bending moment)
m Tangential moment per unit width

r Radial orientation

ro Radius of the critical shear crack

ri Radius of the zone in which cracking is stabilized

re Radius of a circular column

rceq  Radius of a circular column in an equivalent siébircular geometry
Fer Radius of cracked zone

rq Radius of the load introduction at the perimeter
rqeq  Radius of the load introduction at the perimetiean equivalent slab of circular geometry
rs Radius of circular isolated slab element

rseq  Radius of circular isolated slab element in aniajant slab of circular geometry
ry Radius of yielded zone
t Tangential orientation
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\Y, Shear force
Vexp  Experimental punching shear strength

Vi Fibre volume percentage
Viex ~ Shear force associated with flexural capacityhefglab
VR Nominal punching shear strength

Vrea  Design concrete contribution to punching sheanstth

Vra  Design punching shear strength

Vri  Design fibre contribution to punching shear sttlng

Vrsd  Design shear reinforcement contribution to pungtshear strength
Vihe Theoretical punching shear strength

Vu Punching failure load

w Shear crack opening

Wy Maximum acceptable crack width imposed by desmmdiions

X Neutral axis of slab

z Axis orthogonal to the slab with origin at thetbm surface of the slab
s Efficiency factor of the bending reinforcement #iffness calculation
Ap Angle of a cracked radial segment of slab

&'s Compressive steel reinforcement strain

&c Concrete strain

&cu Ultimate strain of concrete in compression zone

Efu Ultimate strain of fibre in tensile zone

&s Strain of steel reinforcement in tensile zone

&su Ultimate strain of steel reinforcement in tensitme

epot  Concrete tensile strain at the bottom surface estab
VR, Nominal shear stress

Ve Concrete nominal shear strength

p Tensile reinforcement ratio

P Compressive reinforcement ratio

Ofr Post cracking tensile strength of SFRC in radieation
ot Post cracking tensile strength of SFRC in tangédirection
™ Average interracial bond strength of fibre matrix

x1 Curvature in stabilized cracking

Xer Curvature at cracking

Xis Tension stiffening parameter

Xy Yielding curvature

v Rotation of slab
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APPENDI X: Theoretical Models

1. Narayanan and Darwish [8]:

I
Vg = [o.szsp +160p + 04107, [V, (&, [-»dL] (£, W, [ [MPa, mm] (1)
f
I
u, = [1— 0550V, [&, E-IdLj [{4 &+ 307h) [mm] )
f

0.5 for round fibres
a; =<0.75 for crimped fibres (3)

10 for duoform fibres

wherefs, is the indirect cylinder tensile strength of fimenforced concrete (FRC)=4.15 MPa is the average fibre-

matrix interfacial bond stressg; is a factor depending of the fibre geometfy,= (1.6—0.002Dh) is an empirical factor

depending of the slab’s thicknebs andu is the critical perimeter.

2. Shaaban and Gesund [29]:

V,, = 0.60{0.0251W, +0.567)b, [ /T, [MPa, mm] (4)
b, =4l(e+d) (5)
7850V, 7850V,
W, = = =3271V, (6)
w 2400

Cc

whereW is the weight fibre percentage, amglis the specific weight of plain concrete.

3. Hargjli et al. [9]:

Vo, =(0.033+0.075v, )b, @ 3ff.  [MPa, mm] 7)

4. Holanda [22]:

f f
V,, = 0.0035d E{/em o, Qtﬁlm— p =

Cc

]Eﬁo.lswf +051)/f, [MPa, cm, %] 8)
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5. Choi et al. [30]:

