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Abstract

Punching shear failure on flat reinforced concrefabs of residential and commercial
buildings is generally avoided by using transvensahforcement and/or chapiters. The
first option requires intense labour, mainly wheendely flexural reinforcement exists in
the potential punching failure region, with detrimi@ consequences in terms of costs of
this construction solution. The second option his® &xtra costs due to the necessity of
special arrangements of moulds for casting the ttkes The interference of a chapiter on
the flatness of the slab can also be a negative@aspom the architectonic point of view.
The use of steel fibre reinforcement can be a woluto avoid both the conventional
punching reinforcement and chapiters. Therefore eaperimental program was carried
out to assess the potentialities of steel fibrafeiced self-compacting concrete (SFRSCC)
for the punching resistance of flat slabs centtickbaded. This experimental program is
described, and the main results are presented anadlyaed. To assess the potentialities of
the Reissner-Mindlin FEM-based theory for modelling behaviour of flat SFRSCC slabs
submitted to punching loading configuration, neatdees were introduced in the out-of-
plane shear constitutive law of the SFRSCC. Themteirles are briefly described and the
main focus was given on the modelling strategy satbfor simulating the punching tests.

Keywords: Flat Slab, SFRSCC, Punching Shear, Numesal Simulations

1. Introduction

The design of flat slabs is mostly governed by Isatviceability conditions, namely quite
high deflections in service, and ultimate limitteta under punching shear [1, 2]. The
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adopted suspended flat slabs structural systerbs(slapported on RC columns) might be
prone to punching shear failure, as a consequeintte esmall slab thickness and absence
of chapiters to ease up the transfer of forces fthen slab to the column. Moreover,
traditional stirrups as shear reinforcement areuigaisle for slabs with shallow depth less
than 150 mm [3]. The adoption of a hybrid reinfoneat solution (rebar + discrete fibres)
in the slab/column connection might be a good cemihg solution. The steel bars are used
for the flexural reinforcement, while steel fibrggaranty the punching resistance [4] and
improve the bond behaviour of steel bars. In fatdel fibres are able of maintaining the
structural integrity of the slab (or other membénys avoiding the type of brittle collapse
and damage usually observed in structural elenfaifitsg by punching shear [5, 6].

In this work the results of punching shear testsie@d out on flat slabs with a hybrid
reinforcement (rebar + discrete fibres) are preskand discussed. Four half scaled slabs,
reinforced with distinct fibre contents, namely,8D, 75 and 90 kg/fnwere tested. The
experimental results were numerically modelled urttle finite element method (FEM)
framework. Moreover, it is described the adoptedtifiied smeared crack model within
the Reissner-Mindlin theory, which is availabletie FEMIX 4.0 software.

2. Punching shear test setup and results

2.1 Slab prototypes

The geometry of the type of slab of the experimlgotagram is represented in Fig. 1. The
load was applied in the centre of the slab by usistgel plate of 200x200x50 riplaced
in between the actuator and the slab.

The flexural reinforcement adopted in the refereslabs and in steel fibre reinforced self-
compacting concrete (SFRSCC) slabs are representeéd. 2.a and 2.b, respectively. In
these last ones, the reinforcement in the two tloes is limited to a strip in the central
zone with a width of abowt+6d, wheree is the edge of the loading steel plate, drislthe
internal arm of the slab (Fig. 2.c). The reinforegmratio,p, in the two main strips was
0.88%, and was equal in all the tested slabs.

During concrete casting the flexural reinforcemeras in the top surface in order to
reproduce, as closest as possible, the real conditf a flat slab supported on columns in
a building construction. This is an important aspsmce the content of steel fibres tends
to increase from top to bottom due to the highpstidic weight of the steel, and this is
more pronounced when mechanical vibration is usgshg casting process [7, 8], leading,
in general, to larger positive than negative regggdbending moments.

