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ABSTRACT
In some cases, the evaluation of the leaking rate through a estmatture is a crucial step. For nuclear
power plants for example, the hydraulic integrity of the contairtrbuilding is a point of concern for energy
producers like EDF in France. The sealing of the barrier dswthe inner nuclear part and the outer
environmental one has indeed to be ensured even in cases of stroegtacci
To estimate the durability of the structure in time (ageinggss), the effect of a mechanical load on the
transport properties, and especially on the hydraulic conductivity,thus to be investigated. The main
question is to quantify the evolution of the permeability with l@ad to determine which mechanical
properties affect it.
From a combined mechanical — hydraulic discrete approach, basstianmodels, it is shown how, for pre
— peak situations, the value of the damage is the most appropaigable to quantify the evolution of
permeability. It also proves, for unloaded specimens, the independéthe law on the material properties
of concrete, proposing a theoretical explanation to some former exptginobservations (Picandet al.
[1]).
From this study, the description of the damage evolution duringngabecomes a crucial point. A
misevaluation of this variable would indeed directly induce an errdn@coupled permeability. The choice
of the associated model has thus to be done carefully. For gkesipgalations, continuum mechanics is the
most adapted framework. Nevertheless, elastic damage modelastic plastic constitutive laws are not
totally sufficient to describe the concrete behaviour. Theleéd fail to reproduce the unloading slopes
during cyclic loads which define experimentally the value of thead@nin the material. A combined elastic
plastic damage model is thus proposed : damage is responsible fdedtease in the unloading slope
(cracking) while plasticity reproduces the evolution of the irrgibée strains. The constitutive relation is
validated on a cyclic compression test. It gives the opportunits,view to hydromechanical problems, to
highlight the interest of including plasticity if a misevaloatbf the permeability needs to be avoided.

1 INTRODUCTION
Generally, the concrete structures designed foetgapurposes, are monitored carefully to
investigate the evolution of their integrity in #min some particular cases (sensitive environments
for example), the experimental investigation idiclifit and the numerical simulation remains one
of the only choices to evaluate the ageing prodésssnuclear power plants for example, one has
to guarantee the sealing of the containment buldeven in cases of strong accidents. The
question is thus to know which mechanical pararsatay influence the global hydraulic problem
and especially the value of the permeability. Tevear this question, a discrete study, based on a
lattice model, is first considered to specify they lparameter. Once it has been defined, an elastic
plastic damage constitutive law is then proposed @ontinuum mechanics approach. The aim is
to develop an appropriate tool to determine acelyrdbe experimental value of the damage in the
material. It is applied to a cyclic compressiont tekich gives the opportunity to discuss the
necessity to include plasticity if a misevaluatadrthe permeability needs to be avoided.



2 LATTICE MODEL
A discrete approach is introduced to determine lwhicoperties affect the hydromechanical
behaviour of concrete. It is based on the followiygpothesis: a point of the continuum medium
can be qualitatively represented by a lattice maddhfinite size (see Delaplacet al. [2] for
details).
The mechanical lattice is composed of differentdsowhich behave as a brittle material (figure
1a). An electrical analogous is used to solve tieatons of the problem with the substitution of
the straine by the voltage W, the streso by the current,| and the Young modulus E by the
conductance @ The bonds have a brittle behaviour with an ihitiznductance equal to one then
equal to zero when the current in the bond reaalesgtical value d (figure 2a)i. is different from
bond to bond and randomly distributed from O to 1.
When a mechanical bond is broken (conductance eguahe), it creates a flow path in the
perpendicular direction. For this reason, the hylitgroblem is represented with a second lattice
perpendicular to the mechanical one (figure 1b)sekond analogous is considered where the
voltage U, (in thehydraulic network) replaces the drop in pressure,dixrent | the flow rate Q
and the conductance, ®e permeability K. When a given bond fails, ipefmeability” increases
from its initial value (equal to 1) to a final ofequal to 16) (figure 2b).
The boundary conditions of both problems are pérital attain the creation of an infinite system
and to partly avoid boundary effects. The calcatats done with the following sequence which is
repeated until the failure of the complete lattice
1. Application of a unit tension on the mechanicdidat
2. Determination of the weakest mechanical bond awdedse in its conductance
3. Increase in the permeability of the perpendiculairaulic bond
4. Application of a unit tension on the hydraulic ilet
At the end of each step, mechanical and hydraubiments of different orders are calculated with

M, :Iika [i)di wherexismorh, i is the current in each bonN(i) is the number of bonds

whose current is in the range @fifdi] andk is the order of the moment.