Vg = 14/%’ R/O.ZGSE{/f_C EEO.ZBSE{/f_C+(a—a—;j [r'cf} A, +0.1050, /d, )4/f. DBIA, [Eosp )

a (&, =0.00196 (10)
If Fd
E.f = 0.00079V, 9 +0.004 . (11)
f c
f'e=19v, l, /d,)iB+f, [MPa] (12)
_(ore, +2@,+4Eote)f{d - c,)
A = : (13)
sing
A. =(2le +2le, +4lcotglc,)lc, (14)
1 for hookedor crimpedsteelfibres
L =12/3 for plainor round steelfibreswith normalconcrete
3/4 for plainor round steelfibres with lightweight concrete

wheref ¢t is the compressive strength of FRCis the compressive strength of an equivalent @iaawithout fibresf
accounts for the effect of fibre shage3® is the average value of the angle formed by thebpimg failure crack with
the slab’s plang-ecor is the compressive strain at the extreme compmmed#ber of the cross section, angs is the
compressive strain corresponding to the comprestremgth of FRCg, is the neutral axis positioe; ande, are the
edges of the column’s cross section #ydand Ac are, respectively, the failure surfaces of tensiad compression

zZones.

6. Muttoni and Ruiz [10]:

Vg =Vige +Vi, (15)
d
Vet =04 (W)IA, = 0y (wTj A, (16)
©
o, (w) =L rarcta) —¥— |m1-2¥| g, (17)
/s a, 0, [ d,
g, =3 8
17350, (18)
0.8F % for hookedendsfibres
r, =40.60F.°° for crimped fibres (19)
0.40F °° for straight fibres

whereVr is the concrete contribution to the punching shiesistancegy is the post-cracking tensile strength of FRC

for a crack widthw, andA, is the horizontal projection of failure surface.
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7. Higashiyama et al. [31]:

VR :ﬂd I:Bp mr |:quc‘,d +Vb)ﬁup m

fo =0.20/f, <12MPa

By = 41/1(;00 <15

3, =3/1000p <15
1

=1+
A 1+0.25 iu/di

v, =04107, [F with 7, =415MPa

u, =(u+7d){fl-KF) with K =032

I
F= d_f [V, [&, , with V; in percentage
f

0.5 for round fibres
a, =40.75 for crimped fibres
1.0 for duoform fibres

(20)

(21)

(22)

(23)

(24)

(25)
(26)

(27)

(28)

whereu is the perimeter of the loaded aragis the perimeter of the critical section locatéd distance ofl/2 from the

contour of the loaded area.
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LIST OF TABLE CAPTIONS

Table 1. Modified version of thBemerit Points Classificatio(DPC) [27]
Table 2. Prediction ofeys classification of the proposals according tortiwdified version of th®PC

Table 3. Prediction d¥exs classification of the proposals according tortiwdified version of th®PC

Table 4. Performance of several models to pradigt classification of the models according to the fied
version of theDPC

Table 1. Modified version of theemerit Points Classificatio(DPC) [27]

A=Vexp Vthe Classification Penalty (PEN)
<0.50 Extremely Dangerous 10
[0.50-0.85] Dangerous 5
[0.85-1.15] Appropriate Safety 0
[1.15-2.00[ Conservative 1
>2.00 Extremely Conservative 2
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Table 2. Prediction ofexs classification of the proposals according tortreified version of th©PC
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Table 3. Prediction d¥exs classification of the proposals according torfaified version of th®PC

Proposals Refined Simple Balanced
A=VexdVine N° samples PEN N° samples PEN N° samples PEN
<0.50 0 0 0 0 0 0
[0.50-0.85] 2 10 5 25 4 20
[0.85-1.15] 37 0 38 0 39 0
[1.15-2.00[ 11 11 7 7 7 7
>2.00 0 0 0 0 0 0
Total PEN 50 21 50 32 50 27
Statistical resume
Proposal Refined Simple Balanced
Average (AVG) 1.04 1.00 1.01
STD 0.13 0.13 0.13
COV (%) 12.72 13.22 12.74
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Table 4. Performance of several models to prédigt classification of the models according to the ified version of

theDPC
_ [0.50- [0.85- [1.15- Total | Average Cov
4=V e Vine <050 | ogs; | 1as[ | 200 | 229 | pEN | (avg) | STP | (%)
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 0 8 42 0 50
MOD4 1.32 0.20 15.47
PEN 0 0 0 42 0 42
N° samples 0 6 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 2 37 11 0 50
1.04 0.13 12.72
0 10 0 11 0 21
0 5 38 7 0 50
1.00 0.13 13.22
0 25 0 7 0 32
0 4 39 7 0 50
1.01 0.13 12.74
0 20 0 7 0 27