The concrete was prepared in a ready mix plant aitlaverage compressive strendih) (

of 50 MPa at 28 days. Four slabs were casted, at@wy fibre reinforcement and three
slabs with 60, 75 and 90 kginrespectively, of hooked ends steel fibres of 3 length

(I), 0.55 mm diameterdf), 67 of aspect ratiolidf), and tensile strength of about
1100 MPa. The full program is described in TabThe following acronym was used to
designate the type of concrete applied in the exatal programCfXfcY, whereX is the
aimed content of steel fibres in kginandY is the target average concrete compressive
strength. For instanc&f75fc50is the concrete reinforced with 75 kd/of fibres with a
targetfer=50MPa.
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Fig. 1. Geometry of the slab prototype (dimensionsim) [5]
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Fig. 2: Flexural reinforcement (dimensions in m#i) [

After the punching tests have been executed, tkenal arm of the flexural reinforcement,
d, was measured in several cross sections, andvérage value ofl for each slab is
indicated in Tab. 1. Difficulties were faced to @&s a constant in the slabs of the
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experimental program, havirdgranged between 117 and 133 mm. phadicated in this
table was determined by considering thealue measured experimentally.

Tab. 1: Characteristics of the experimental program

Series d (mm) p (%) fem (MPQ) Cr (kg/md)
Cf0fc50 126 0.85 50 0
Cf60fc50 122 0.89 50 60
Cf75fc50 129 0.81 50 75
Cf90fc50 118 0.95 50 90

2.2 Test setup

Fig. 3 shows the test setup developed for the éixecwf the punching tests of the
experimental program. An upward loading directioasvapplied by using an actuator of
1000 kN capacity with a load cell. Between the amiuand the bottom surface of the slab,
in the central part of the slab, a steel plate withensions represented in Fig. 2 was used
to distribute, as uniform as possible, the loadiagy the actuator. Between the piston of
the actuator and the steel plate, a metallic himge introduced to minimize the application
of parasitic bending moments, and assure as mupbsssble double symmetry conditions
for the test. The test was executed under displacerontrol, at a displacement rate of
0.05 mm/min in the centre point of the slab.

A slab was supported on twelve dywidag steel bbB5anm diameter. These twelve bars
have passed through twelve holes of an averageetganof 60 mm executed after the
concrete of the slab has been cured (Fig. 3.b).ifdfleeior extremity of eight of these bars
were pinnely connected to the reaction floor, while superior extremity was fixed to the
top surface of the slab by using steel plates 6%200x50 mm Due to restrictions on the

pattern of the holes in the reaction slab, steefilps were used to support four dywidag
steel bars. Steel tubular tubes were also usecertgpdrarily support the slab when
installing the monitoring system.

Specimen

Steel Beam
O

414

Tie Rods Pedestal

Supports

Strong
Floor

a) Top View b) Bottom View
Fig. 3: Test setup [5]
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2.3 Materials and properties

2.3.1 Concrete

The mix compositions of the four slabs of the ekpental program are indicated in Tab.
2. The compositions for different content of fibiesve some differences in order to take
into account the interference of the fibres inskeleton arrangement of the aggregates, by
providing the best arrangement of the concrete titaests and assuring self-
compactability requisites without occurrence ofrsggtion for the constituents in all the
mixes. By executing slump cone and Lbox tests & whtained an average value of 615
mm for the spread diameter and a 0.9 forHb@1. blocking ratio parameter [9].

Tab. 2: Concrete compositions for the slabs oftqgerimental program (perin

Coarse
aggregate
(Dmax=12 mm)

Fly
ash

Coarse| Fine Super-

Sand | sand | plasticizer Water | Fibres

Series | Cement

Cfofc50 | 420 65 670 806 269 6.79 16% 0
Cf60fc50] 420 65 668 804 268 7.76 16% 60
Cf75fc50| 420 75 661 795 265 7.92 168 79
Cf90fc50] 420 80 657 790 269 8.00 170 9(

For each slab, nine cylinders of 150 mm diameter 200 mm height and nine beams of
150x150x600 mr dimensions were cast and cured in the same conglitof the
corresponding slab. The cylinder specimens werd tesevaluate the average compressive
strengthfcm, and the stress-strain response of concrete irpssion [10]. The prismatic
specimens were used to determine the flexuralleeasiength of the developed concretes,
and to evaluate the post-cracking residual strepgtametersfg; of SFRC according to
the recommendations of the CEB-FIP Model Code 2@00Q1) [11]. Thefri can be used
to define the constitutive law of the SFRC for desipurposes, by using the
recommendations of the CEB-FIP Model Code 2010.[Efdm each three notched beam
bending test it was obtained a relationship betwberapplied force and the crack mouth
opening displacement (CMOD). By evaluating the éoat CMOD values of 0.5, 1.5, 2.5
and 3.5 mm, théj values are determined by applying the followingaggpn:
_3GL (1)
™ 2bhZ,

