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ABSTRACT. Cracks form a barrier for heat conduction and create preferential flow
paths for fluid, gas and pollutants, i.e. their description is crucial for predicting the life
expectancy of structures such as dams, nuclear power plants vessels, waste (nuclear or
not) storage structures, tunnels, etc. In this paper, a model taking into account the
heterogeneous nature of concrete is presented, i.e. a model describing scale effects,
cracking nucleation and propagation as well as initial defects in the material. This
modelling strategy is validated via an original experimental test (four point bending
test) performed at LCPC. The comparison will be given not only in terms of the global
answer but also on cracks opening and distribution. The presented model is also
adequate for describing 3D cracking processes.

INTRODUCTION

Concrete modeling is a challenging task as a partimodel should take into account
not only scale effects, but also those phenomedatereto the heterogeneous nature of
concrete such as initial defects in the materiecks nucleation and propagation. In
this paper, a model taking into account all the tioeed phenomena is presented.
Material characteristics are defined via statistidetributions (requiring only two
parameters) based on a large experimental campaighat LCPC [1]. This kind of
approach allows obtaining a pertinent, statistglabal response and, simultaneously,
local information (such as crack mouth opening distkibution). The objective of this
paper is to provide a macroscopic model capableridfing the gap between the local
description of the mechanisms at the material lered the global response at the
structural level, i.e. a model which is capabl@fperly describing the global structural
answer and which provides information on the lgeaponse.

CONCRETE HETEROGENEITY AND PROBABILISTIC MODELING
Concrete heterogeneity can be taken into accoumttiyducing statistical distributions
of local material characteristics, in particulartbé Young's modulus and the tensile

strength [1]. This technique gives a first hintthe size effect problem if one assumes
that there is equivalence between the finite eléamen the mesh and a volume of
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material: the distribution function relating the ter@al characteristics and the size has
then to be experimentally determined. Rossi g2@have highlighted that it is possible
to establish a link between tensile strenfgibr Young's modulu& and the volume of
the tensile specimen for concretes having a comp@strength between BB’a and
130MPa. An experimental scale effect law has been thdabéshed for the mean
tensile strengtm(f;) and the standard deviatieff;) as functions of easily measurable
quantities such as the volume of the specivigand the volume of the coarsest grain of
the concreteVy (which can be related to the size of the majoetogteneity) and the
compressive strength of concréi€an indicator of the quality of the cement paste).
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Figure 1: Tensile strength mean value/dispersiatutions [1, 2, 3].

These scale laws have been used as input datanumerical model based on a
probabilistic approach. Two strategies are hersgmed: a discrete explicit model [2]
and an original continuum based approach (seg2jso

Discrete approach

Rossi [1] originally presents a probabilistic modaplemented via a discrete approach
in which interface elements are used to descrileedikcontinuities. The mechanical
properties of the interface elements (Young modutml tensile strength) are
considered as randomly distributed variables. Thkime of the massive elements
which are adjacent to the considered interface ehenracts as the reference (material)
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volume. Distribution characteristics (mean valued astandard deviation) can be
obtained from an extrapolation of the empiricalnfatas given in fig.1. The model is
considered as probabilistic, but after the randastridution of mechanical properties
over the mesh, the computation remains determinikitis then necessary to perform a
large number of computations to statistically valel the results (following a Monte
Carlo-like method). Scale effects are effectivedien into account and the model is
auto-coherent in the sense that data at the laedé @re coherent with results at the
global scale since a generic law taking into actaetume effects can define concrete
mechanical properties at each scale. Although lpcal energy is dissipated (the failure
of the elementary volume remains elastic-perfedihitle), the model allows to
statistically representing a global dissipatiorenérgy through inelastic residual strains,
softening behaviors.

