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HIGHLIGHTS

« An analytical model is developed for the prediction of the punching load of SFRC slabs.

« A new approach is proposed to simulate the fibre reinforcement contribution.

« A data base of 154 punching tests was built to assess the predictive performance of the model.

« By predicting the experimental results of the DB the accuracy of the model was evidenced.

« The predictive performance was also demonstrated by comparison to the previsions of other models.
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With the aim of contributing for the development of design guidelines capable of predicting with high
accuracy the punching resistance of steel fibre reinforced concrete (SFRC) flat slabs, a proposal is pre-
sented in the present paper and its predictive performance is assessed by using a database that collects
the experimental results from 154 punching tests. The theoretical fundaments of this proposal are based
on the critical shear crack theory proposed by Muttoni and his co-authors. The proposal is capable of pre-
dicting the load versus rotation of the slab, and attends to the punching failure criterion of the slab. The
proposal takes into account the recommendations of the most recent CEB-FIP Model Code for modelling
the post-cracking behaviour of SFRC. By simulating the tests composing the collected database, the good
predictive performance of the developed proposal is demonstrated.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years the use of steel fibres to increase of the punching
resistance, and mainly, to convert brittle punching failure mode
into ductile flexural failure mode of reinforced concrete (RC) flat
slabs has been explored. In fact, available research [1-3] showed
that, if proper mix compositions of steel fibre reinforced concrete
(SFRC) are used, steel fibres can be suitable shear reinforcement
for RC flat slabs, by improving the load carrying capacity and the
energy absorption performance of the column-slab connection.
These benefits are derived from the fibre reinforcement mecha-
nisms provided by fibres bridging the micro-cracks that arrest
the crack propagation, favouring the occurrence of large number
of cracks of small width.
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The resisting tensile stresses supported by the steel fibres in a
cracked concrete have also the favourable effect of delaying the
yield initiation of longitudinal and transversal conventional steel
reinforcement, which contributes to increase the ultimate load car-
rying capacity of RC structures or to a partial suppression of con-
ventional reinforcements.

By testing prototypes of real [4,5] or smaller scale [6], the use of
steel fibres has been investigated as, practically, the unique rein-
forcement of the flat slabs for residential and commercial build-
ings. This type of slabs, generally designated by Elevated Steel
Fibre Reinforced Concrete (ESFRC) slabs, is reinforced with a steel
fibre volume percentage, Vj, of about 1%, and it includes a mini-
mum continuity bars, also referred as anti-progressive collapse
bars, placed in the bottom of the slab in the alignment of the col-
umns [7]. In spite of the promising results obtained in these tests,
reliable design models capable of predicting, with high accuracy,
the load carrying capacity, the deformational response and the
failure modes possible to occur in ESFRC slabs are not yet available,
which is a considerable resistance for a comprehensive acceptation
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Nomenclature

A; area of compression reinforcement

A 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 conditions

bgq loaded line for square slabs in rectangular edge condi-
tions

c distance of the flexural reinforcement to the concrete
tensile surface

d internal arm of the slab

do diameter of the aggregates

dy 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

E modulus of elasticity of reinforcement

Fy internal compressive force of compressive reinforce-
ment

fe average compressive strength of concrete in cylinder
specimens

Fer internal compressive force of concrete in radial direc-
tion

Fe internal compressive force of concrete in tangential
direction

Jer average tensile strength of concrete (Brazilian test)

fres post-cracking strength for serviceability crack opening

freu post-cracking strength for ultimate crack opening

fri residual flexural tensile strength of fibre reinforced con-
crete corresponding to CMOD;

F internal compressive force of tensile reinforcement

Fs, internal tensile force of reinforcement in radial direction

Fy internal tensile force of reinforcement in tangential
direction

fsy yield strength of reinforcement
slab thickness

Iy second moment of area of uncracked concrete cross-
section

I second moment of area of cracked concrete cross-sec-
tion

L span of slab

Iy length of fibre

Mer bending moment at crack initiation

m, radial moment per unit width

mg resisting bending moment (plastic bending moment)

me tangential moment per unit width

r radial orientation

To radius of the critical shear crack

1 radius of the zone in which cracking is stabilized

Te radius of a circular column

Teeq radius of a circular column in an equivalent slab of cir-
cular geometry

Ter radius of cracked zone

Tq radius of the load introduction at the perimeter

Tqeq radius of the load introduction at the perimeter in an
equivalent slab of circular geometry

Ts radius of circular isolated slab element

Tseq radius of circular isolated slab element in an equivalent
slab of circular geometry

Iy radius of yielded zone

t tangential orientation

% shear force

Vexp experimental punching shear strength

Vy fibre volume percentage

Viex shear force associated with flexural capacity of the slab

Vr nominal punching shear strength

VRed design concrete contribution to punching shear strength

Vrad design punching shear strength

VR fa design fibre contribution to punching shear strength

VRsd design shear reinforcement contribution to punching
shear strength

Vine theoretical punching shear strength

Vu punching failure load

w shear crack opening

wy maximum acceptable crack width imposed by design
conditions

X neutral axis of slab

z axis orthogonal to the slab with origin at the bottom
surface of the slab

B efficiency factor of the bending reinforcement for stiff-
ness calculation

AQ angle of a cracked radial segment of slab

4 compressive steel reinforcement strain

&c concrete strain

Ecu ultimate strain of concrete in compression zone

& ultimate strain of fibre in tensile zone

& strain of steel reinforcement in tensile zone

Esu ultimate strain of steel reinforcement in tensile zone

Etbot concrete tensile strain at the bottom surface of the slab

VR, nominal shear stress

Ve concrete nominal shear strength

p tensile reinforcement ratio

o compressive reinforcement ratio

Ofr post-cracking tensile strength of SFRC in radial direction

Oft post-cracking tensile strength of SFRC in tangential
direction

Tp average interracial bond strength of fibre matrix

X1 curvature in stabilized cracking

Aer curvature at cracking

Ats tension stiffening parameter

Ay yielding curvature

V] rotation of slab

of this structural concept that apparently has several technical and
economic advantages. Due to the brittle character of punching fail-
ure mode, the existence of a design model capable of predicting
correctly the punching resistance and the deformation capacity
of SFRC flat slabs is of paramount importance in this context. Some
analytical models were proposed for the evaluation of the punch-
ing resistance of SFRC slabs, some of them with an eminent empir-
ical nature, but the predictive performance of these models was, in
general, limited to the simulation of a relatively small number of
tests carried out by the authors [8-11]. In the present work a data-

base collecting 154 punching tests with SFRC slabs was developed
to appraise the predictive performance of these models and the
one proposed by the authors of the present work. This model is
based on the Critical Shear Crack Theory (CSCT) proposed by Mut-
toni [12], being possible to determine the punching resistance of
SFRC slab by intersecting a curve corresponding to the load versus
rotation (V-y/) of the column-slab connection, with a curve that
defines the failure criterion. This model integrates the contribution
of fibre reinforcement mechanisms using the recommendations of
the most recent CEB-FIP Model Code 2010 [13]. The present paper
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