whereb=150 mm and L=500 mm are the width and the spaheo§pecimen, ark, is the
distance between the tip of the notch and the foth® cross section. In an attempt of
assuring an unique crack progressing along thehadtplane in the three point SFRC
beam bending tests, the depth of the notch wagased with the content of fibres (25,
42.5 and 60 mm for th€f = 60, 75 and 90 kgffnrespectively), as indicated in the second
column of Tab. 4. Therefore, thep for the specimens of the seri€ = 60, 75 and
90 kg/n? was 125, 107.5 and 90 mm, respectively.

By using thefr; values, the CEB-FIP Model Code 2010 [11] propdse gost-cracking
residual strength obtained for an ultimate cracknipg ofw,=1.5mm {rw) to be used in
the design models:
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freu = fres —;Vf:' (fres — 0.5 frs + 0.2 fr1) =0 frts = 045 fpq (2)

Tab. 3 presents thiem and the strain at peak compressive strenggh,recorded in the
compressive tests according to the 1ISO 1920-3 he];flexural tensile strengths:, and
thefrjaccording to CEB-FIP Model Code 2010 [11]. Addiadly, the obtained values for
thefry are also indicated in Tab. 3.

Tab. 3: Average values of the compression and féxasts

Compression Three point notched beam bending tests

Series | fonep | Ecpexp freeL fr1 fr2 fra fra fru
(MPa) (%0) (MPa) | (MPa) | (MPa) | (MPa) | (MPa) |(MPa)

5761 | 3.04 | 516
Clofes0 | 090 | (2.65) | (6.71) | - - - ) -

5190 | 354 | 355 | 571 | 455 | 277 | 213
C1601c50) 6.49) | (1.83) | (10.77)| (20.93) | (19.50) | (21.79) | (29.86) | 117

55.68 4.01 4.27 6.32 5.42 3.25 2.19

3.91) | (7.02) | (5.97) | (23.89) | (18.07) | (23.01) | (31.48) | 13

Cf75fc50

5639 | 441 | 404 | 11.02 | 13.62 | 12.61 | 10.83
Cro0C50| 4 38) | (11.78) | (9.93) | (15.36) | (16.29) | (21.08) | (25.29) | *+*4

Values in round brackets: COV

Before commenting the results just presented,atighbe mentioned that all the concrete
compositions and casting procedures of the slalos camresponding specimens were
executed in a ready concrete company. The fibres wansported in a treadmill towards
the mixer. After casting th€f60fc50and Cf75fc50slabs it was verified that fibres had
fallen down from the treadmill during the transpdidn procedure of the fibres to the
mixer. Therefore, to estimate the content of fibf€g really existing in the slabs and
corresponding specimens, the number of fibres énftacture surfaceN) of the three
point notched beam bending tests was evaluateddingao the strategy described in [8].
Considering\s, and following the approach proposed by [12],db&inedC: for the tested
slabs are presented in Tab. 4. It is verified thatcontent of fibres applied in tk#60fc50
andCf75fc50compositions seems to have been much lower treatatget value. This had
a significant impact on the test results with nettlbeams and punching slabs, in a
consistent manner.

Tab. 4: Content of fibres in the notched planeleRE beam bending tests, and the
theoretical content of fibres

Depth of the NO of fibres | Fibres per unit Theoretical estimation
Series notched cross (N) area (cn?) of the content of fibres
section (mm) (kg/m?3)
Cf60fc50 125 166 0.89 30
Cf75fc50 107.5 155 0.96 32
Cfo0fc50 90 305 2.26 76
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The average value of thHegn was 55.4 MPa (with a COV of about 5%), a littlé tigher
than the aimed value. The number of fibres in tbtelmed fracture surface of the tested
specimens, and the corresponding theoretical coofefibres, included in Tab. 4, clearly
support the tendency obtained in the results imtitehed beam bending tests presented in
Tab. 3. In fact théz j follow closely theCs obtained.

2.3.2 Steel bars

Five steel bar specimens representative of the erdional flexural reinforcement were
submitted to uniaxial tensile tests according & rdcommendations of ISO 15630-1 [13].
The average values of the obtained results areateti in Tab. 5, whergy andfsy are the
strain at yield initiation and the correspondingess,esu is the strain at maximum tensile
stressfsu, andEs is the elasticity modulus.