This modeling strategy has, however, some shortogsniat least in the original
formulation presented in [1, 2]. According to tleedl and probabilistic character of the
approach, the volume of the element has to becseritly small when compared to the
volume of the meshed structure or to the zone \stzere stress gradients can develop
(i.e. the fracture process zone). This can leaety small ratiod/s /Vy which fall out of
the domain of validity supported by the experimentanpaign [2]. More recently, [4]
has shown that the evolutions of the mean valudsttam standard deviations given by
the empirical formulas with respect to the compresstrength become meaningless for
ratios Vs /Vy <1. An inverse analysis has then been proposedietermine the
extrapolation of the empirical formulas to the dnnatios Vs /Vy domain. In this paper,
the extrapolations issued from the inverse anabmastaken into account fofs /Vg <1.
The original size-effect law is therefore updated avill be used in the finite element
analysis. Some questions arise also in the apylityabf the discrete-explicit model.
For more global approaches, at the scale of a wétoleture for example, such model
leads to prohibitive computational costs as the afseontact elements doubles the
number of nodes. This is even more sensitive in dase of 3D modeling.
These considerations justify an enhancement toward®ntinuum based approach.
Such a model seems more adequate in many situatiwmhsn particular when dealing
with real structures. If compared to a discrete ehod continuum model does not
require contact elements, i.e. no pre-orientedksrgany crack direction is favored).
Moreover, in a continuum model, the cracking ofiraté element corresponds to the
cracking of a volume of material, i.e. the failufea material volume can be associated
to the idea of the fracture process zone (FPZ).

Continuum approach

The continuum based approach is defined at a mampasscale where stress and strain
states are defined. At this scale, it is theor#yigaossible to establish a constitutive

881



relation between stress and strain defining therosaopic behavior of the material.
Cracking processes can be then taken into accoyntonsidering a dissipative
mechanism at the material scale. Two importansfaave to be pointed out:

Usually, the identification of the material behavis performed on laboratory
samples which size has to be larger than the Repias/e Elementary Volume
(REV) in order to properly take into account the tenal heterogeneity.
However, when dealing with concrete this size is often in accordance with
the size of the finite elements used in the modelih is thus necessary to
perform an extrapolation of the identified expenma behavior to the scale of
the finite element. This requires taking into aguoscale changes, i.e. volume
effects must be considered at this stage.

The localization of cracks, generally occurringttee peak, has to be carefully
taken into account. Before localization, matenkgrity is quite preserved even
if the material is severely damaged. After localaa material integrity fails
such that it is impossible to consider the poskpsaftening behavior as
representative of the behavior of the materialotimer words, after the peak we
shift from a material behavior to a structural baba[5]. Numerical translations
of these problems are mostly leading to strong mesmsitivities and non
objective responses [6].

The model takes into account at the finite elenh@rel these aspects as follows:

It is assumed that it is possible to define maapgxquantities whatever the
size of the finite element, whether it is matergbresentative or not. It is then
supposed that the mechanical behavior of the felgéenent depends on its size
and position, i.e. the behavior of each finite edemis prone to random
variations, thus taking account the material hejeneity.

The mechanical behavior of the finite element (pee post-localization) is
replaced by an equivalent material behavior. Sihteconsidered as a material
behavior, this equivalent behavior does not hawsoftening branch after the
peak. A dissipative mechanism is chosen to reptedem whole cracking
process, pre- and post-localization. The equivaleshavior is defined via
equivalence in deformation energy. It can be argined the local dissipative
mechanism is not representative of the local enarggunt really dissipated by
the material during cracking. However, one showtforget that the key point
is to replace the material behavior with a struatloehavior by means of an
equivalent material. In other terms, the local naetém is approximated in
favor of a proper global response. At the end efdtacking process, when the
total amount of available energy is dissipatediufai of the finite element is
assumed to be brittle.

The dissipative mechanism is represented via peplesticity. This choice is justified
by the simplicity of the approach together with thell established theoretical
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framework and the robust numerical implementatiofise principle of the energy
equivalence is depicted in fig.2. Details are giwref8B].

