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Summary. A benchmark for the \alidation d an elastic plastic damage constitutive law in
tension andin compresson is presented. The aim is to propcse, on a concrete example, an
entire \alidation process including elementary (compresson test), structural (reinforced
bending beams) and pe-induwstrial tests that could be reused for further studies.

1 INTRODUCTION

The simulation d a cmplex medanicd finite dement problem follows different steps
generally. Among those steps, ore can find the definition and the representativity of the
boundry condtions’, the design o the meshes and obvously the chaice of the mnstitutive
relations which, couged with the global medanicd behavior, enable to solve the problem.
For situations where the experimental study is redly difficult (sensitive environments like
nuclea power plants for example), the validity of the mnstitutive law takes a spedal
importance & experimental investigations are no longer possble. That is why a dea
methoddogy has to be defined before launching heavy studies, to make sure that the model
will be ale to provide solutions for the industrial appli caion. Elementary, structural and pre-
industrial tests build the dassca processfor the validation d the wnstitutive relation. In this
contribution, an eastic plastic damage model is considered. Damage is resporsible for the
softening evolution whil e plasticity acourts for the development of irreversible strains. It is
first applied on a cmpresson test for which the simulated results are compared with the
experimental ones. A structural applicion is then considered with a three point bending
beam of reinforced concrete. Finally, a pre industrial applicaion is smulated to model the
behavior of a Representative Structural Volume of a cntainment building for nuclea power
plants.
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2 MODEL

To represent the mecdhanica behavior of concrete structures and to determine the damage
value espedally, elastic damage models or elastic plastic constitutive laws are not totaly
sufficient. They indeed fail to reproduce the unloading slopes during cyclic loads which
define experimentally the value of the damage in the material. A combined plastic — damage
formulation is thus proposed?® to circumvent the limitations of both approaches. The chasen

plastic yield surfacedepends on four main functions p (second effedive stressinvariant), k
(hardening function), p, (deviatoric parameter) andr (deviatoric shape function) :
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where ¢’ is the dfedive stress (stress of the undamaged materlal) and k, the hardeni ng
parameter. It is then combined with an isotropic damage model®. The scdar variable D is
computed from the dastic strain tensor £°

@)

e =E"0" 2
E*istheinverse of the dastic stiffness The damage loading surfaceg is defined by :
g(e*,D)=d(e?)-D (3)

where D takes the maximum vaue reated by d duing the history of loading,
D =Max,(d,0). d iscomputed from an evolution law that distinguishes between tensile and
compressve behaviors. Once the damage has been computed, the “red” total stress o is
determined using the equation':

og=01-D)o’ 4)
3 APPLICATIONS

3.1 Compresson test

Cyclic compressonisfirst used to validate the interest of the model. The numericd resporse
provided ty the dastic plastic damage law is given in figure 1la and compared with
experiments’. Damage indwces the global softening behavior whil e the plastic part reproduces
guantitatively the evolution d the irreversible strains. Experimental and numericd unloading
slopes are thus smilar, contrary to a smple damage formulation resporse. If this difference
could sean negligible, it isin fad esential if a wrred value of the damage isto be catured.
An elastic damage model overestimates D whereas the full constitutive law provides more
accetable results. Figure 1bill ustrates the volumetric resporse. The introduction d plasticity
simulates a change in the volumetric resporse from a @mntradant (negative volumetric strains)
to a dilatant behaviour as it is observed experimentally. The dastic plastic damage model is
thus able to reproduce the cnstitutive resporse of concrete in cyclic compresson.
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Figure 1 : Cyclic compresgon test. Axial and volumetric responses.

3.2 Three point bending beam

The structural application, extraded from a benchmark propocsed by EDF°, is a 3D
computation d areinforced concrete beam loaded in threepoint bending. Figure 2 ill ustrates
the damage distributions for different loading steps. A major damage band appeas in the
middle of the beam, followed by some seandary bands that charaderize the presence of sted
in concrete. This “discrete” damage distribution ill ustrates well the formation d cradks in a
reinforced concrete beam and is in quelitative agreement with experimental results. More
quantitative cmparisons would require aregularized approach® as the softening behavior
triggers drain and damage locdization which results in a mesh dependence and, in some
extreme caes, in the simulation o physicdly unredistic phenomena (fail ure withou energy
disgpation). Nevertheless for threepaoint bending beamns, the dastic plastic damage gproach
isableto reproduce at least qualitatively, the global behavior of the structure.
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Figure 2 : Threepoint bending beam. Damage distributions. Bladk zones correspond to a damag
Only half of the beam is represented.

ual to one.
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3.3 Representative Structural Volume of a containment building

The gplicaion presented in this part has been recently developed by Eledricité de France
The test, cdled PACE 1300,is a Representative Structural Volume of a containment buil ding
of a French 1300MWe nuclea power plant. It has aimost all the feaures of the reinforced
containment building : concrete, verticd and haizontal longitudinal passve bars, transverse
passve bars and prestressed tendors in two diredions (figure 3a). Integrity tests are smulated
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(internal presaure to evauate a potential led&kage rate). Figure 3b presents the damage
distributions provided by the dastic plastic damage gproach. Damage first develops in the
middle of the volume, along the verticd tendon,then propagates in the depth and in the height
of the structure to form alocdized damage band. It emphasizes the importance of the tendors
and the need to include aregularized technique if an ojedive resporseisto be catured.
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Figure 3. Representative Structural Volume. Principle and damage distributions. Blad zones correspond to
heavy damaged ones.

4. CONCLUSION

A benchmark has been propaosed in this contribution for the validation d an elastic plastic
damage formulation. Based on elementary (compresson), structural (bending beam) or
preinduwstrial applications (representative structural volume for containment vessdl), it enables
to appredate the role of damage and dasticity in the mnstitutive behavior of concrete. But it
also suppmes an experimental badkground that is dill missng, for heavy structural
applicaions like cntainment vessels espeaaly. This isaie will be investigated in a nea
future.

REFERENCES

[1] M. Choinska, L. Jason, G. Pijaudier-Cabat, “Medhanicd structural damage modelli ng
and analysis of a containment building”, Proceedings of the fifth international conference
on computation d shell and spatial structures, Salzburg, accepted (2005

[2] L. Jason, A. Huerta, G. Pijaudier-Cabat, S. Ghavamian, “An elastic plastic damage
formulation for concrete: applicaion to elementary and structural tests’, Computer
Methods in Applied Medhanics andEngineeing, in press (2005

[3] J. Mazars, “Applicaion dce la mécaiique de I’endanmagement au comportement non
linédre @ a la rupture du kéton ce structure”, PhD Thesis, Université Pierre @ Marie
Curie, France (1984

[4] B.P. Sinha, K.H. Gerstle, L.G. Tulin, “Stress s$rain relations for concrete under cyclic
loading”, Journa of the American Concrete Institute, 195211(19649

[5] S. Ghavamian, “Evaluation tests on models of nonlinea behaviour of cradking concrete
using threedimensional modelling” Benchmark EDF R&D, CR-MMN 99232 (1999

[6] G. Pijaudier-Cabat, Z.P. Bazant, “Non locd damage theory” Journa of Engineeing
Medhancs ASCE, 113, 15121533(1987%)