Tab. 5: Average values of the tensile propertiethefsteel bars forming the flexural
reinforcement of the slabs

Diameter (mm) |  &sy (%o) fsy (MPa) gsu (%0) fsu (MPa) Es (GPa)

12 2.53 530 - 684 209.49

3. Results and discussion

3.1 Load-deflection response

Fig. 4 represents the load versus deflection ircdmgre of the tested slabs. Tab. 6 includes
the relevant obtained results, whd?gax is the maximum applied load, adémax is its
corresponding deflectio®;ER¢ and PREE are the maximum load of the SFRC slab and its
corresponding reference slat3’ *¢ and §5:F are the deflection @max of a SFRC slab

and its corresponding reference slab. This talde micludes the failure mode observed in
each slab.

500+
400+
g 300-
©
S
= 2004
—o— Reference
1004 —o— 60 kg/m
—— 75 kg/m
ol —— 90 kg/m
0 10 20 30 40 50

Displacement (mm)

Fig. 4: Load versus centre deflection in the tesexies
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The following results show a clear tendency ofrara@ase of the load carrying capacity of
the slabs with the increase fafi. These results evidence that the properties antiterial
level, such is the case of the number of fibrethenfracture surface of the notched beam
bending tests, the corresponding post-crackingluasistrength parameters provide good
indicators in terms of slab’s load carrying capgcgince a linear trend between these
parameters is observed.

Tab. 6: Main results obtained in the punching tests

PSFRC 5SFRC
Slab Pmax (KN) | &pmax (Mmm) % é”;‘éF Failure mode
CfOfc50 409.11 26.58 - - Punching
Cf60fc50 386.08 28.23 0.94 1.06 Punching
Cf75fc50 408.03 27.56 1.00 1.04 Punching
Cf90fc50 456.53 45.81 1.12 1.72 Bending

Due to the relative low content of fibres reallyraduced in theCf60fc50and Cf75fc50
slabs (around 30 kgffm- see Tab. 4), they have failed in punching Ilke ¢orresponding
reference slabs (see Tab. 6). This can be supportdte relatively low values obtained
for frw for these slabs (Tab. 3).

The results in Tab. 6 show that the increase mgesf maximum load was only significant
(12%) in theCf90fc50that has failed in bending. Tab. 1 shows thatrtkernal arm ¢) of
the conventional flexural reinforcement of GE0fc50slab was significantly smaller than
the d of the corresponding reference slabs. Therefdray the SFRC slabs it has been
assured values off equal to the corresponding reference slabs, aehigtcrease of
PyERC /pREF \would have been obtained for the SFRC slabs.

In terms of deflection at maximum loadl, __, the increase of th&375° /K55 ratio, as
expected, was only significant in the slabs failindending (Tab. 6), with an increase of
72% in Cf90fc50 slab. The relatively low content of fibres realilytroduced in the
Cf60fc50and Cf75fc50slabs (about 30 kgfnhas only contributed for an increase of the
deflection at punching failure load (4 to 6%).

4. Numerical model

To simulate the material nonlinear behaviour ohtlibre reinforced concrete (FRC)
structures, where out-of-plane shear deformationghini be appreciable, the
Reissner-Mindlin theory was selected [14]. The dgenaue to crack formation and
propagation was simulated by discretizing the théds of the shell in several layers.
Fibres bridging micro-cracks contribute to the fatimn of diffuse crack patterns, since
they offer resistance to the degeneration of thesero-cracks into macro-cracks.
Therefore, smeared crack constitutive models asaceptually, more appropriate than
discrete crack models in the simulation of craabpaigation in FRC structures, mainly in
those with a great number of redundant supports [1%e to the lack of space, the present
paper only describes the innovative aspects intedlun the multi-fixed smeared crack
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model in order to attempt the caption of the pungHailure mode. This model is available
in the FEMIX 4.0 computer program, and its full d@stion can be found elsewhere [16].

For the case of cracked concrete the constitutiweis defined by the following Equation.