% Material behaviour

Structural behaviour

Figure 2: Principle of the equivalence for a unghxensile behavior

As far as the uniaxial behavior depends on thess#ek volume of material and presents
some randomness, the area under the curves isaalaodom quantity influenced by
volume effects. Consecutively,, andwy can be considered as random parameters of
the elastic-plastic equivalent model (also influethdoy volume effect). The general
laws defining the characteristics of the probatdislistributions fore,,, andwy have to
be then identified via an experimental campaigriara numerical campaign using the
discrete approach. In such a case, the identificas performed following these steps:
- Choice of one type of concrete (i\& andf; are fixed)
- Choice of one mesh size (this fixes the ratiéV,)
- Execution ofn different computations
- ldentification of the pre-peak behavior (materi@hbvior) on each of tha
computations followed by the computationna(;) ands(om)
- Identification of the mean value oy on the mean curve of threcomputations,
according to the principle depicted fig.2

The post-peak energy dispersion (and the standewthtebn) identification, can be
alternatively achieved via an inverse analysishengquivalent model.

NUMERICAL SUPPORT

The choice of a numerical support is important tashiould combine the relative
simplicity of implicit models (which are particulgrsuitable for being used in the
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description of large structures) together with ttepacity of giving some extra
information necessary for a proper crack descniptithree finite element approaches
are therefore considered for the study: a Rashkal-Ji’f] model (in which element
stiffness is reduced to zero as soon as an enbargghold is reached), a fixed crack
model [8] and an embedded formulation [9]. The e¢hreodels have been tested on
different configurations in order to evaluate thverual stress locking (see figs.3 left)
and mesh dependence (see fig.3 right)
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Figure 3
Left: notched beam bending test: fixed crack (IHEM (a), Rashid approach (c)
Right: Traction test with Rashid approach and déifé mesh (T3 regular, T3 coarse,

Q4)

According to our test results, the Rashid-like matig not exhibit stress locking and
together with the proposed probabilistic approacved to be mesh independent. For
these reasons, this model has been retained fdurtther probabilistic analysis.

VALIDATION

The modeling strategy presented in the previousaecis here compared to an original
experimental test performed at LCPC. The experirnensists of a four point
displacement-controlled bending test on a plaircoete beam. The beam geometry is
given in fig.5 the concrete used is an ordinaryctete £=35GPa, f.=50MPa,
fi=3MPa, values experimentally determined). Displacemanésmeasured on the front
face via 6 LVDTs. The numerical probabilistic apgeh follows these steps:
- 30 computations are executed via the discrete apprdor simulating the
uniaxial tensile behavior of the concrete. A meahdvior is deduced.
- An inverse analysis is performed on the mean behaio determine the
parameters of the continuum approach
- These parameters are used to the modeling of theirmge behavior. Again 30
computations are performed.
The beam has been modeled via T3 regular elem@nr@sRashid-like model has been
used. Results are given in fig.5.
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Figure 5: Global behavior: experimental (bold), muiwal answer (grey) and mean
(circles)

The correlation between the experimental resultthadnean curve is quite good as the
experimental result is contained in the set ofrthmerical answers and is very close to
the mean answer. The macroscopic model providesnmigia global answer but also
some local information on cracks opening and distion. In fig.6 a typical crack
pattern and crack opening curve are presentesliriteresting to observe that not only a
main macro crack is represented but also the rardtiking character of the global
failure is represented. Finally, a numerical tractiest on a cube proves the 3D
capabilities of the approach. In fig.7, a typicadak pattern of a traction test performed
on a cube is presented.
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Figure 6: Typical crack patterns and crack oper{mgmerical -grey-, mean answer -

circles- and experimental -bold-)
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Figure 7: Traction test on a cube: cracks openimlaad/displacement global answer
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CONCLUSIONS

In this paper, a model representing cracking pmeE®sn concrete through a robust
continuum approach coupled with a simple numenmabeling of discontinuities is
presented. One should not forget that the simplioit the numerical modeling is
meaningful only if the approach is coupled with Htatistical distribution of properties
and the given scale laws. This solution stratedgwal to properly take into account
scale effects and the heterogeneous nature of efengoroviding a reliable global
answer as well as local information such as craatepns and openings. The first
results confirmed that also 3D modeling is feasitiies enhancement seems a necessary
step to take into account the complex nature araimgé&y of cracks and giving a
satisfactory description of the local-global belvawf a real structure.
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