The moments with an important meaning are of orgerto 4. The zero order moment is the
number of unbroken bonds. The first order is propoal to the average value of the current
(analogous to the average stress or average fltey. rehe second order is proportional to the
overall conductance (analogous to the overall Yomoglulus or permeability). Finally, the fourth

order is a measure of the dispersion of conductaDetails of the numerical resolution are
provided in (Delaplacetal. [2] and Chatzigeorgiou [3]).

Using this approach, figure (3a) gives the perniigbt damage evolution (computed from the
overall conductance of the two lattices) for thrgiees of the problem. As the relation is

s
E,

independent on the lattice size for pre — pealagdns ranging from 0 to 0.25), it can
represent the behaviour of the lattice of infirdize. The hydro — mechanical behaviour of a point
of the continuum medium can thus be defined by &@ue relation between damage and
permeability.

Nevertheless, the lattice does not represent thlermaterial. It gives qualitative information that
has to be corroborate by some experiments. In ase,dt gives a theoretical explanation for the
experimental approach proposed in (Picamdat [1]) in which the permeability of three concrete
are related to their damage by a unique expre¢Boure 3b).

As a conclusion, for pre — peak simulations ancdatéd material, damage is the most adapted
variable to evaluate the load influence on the pefiity.
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From the discrete study, the description of the aiggnevolution is a crucial step in hydro-
mechanical problem. The constitutive law for thechaical part has thus to be chosen carefully
if a misevaluation of the permeability needs to @mided. When continuum mechanics is
considered, elastic damage models or elastic pléstis are not totally sufficient to correctly
capture the constitutive behaviour of concrete.yThaleed fail to reproduce the unloading
behaviour from which the experimental value of tteamage is usually determined. An elastic
damage model is not appropriate as irreversiblainstr cannot be captured. A zero stress
corresponds to a zero strain and the value of éimade is thus overestimated. An elastic plastic
relation is not adapted (even with softening) as timloading curve follows the elastic slope.
Another alternative consists thus in combining ¢htgo approaches to propose an elastic plastic
damage law. The softening behavior and the deciieabe elastic modulus are so reproduced by
the damage part while the plasticity effect accsufdr the irreversible strains. With this
formulation, experimental unloading can be simuat®rrectly. It is such a model which is
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Figure 2: Brittle behaviour for the mechanicalday hydraulic (b) bond
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Figure 3: Damage — permeability law from latticedad from experiment [1] (b)

3 ELASTIC PLASTIC DAMAGE FORMULATION
3.1. Needs for a combined approach

presented in this contribution.



3.2. Model formulation

Plasticity effects and damage are both describethbyformulation. Nevertheless, they are not
entirely coupled. From the total strain tenspan effective stress’ is computed from plasticity
equations. Then, with the elastic — plastic stthinomposition £ = £° +£P), the damage variable
D and the real stregsare calculated.

3.2.1. Plastic yield surface

The plastic yield surface has been chosen to finifde main objectives. First, irreversible effects
have to develop during loading. Then, the volurmsetsehaviour in compression has to be
reproduced, especially the change from a contratbaa dilatant evolution. Finally, the brittle —
ductile transition has to be simulated in confinetm&or high hydrostatic pressures, plastic effects
appear experimentally.