Aomr] _ —gfc ° 0 Agpy (3)
O - g Qscrco &

where Ag,,r and Ag,, are the vectors corresponding to the in-planesstand strain
increment components (membrane and bending), @ndand &5 are the vectors
corresponding to the out-of-plane shear stresshadr strain components, respectively. In
Eq. (3)Dy,f° is the in-plane cracked concrete constitutive m@li6]:

D = 0%, — D25y [17] (D + 77D 1)) T DS, @

where D“’f is the constitutive matrix for linear-elastic coste, 7 represents the
D, T

transformation matrix from the crack local coordeasystem to the element local
coordinate system ar@f” is the crack constitutive matrix:
Df" 0

o o

In this equation,p§” and D§ represent, respectively, the constitutive comptsen
corresponding to the crack opening mode | (norraat) crack sliding mode Il (in-plane
shear). The fracture mode | modulwg;, is defined in Fig. 5, where; and¢; are the
parameters that define the shape of the crack n@tness vs. crack normal strain diagram.
The ultimate crack strairef,,) is defined as a function of and¢; parameters, of fracture
energy G}), tensile strengthff, = o,;) and crack bandwidth), as follows [16],

I
2 G}

QCT — (5)

por — . (6)
TGt - wé tay foly
The fracture mode Il moduluss], is obtained from,
B
= ch (7)
with
£Cr P1
B = (1 - ?r > (8)
gn,u

wherep is the shear retention factor, defined as a cahstalue or as a function of the
actual crack normal strair{’) and the ultimate crack normal stragf’(), andc, is the
concrete elastic shear modulus. When a linear dserefg with the increase ofy” is
assumed, themy, = 1. Larger values of the exponent correspond to a faster decrease of
the parameteg [16]. The use of a softening constitutive law todal the in-plane crack
shear stress transfer can improve the accuracheoimulation of structures failing in
shear [17]. However, the simultaneous presenceotitréng laws to model fracture
modes | and Il introduces additional difficulties @ssuring convergence during the
loading procedure of a material nonlinear analysis.

The diagram represented in Fig. 6 was used to ateuthe out-of-plane constitutive
matrix, Ds"°. When the portion of concrete associated with Hechanges from
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uncracked to cracked state, the out-of-plane sbeasses are stored and the relation
between each out-of-plane shear stress-strajn «y,; and 73; —y3;) follows the
softening depicted in Fig. 6. Therefore, the mali§X“° in Eq. (3) is defined by

23
DCTCO _ [DIII,SQC 0 l (9)
=S - 31
0 DIII,sec
where
opP oP
D23 _ T23max | 31 _ T31imax (10)
Ill,sec — ,,OP » MIll,sec — ,,OP
V23,max V31,max

according to a secant approach (see Fig. 6).
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On1 ¥ TSJP
cr
Dnl oP G n
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qu lb ]/uo -yn?:( -ysp G ll;sec

cr P P P
On,3 or cr ypo yn?ax 1/“0 i
Pnsec Dn3 -7oP
max
cr cr cr
&nz2 &n3 Eﬁtu én -TF

Fig. 5: Trilinear stress-strain diagram foFig. 6: Generic out-of-plane (OP) shear stress-

modelling the fracture mode & = strain diagram

Gﬁfz/ 0?{1' 0 = Gﬁ,rs/ 0?{1, &1 = Eﬁfz/ Eﬁfu

andg, = 3/¢q,

For each out-of-plane shear component, the peak stigin is calculated using both the
stored peak shear stress at crack initiationand

opr Tg’fp oP T??f
— 2P — Bip
Y23p =~ V31p G (11)
c c

Each out-of-plane ultimate shear strain is defiasda function of the out-of-plane peak
shear strain #F), the out-of-plane shear strength?{), the mode Il (out-of-plane)

fracture energy@/') and the crack bandwidtl,{, as follows:
111 111

26 26
oP _ .,0P f ..0P _ .OP f
Y23u = Y23p t o 0 V3tu = V31p + 5 ) (12)
T23p b T31p ‘b

In the present approach it is assumed that thek drandwidth used for assuring mesh
independence when modelling fracture mode | cao bés used to define the dissipated
energy in the out-of-plane fracture process.

