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Abstract

The provisions for punching shear around concentrated loads in the new Model Code 2010
(MC2010) have been updated, covering a large number of design cases such as slabs with and
without transverse reinforcement, different column/slab geometries and prestressed slabs amongst
others. The theoretical framework used was based on the mechanical model of the Critical Shear
Crack Theory (CSCT). This approach, in contrast to empirical formulas, provides the designer with
a physical understanding of the phenomenon and allows an enhanced flexibility to implement new
parameters, which may arise in practice when introducing innovative structural solutions to
increase the punching strength.

This paper summarizes the basis for the derivation of the design formulas introduced in the
new Model Code 2010 and shows a comparison with test data from the literature including tests
carried out at Ecole Polytechnique Fédérale de Lausanne. Several levels of approximation are
presented depending on the complexity of the method used to estimate the slab rotations. Lastly, it
is shown that approximated formulas and shear fields can be used for particular and general cases
consistently with the CSCT to estimate the shear-resisting control perimeter as suggested in the
new Model Code 2010.
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1  Introduction to new provisions for punching shear in MC2010

The first draft of the new Model code 2010 was published in fib Bulletins 55 and 56 in April and
May 2010. This document gathers a comprehensive state-of-the art regarding design and
construction of structural concrete. Several chapters on the verification of structural safety (ULS)
were revised, in particular the provisions for shear, torsion and punching shear were updated by fib
Task group 4.2. The authors of this paper contributed to the new provisions of punching shear,
which generally governs the design at ULS of flat slab construction. The new provisions for
punching shear were derived based on the Critical Shear Crack Theory (CSCT), which was first
established in the 80’s as part of the first draft of the Swiss Code for structural concrete SIA162
(Muttoni 1985). The CSCT is based on a mechanical model as opposed to empirical approaches
used in MC90, EC2 or ACI-318. The main advantage of physical models is that several levels of
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approximation can be derived by refining the hypothesis assumed in the model. The levels of
approximation proposed for punching shear include from simple formulas used for design new
structures to more advanced formulas for assessment of existing structures or design of more
complex structures. The CSCT was originally developed for slabs without transverse reinforcement
and axis-symmetrical conditions. Extensive experimental and theoretical work has been carried out
at Ecole Polytechnique Fédérale de Lausanne (EPFL) over the last 10 years on different punching
shear design cases. More recent developments on the CSCT extended its used to shear-reinforced
slabs (Fernandez Ruiz et al. 2009) or bridge deck slabs (Vaz Rodrigues et al. 2008) amongst others.
Moreover, work by Sagaseta et al. 2010 and Tassinari 2011 investigated and extended the theory to
columns with non-symmetrical conditions and concentric or eccentric loading.

The new provisions for punching shear in MC2010 allow estimating both the strength and
deformation capacity in terms of the maximum slab rotation y (Fig. 1). The failure criterion used
in MC2010 provides a characteristic strength with a target fractile of 5%. Fig. 1b shows that the
activation of the transverse reinforcement can be considered introducing the component V; which
varies with y (Fernandez Ruiz et al. 2009).
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Fig. 1 Contribution of V, and V; with slab rotation: slabs (a) without & (b) with shear reinforcement

2 Estimation of load-rotation relationship and shear-resisting perimeter

In order to calculate the punching shear strength the load-rotation relationship (V-w) needs to be
estimated by means of simplified formulas (analytically or semi-empirically) or even through a
more refined finite element analysis. Four levels of approximation are shown. The most
accurate predictions of the slab rotations are generally obtained on the basis of a nonlinear analysis
using analytical and numerical techniques (Sagaseta et al. 2010, Tassinari 2011). However, this
level of approximation, denoted as Level 1V, it is only suggested for assessment of existing or
complex structures. In more general cases of geometry or loading, Level III is sufficient; refer to
eqn. (1). This approach only requires solving a simple elastic model to obtain both the distance r
from the column axis to the point with zero radial moments and m,, (average bending moment in
the support strip).
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Level III is a relatively simple approach and it allows solving general cases of geometry including
irregular slabs. Fig. 2 shows that the load-rotation was estimated accurately using Level III for
symmetrical and non-symmetrical tests carried out at EPFL. These tests had been used in the past
to validate Level IV approach (Sagaseta et al. 2010). In regular slabs (i.e. the ratio of span lengths
L,/L,=0.5-2) parameters 7, and m,, can be estimated using simplified rules (Level II); »=0.22L or
my, =V/8 for internal columns. In Level II, the factor 1.2 in eqn. (1) should be replaced by 1.5. In
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practice, a safe and simple estimation of the punching strength (Level I) can be obtained adopting
mgi/mps =1 in eqn. (1). Level 1 gives most reasonable predictions in regular slabs without
significant redistribution of stresses and ensures a certain deformation capacity prior to punching.
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Fig. 2 Load-rotation predictions (Level III) for (a) symmetrical and (b) non-symmetrical cases

As an example of application of this methodology, Fig 3 compares V,,/V.... obtained for tests with
moment transfer from the literature; the load-rotation was estimated using Level II & III. The
results shown in Fig. 3a and b are comparable in this case, with an average V,../V . ratio of 1.28
and 1.21; the 5% fractile was 1.08 and 1 which is acceptable.
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Fig. 3  Vi/Vea. ratio for punching tests with moment transfer: (a) Level II and (b) Level 111

The basic control perimeter adopted (b,) is located at a distance of A=0.5d from the column face
which is significantly closer to the failure region than the one adopted in MC90 or EC2 (A=2d).
The shear-resisting control perimeter (by) needs to be estimated by means of approximate rules or
more refined analysis such as shear fields (Vaz Rodrigues et al. 2008). The reduction of b; is
needed in common cases such as large columns or columns with load eccentricity (e,). Fig. 3
shows that the coefficient of eccentricity &, proposed in MC2010 to obtain by, provides reasonable
predictions of internal columns with moment transfer; similar results were obtained for corner &
border columns (Tassinari 2011).
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3

Conclusions

The new provisions for punching shear in MC2010 proposed by the authors and their implications
on practice are discussed in this paper. The main conclusions are:

1.

The proposed formulas are based on a physical model which allows firstly, the derivation of
several levels of approximation suitable for both design and analysis of simple and complex
structures and secondly, these formulas offer more flexibility to introduce new parameters
than empirical approaches.

The formulas can be used to predict strength and deformation capacity which is relevant since
punching shear failures can be sudden and lead to the progressive collapse of the structure.
Developments of the CSCT had shown that the approach can be extended to a large number of
practical cases such as slabs with and without shear reinforcement, prestressed slabs or non-
symmetrical cases with eccentric and concentric loading.

Significant changes are introduced with respect to previous empirical formulas in MC90,
including considerations on the control perimeter. More detailed information about the
proposed formulas, relevant literature on the fundamentals of the CSCT and practical
examples can be found in http://ibeton.epfl.ch/MC2010Punching/
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