With these three conditions, the chosen yield serfdepends on the three normalised stress

invariant (/_),:",3) and on one internal varialkg ranging from 0 to 1 (definition of a limit surface
for k, equal to one).

g’ = Slij Slji 1 : \/é S'ij Sljk Ski

- p= g=arcsint———55) Q)
\/él’c re 3 2 (s i Sji )
with g'; ands’; the effective and deviatoric stress componentsetsly. rcis a parameter of
the model.F is defined with three main functionk (hardening function), 0, (deviatoric

invariant) and (deviatoric shape function)
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Figure 5: plastic yield surface with increasingdening (a) and limit surfaces (b)
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The classical equations of plasticity models ateezbusing an iterative algorithm based on a
Newton Raphson scheme.

Figure (4a) shows the evolution of the yield sufadth the hardening parameter in simple
compression. Figure (4b) illustrates the limit agds for two values of. When the hardening
parametek;, reaches its critical level (equal to one), thddywurface becomes a failure one and
does not evolve any more.

F=p (0)-



3.2.2. Damage model

The damage model used in this contribution wasalhjitdeveloped in (Mazars [4]). It describes
the constitutive behavior of concrete by introdgcia scalar variabl® which quantifies the
influence of microcracking. To describe the evalotiof damage, an equivalent straig, is
computed from the elastic strain tensor

& =E'g’ 3)
with E™ the inverse of the elastic stiffness

b= (<% %) @

where< %> are the positive principal values of the eladtiaiss.
The damage loading surfagés defined by :

g(e*,D)=d(¢%)- D (5)
where the damag® takes the maximum value reached 8y during the history of loading
D = Max, (d,0). d is computed from an evolution law that distingeishensile and compressive
behaviors through two couples of scal@ars D;) for tension anda,, D;) for compression.

d(£%) = a,(£°) D\ (&) + O (6D (€ ) (6)

The definition of the different parameters can denfl in [4]. The damage evolution conditions
are finally given by the Kuhn — Tucker expression:

g<0, D20, gD=0 ©)
Once the damage has been computed, the “real$streletermined using the equation :
o=(1-D)o' (8)

3.3. Model validation

Cyclic compression is used to validate the modepeimental results are taken from (Sirdta
al., [5]).The numerical axial response is givefigure (6a). Damage induces the global softening
behaviour while the plastic part reproduces quatitiely the evolution of the irreversible strains.
Experimental and numerical unloading slopes ars #imilar and the constitutive law provides
appropriate values of the experimental damage.r€igéb) illustrates the volumetric response.
The introduction of plasticity induces a changenfra contractant (negative volumetric strains) to
a dilatant evolution, a phenomenon which is expenitally observed.
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Figure 6:Cyclic compression test. Axial (a) andwoktric (b) responses.



The introduction of plasticity in the damage mopgklys thus a key role. Table 1 highlights the
differences between the standard damage modeldutifhiasticity) and the proposed constitutive
law in term of damage and permeability estimatidbgen if the global mechanical behaviour is
the same (same stress for a given strain), the glamsalifferent (see 3.1.) and may cause a strong
misevaluation of the hydraulic conductivity (byazfor of 200).

Stress (Pa) Strain Damage Per meability’
Standard damage -2.6410 -0.002 0.3641 26000 K o
Damage + plast| -2.54 10 -0.002 0.2327 130K

Table 1: Comparison between the standard damagelrand the elastic plastic damage law
permeability calculation from the equation progbse[1]

4 CONCLUSIONS
From a discrete lattice approach, it has been prévat the evolution of the experimental damage
is one of the most significant parameter to tak® iaccount to evaluate the permeability in
hydromechanical problems. To capture an appropsiatee of this variable, an elastic plastic
damage model has been proposed. Based on an isadepage model to describe the softening
behavior and the decrease in the elastic slopebicauh with a plastic yield surface for irreversible
effects, it has been successfully applied on aicympression application. Both axial and
volumetric responses have been correctly simuldfiedleover, the importance of using a plastic —
damage approach has been highlighted in a viewdohmechanical problems : the evaluation of
the permeability is strongly influenced by the \eabf the simulated damage and by the choice of
the constitutive law. As a final conclusion, thlagtic plastic damage approach may represent an
appropriate tool to simulate the constitutive bébaw of concrete and may be used for coupled
problems (see Jas@anal. [6] for complementary applications)
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