10
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5. Numerical simulations of the punching tests

5.1 Two-dimensional layered geometrical model

To simulate the punching shear slab tests, onlyquagter of the slab was modelled, due
to its double symmetry. In Fig. 7, the supportsespnted by a red square are related to the
experimental support conditions. These three suppoave only one fixed degree of
freedom, in thezzdirection,i.e. perpendicular to they plane. On the other hand, the blue
circles correspond to the supports introduced forea the double symmetry condition.
The load was applied at the bottom left cornerhaf tneshj.e. centre point of the slab,
under displacement control by the arc-length metladther details of the adopted arc-
length technique can be found elsewhere [18].

i ¥

- | T 0.08 N/mm
Zone 37 4 concrete
Fone2% ) layers i 1
: L Steel layer T
ufx)=8{y)=0§

k 10 concrete|
1 layers
: Sl SRR B ]
. Zomel§ Zone 2T Il
A5 i R X 1.25 N/mm

ufy)=8(x)=0

a) b)

Fig. 7: a) Mesh, supports and symmetry conditiadtgpéed; b) Layer discretization of the
slab’s cross section

The adopted mesh is comprised by 196 Reissner-Mistell elements (Fig. 7). A Gauss-
Legendre integration scheme of 2x2 was adoptedeMar, two distinct cracks can arise
at each integration point. Each shell element wesretized into fifteen layers with a total
depth of 150 mm. Within these layers, one is usednbdel the steel bars nonlinear
behaviour, whereas the other ones are used to ntweléacture process of the SFRSCC,
namely, four for the cover concrete on the tophef $labs and ten for remaining concrete
under the steel rebars. In Fig. 2, it is possibladtice that there are three zones of distinct
longitudinal reinforcement ratios. These three someere taken into account in the
numerical model by adopting a distinct layer ditizegion for each zone (Fig. 7.a). Thus,
Zone 1 is the one with the highest level of reioémnent, at the centre of the slab; Zone 2
is the one of intermediate level of reinforcementgl the Zone 3 presents the lower level of
reinforcement. Note that in Zone 3, for the SFRS€labs, there is no conventional
reinforcement, so there are 15 layers with the sidamckness, 10 mm. Tab. 7 includes both
the thickness and corresponding number of layersach shell element at the distinct
zones. The layers are enumerated in the positreetthn ofz axis.

11
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Tab. 7: Thicknesses of the layers in the shell el@grfmm)

Concrete Steel Cover Concrete

Slab Zone : : :

Layer | Thick Layer | Thick Layer | Thick

1 [1-10] | 12.238 11 1.244 | [12-15] | 6.595

Reference| 2 [1-10] | 12.265 11 0.693 | [12-15] | 6.664

3 [1-10] | 12.293 11 0.141 | [12-15] | 6.733

1 [1-10] | 12.238 11 1.244 | [12-15] | 6.595

SFRSCC | 2 [1-10] | 12.269 11 0.622 | [12-15] | 6.672
3 [1-15] 10.000

5.2 Parameters for the constitutive material behaviour

The properties of the steel were directly obtaifredh the tensile tests performed on the
steel bars, which were previously presented. Thsilee behaviour of the steel was
modelled with a quadrilinear relationship, similarthe one presented in Fig. 5. However
the post-peak parameters translate the steel mhrdwithe yielding stage. The parameters
for the quadrilinear diagram are presented in BalNote thaiGs is a fictitious parameter
that represents the energy dissipated by the stleekover, for the Poisson’s ratio) (was
adopted a null value, 209.49 GPa for the Young rusdand 467.01 MPa for the
compressive and tensile yielding stress.

Tab. 8: Parameters used to define the steel baritjnaar tensile law

Ot Onz Ons Ona En2 En3 Ena Gt
(MPa) | (MPa) | (MPa) | (MPa) | (%) (%) (%) | (N/mm)
467.01| 511.99 531.39 584 0.72 1.84 7.74  390.30

For the concrete bulk, the parameters used to eleéfie constitutive post-cracking law
depicted in Fig. 5 are presented in Tab. 9. Forelhastic properties, a Poisson’s ratio of
0.15 and a Young modulus of 37.20 GPa were adofikd. post-cracking behaviour
considered for th€f0fc50series was obtained according to the proposed e #B-FIP
Model Code 2010 [11] for plain concrete. On theeothand, the parameters used for the
post-cracking behaviour of the series with SFRS@@eheen obtained by retrofitting the
numerical response to the corresponding experirhenta