MOD1= Narayanan and Darwish [8]; MOD2= Shaaban@adund [29]; MOD3= Harajkt al.[9]; MOD4= Holanda [22]; MOD5= Chcét al.[30];
MODG6= Muttoni and Ruiz [10]; MOD7= Higashiyanea al.[31].
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Figure 1. Column-slab connection: (a) Assumed cptkern and reinforcement arrangement, (b) Slalfiguration at
ultimate condition.

Figure 2. Internal forces acting in a radial segméa) Stresses and resultant forces, (b) Bendioghemts (c) Free
body diagram.

Figure 3. Transformation of a square slab (a) am@quivalent slab of circular geometry (b).

Figure 4. (a) 2L and 4L moment curvatune) diagrams, (bjn-r diagram corresponding to 4h- diagram.

Figure 5. Adopted approach to evaluate the ultineieding momentns (adapted from the CEB-FIP Model Code
2010 [13)).

Figure 6. Hypotheses adopted to derive the singglifoad-rotation formulation: (a) Free body diagrafma radial
segment, (b) bilinear (2Lth-r relationship.

Figure 7. Punching critical perimeter adopted Far ¢valuation of the punching resistance in colofiga) circular, (b)
square cross section.

Figure 8. Analysis of the results: (a) Predictivfprmance, (b) Safétl) and unsafelkl) percentage of slabs, and
(c) Dispersion of the results.

Figure 9. Assessment of the predictive performaricbe proposed punching failure criterion (Eq.)§46

Figure 10. Experimental versus theoretical resuitserms of the relationship between normalizeddl@ad slab’s
rotation for slab: (a) L6 [22], (b) A1 [3] and (EL1F31 [28].

Figure 11. Performance in terms of predicting theghing failure load of the proposals: @gfined (b) Simple (c)
Balanced (d) Dispersion of the predictions.

Figure 12. Performance of several models to prédigt MOD1= Narayanan and Darwish [8]; MOD2= Shaabad an
Gesund [29]; MOD3= Harajlet al. [9]; MOD4= Holanda [22]; MOD5= Choét al. [30]; MOD6= Muttoni and Ruiz

[10]; MOD7= Higashiyamat al.[31]; Refined Simple Balanced
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Figure 1. Column-slab connection: (a) Assumed crmtkern and reinforcement arrangement, (b) Slaffiguration at
ultimate condition.
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Figure 7. Punching critical perimeter adopted far ¢valuation of the punching resistance in colafifa) circular, (b)
square cross section.
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Figure 8. Analysis of the results: (a) Predictiwfprmance, (b) Safétl) and unsafel&l) percentage of slabs, and
(c) Dispersion of the results.
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Figure 10. Experimental versus theoretical resmtéerms of the relationship between normalizeddl@ad slab’s
rotation for slab: (a) L6 [22], (b) Al [3] and (BL1F31 [28].
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Figure 11. Performance in terms of predicting theghing failure

Balanced (d) Dispersion of the predictions.
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Figure 12. Performance of several models to predigt MOD1= Narayanan and Darwish [8]; MOD2= Shaabad an
Gesund [29]; MOD3= Harajlet al. [9]; MOD4= Holanda [22]; MOD5= Chogt al. [30]; MOD6= Muttoni and Ruiz
[10]; MOD7= Higashiyamat al.[31]; Refined Simple Balanced
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