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ABSTRACT

A multi directional fixed smeared crack model based on
the finite element method is described and their
capabilities to simulate failure modes in fiber reinforced
concrete laminar structures are assessed. Softening
stress-strain diagrams are proposed to reproduce, after
crack initiation, the evolution of the normal and shear
components. To capture the punching failure mode, a
softening diagram is proposed to simulate the
out-of-plane shear components, after crack initiation. To
assess the performance of the model, a punching test of
a module of a facade panel fabricated with steel fiber
reinforced self-compacting concrete (SFRSCC) was
performed and compared with the results of the
numerical simulations. The proposed model was
implemented by the authors in a finite element computer
code.

INTRODUCTION

The Reissner Mindlin theory (Mindlin 1951; Reissner
1945) for shell structures is commonly used for
predicting the behavior of laminar concrete structures up
to failure (Barros and Figueiras 2001). The thickness of
the laminar structure is discretized by layers and these
layers are assumed to be in a plane stress state. The use
of laws to simulate the nonlinear behavior, after crack
initiation, for the in-plane fracture modes is appropriate
in most cases and the deformational response of the
structure for load configurations inducing flexural
failure modes can be predicted with sufficient accuracy.
However, the simulation of laminar structures failing in
punching is a much more complex task, being the
treatment of the out-of-plane shear components of
paramount importance. In the present work, in order to
explore the use of a simple approach to simulate the
material nonlinear behavior of concrete laminar
structures failing in punching, a softening law was
introduced to model both out-of-plane shear
components.

PROPOSED MODEL

The implementation of the crack constitutive model is
based on the Reissner-Mindlin theory, adapted to the
case of layered shells. The description of the

formulation is restricted to the case of cracked concrete,
for a selected concrete layer, and at the domain of an
integration point of a finite element. According to the
adopted constitutive law, stress and strain are related by
the following equation
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In Eq. (1) the in-plane cracked concrete constitutive

matrix, D’
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is obtained with the following equation
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and the matrix, D¢ is defined by
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The in-plane behavior can be found elsewhere
(Sena-Cruz 2004; Ventura-Gouveia et al. 2007)

The out-of-plane shear behavior is assumed to be linear
elastic until the tensile strength is reached. After then,
the out-of-plane shear stresses are stored and the relation
between each out-of-plane shear stress-strain follow an
independently softening behavior as shown in Fig. 1. A
secant approach is used to obtain each out-of-plane
shear moduli.

NUMERICAL SIMULATION

The punching test of a module of the developed
SFRSCC lightweight panel is used to assess the
performance of the proposed model. More details about
the corresponding experimental program can be found
elsewhere (Barros et al. 2007).

The results of the numerical simulations are compared
with the experimental data obtained in the punching test
of the panel module.

The influence of mesh refinement and some model
parameters in the results of the numerical simulations
were carried out. One of these simulations is here
presented.

The finite element idealization, load and support
conditions used in the numerical simulations of the
punching test are shown in Fig. 2.



II\

op

~=— linear behavior

T S

0P

oP  _,0P
w7

op
. -7y

Fig. 1 - Generic out-of-plane (OP) shear stress-strain diagram.
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Fig. 2 - Geometry, mesh, load and support conditions used in
numerical simulation of the punching test - coarse mesh.

In Fig. 3 the responses obtained with the numerical
model are compared with the experimental results. Up to
a 10 kN load all the curves depicted in Fig. 3 are
practically coincident. Afterwards, the straight line that
represents the response assuming a linear elastic
behavior no longer follows the curves that correspond to
the experimental test. The other numerical analysis takes
into account the material nonlinear behaviour of
SFRSCC. A good agreement can be observed up to a
deflection of 2.5 mm. For larger deflections, an over
estimation of the load carrying capacity of the prototype
panel occurs when a linear elastic behavior is assumed
for the out-of-plane shear components. At a deflection
of about 3 mm the experimental curve suddenly falls,
indicating the failure of the panel by punching, as
visually confirmed in the experimental testing. This load
decay that is not simulated when assuming a linear
elastic behavior for the out-of-plane shear components
is, however, well captured when the bilinear function
represented in Fig. 1 is used.

CONCLUSIONS

In this paper, a model to simulate the behavior of
cement based laminar structures failing in bending and
in shear is presented. A softening diagram was proposed
to model, after crack initiation, both out-of-plane shear
strain constitutive laws. It was verified that the model is
capable of simulating the behavior of cement based
laminar structures failing in bending and in shear.
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Fig. 3 - Relationship between load and deflection at the center

of the test panel.

ACKNOWLEDGEMENTS

The study reported in this paper is a part of the research
currently being carried out in the scope of the author’s
PhD thesis, supported by FCT, PhD Grant number
SFRH/BD/23326/2005.

REFERENCES

Barros, J.A.O. and J.A. Figueiras. 2001. “Nonlinear analysis
of steel fibre reinforced concrete slabs on grade”. Computers
& Structures Journal, 79(1), 97-106.

Barros, J.A.O.; E.B. Pereira; and S.P.F. Santos. 2007.
“Lightweight panels of steel fiber reinforced self-
compacting concrete”. Journal of Materials in Civil
Engineering, 19(4), 295-304.

Mindlin, R.D. 1951. “Influence of rotary inertia and shear on
flexural motions of isotropic elastic plates”. Journal of Appl.
Mech., 18(1), Trans. ASME, Vol. 73, 31-38.

Reissner, E. 1945. “The effect of transverse shear deformation
on the bending elastic plates”. Journal Appl. Mech., 12, 69-
76.

Sena-Cruz, J.M. 2004. “Strengthening of concrete structures
with near-surface mounted CFRP laminate strips”. PhD
Thesis, Dep. of Civil Engineering, University of Minho.

Ventura-Gouveia, A.; J.A.O. Barros; A.F.M. Azevedo; and
JM. Sena-Cruz. 2007. “Crack Constitutive Model to
Simulate the Behavior of Fiber Reinforced Concrete
Structures Failing in Punching.” CMNE 2007/XXVIII
CILAMCE Congress, 13 pp., Porto.

AUTHOR BIOGRAPHIES

A. VENTURA-GOUVEIA was born in
Kaiserslautern, Germany and graduated in
Civil Engineering by University of Minho
(UM) in 1996. He is a teacher in the
Polytechnic Institute of Viseu, a researcher
in ISISE, Dep. of Civil Engineering, UM,
and started his PhD in November 2005. His
research interests are in fiber reinforced
concrete and in the development of constitutive models
for the material nonlinear analysis of concrete structures,
including time dependent phenomena. E-mail:
venturalestv.ipv.pt.