It is also important to refer that both the sl&i§0fc50and Cf75fc5Q the concrete layers
are ascribed with distinct post-cracking behaviasrresumed in Tab. 9. As previously
detailed in section 2.3.1, this slab had some ssgueng its casting, in particular with the
effective fibre content. Therefore, to take inte@mt a heterogeneous fibre distribution
along the slab’s depth, which could be ascribedilite segregation problems, distinct
values for the fracture energy were attributech® layers. The fracture energy decreased
from 1.25 to 0.08 N/mm following up a parabolicndefrom the bottom layer, layer n. 1
(compressed zone) to the top layer, layer n. Iisi{dgmed zone), respectively (Fig 7.b and
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Tab. 9). Since the real fibre content and averagepcessive strength @@f75fc50slab
were similar to those off60fc50slab, the same values for the constitutive modsiew
adopted in the simulation of these two slabs.

Tab. 9: Parameters of the post-cracking trilinesatronship for the concrete bulk

Series Layer &1(-) & (-) ai(-) a2 (-) (N/Grr:m)
Cf0fc50 - 0.100 0.999| 0.095 0.00 0.08
Cf60fc50 | [1-10] [1.25 - 0.16]
Cf75c50 | [12-15] 0.033 0.250| 0.250 0.25( 0,08
Cf90fc50 - 0.005 0.100 0.300 0.200 3.50

5.3 Comparison of the numerical and experimental resuk
Fig. 8 depicts, for each slab, both the numerindl @xperimental curves.

5004 500+
400+
= z
< £ 300;
©
g g 200
3 2
—— Experimental 60 kg/fn
100 . 1004 : i
=/ Experimental —O=— Experimental 75 kg/i
0 —O=— Numerical 0- I—ﬁ'—Nlume'ricall R
0 10 20 30 40 50 0 10 20 30 40 50
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a) Reference Slab bB0 kg/n? and 75 kg/m
5004
4004
£ 300
°©
S 200
-

100y -/ Experimental
=—O= Numerical

0 10 20 30 40 50
Displacement (mm)
c) 90 kg/n?

Fig. 8: Experimental and numerical results

In general, it is possible to notice that the nuoarsimulations are in good accordance
with the experimental curves. Concerning the nuca¢rsimulation of theCfOfc50 slab
(Fig. 8.a), it was predicted the punching shedurf@j however the displacement for which
this type of failure occurs was slight overestirdatapproximately 10%. On the other
hand, for the Cf60fc50 and Cf75fc50 series (Fig. 8.b) the load decay observed
experimentally due to punching was not capturecearpentally due to difficulties on the
convergence process of the numerical simulations both slabs. However, the
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deformational response was predicted with high @@yy and since convergence was not
possible to assure precisely at the deflectionlleeenciding with the punching failure
observed experimentally it is presumed that the ehasl almost in the situation of
capturing this type of failure mode. Finally, inet@f90fc50series (Fig. 8.d), both the
experimental and numerical curves are almost cdémti in all their length. Neither of
them shows a punching failure, due to the highefdwntent used in this series.

6. Conclusions

In this work the results of punching shear testsi@ad out on flat slabs with a hybrid
reinforcement (rebar + discrete fibres) are preskand discussed. Four half scaled slabs,
reinforced with distinct fibre contents, namely,8D, 75 and 90 kg/fnwere tested. The
experimental results were numerically modelled urtle FEM framework. Moreover, it

is described the adopted multi-fixed smeared cracklel within the Reissner-Mindlin
theory, which is implemented in the FEMIX 4.0 sadte.

Regarding the experimental results, a clear tendeh@n increase of the load carrying
capacity of the slabs with the increasemfobtained from three-point bending tests was
observed. This evidences that the correspondingqgpasking residual strength parameters
provide good indicators in terms of slab’s loadrygag capacity, since a linear trend
between these parameters is observed. Due to elefies on the automatic process of
introducing the fibres into the mixer, the slabmi@ced with 60 and 75 kgfnshown
relative low content of fibres (around 30 kgjmTherefore, both of them have failed in
punching like the corresponding reference slabss €an be supported on the relatively
low values obtained fofry for these slabs. For the slab reinforced with @R, an
increase of 12% in terms of maximum load was oleskrand a flexure failure mode was
occurred.

The load-deflection curves obtained in the numésaaulations are in good accordance
with the experimental ones. Moreover, the type ailufe mode observed on the
experimental tests was also successfully predicted.
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