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1. Introduction

ABSTRACT

This Note investigates the isotropic version of a general macroscopic model for brittle dam-
age accounting for unilateral effects proposed by Welemane and Cormery (H. Welemane,
F. Cormery, An alternative 3D model for damage induced anisotropy and unilateral effect
in microcracked materials, J. Phys. IV 105 (2003) 329-336). Built within a rigorous ther-
modynamic framework, the model uses a single scalar damage variable and accounts for
the contribution of each set of parallel microcracks whether they are opened or closed.
The consideration of unilateral effects allows to represent an anisotropic elastic behaviour
induced by the closure of some microcracks and also the dissymmetric response in tension
and compression which characterizes brittle materials.

RESUME

On s’intéresse dans cette Note a la version isotrope d’'un modéle macroscopique d’endom-
magement fragile intégrant les effets unilatéraux proposé par Welemane et Cormery
(H. Welemane, F. Cormery, An alternative 3D model for damage induced anisotropy and
unilateral effect in microcracked materials, J. Phys. IV 105 (2003) 329-336). Etablie dans
un cadre thermodynamique rigoureux, cette formulation utilise une seule variable sca-
laire d’endommagement et distingue la contribution de chaque ensemble de microfissures
paralléles suivant qu’elles sont ouvertes ou fermées. L'introduction de ces effets unilaté-
raux permet de représenter une élasticité anisotrope lors de la fermeture d’'une partie des
défauts ainsi que la dissymétrie de réponse entre traction et compression typique des ma-
tériaux fragiles.

Among specific features of brittle damage, the question of unilateral effect is still an open and difficult task for the
constitutive modelling of these materials. Indeed, microcracks can be open or closed according to the applied loading and
then affect the mechanical behaviour of the materials differently. As pointed out by many authors [1-3], the account of such
aspect often leads to serious inconsistencies in macroscopic formulations.

Built within the consistent thermodynamics framework with internal variables, the new approach recently proposed by
Welemane and Cormery [4,5] provides a rigorous, physical and continuum description of opening-closure effects. Salient
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features of the model are a damage representation referring to the microcracks density distribution and based on fabric
tensors, a recovery condition at the closure of microcracks motivated by micromechanics and a damage evolution law
written in the standard scheme. Moreover, the formulation exhibits a modular character since it can be developed for
various configurations of damage anisotropy.

The present work focuses on the isotropic version of this modelling approach. Since isotropic damage models are still
very used in literature for structural analysis [6,7], it seems indeed interesting to investigate such version which proposes
an enriched description of damage effects. Contrary to existing formulations that use several damage parameters or dis-
crete decompositions (for example [8-11]), this model deals with a single scalar damage variable while accounting for the
unilateral behaviour of each set of parallel microcracks of the material.

2. Isotropic damage model with closure effects

In this section, we briefly present the isotropic version of the three-dimensional damage model by [4,5]. An objective
of the constitutive model summarized below is to describe the process of microcrack-induced degradation and correspon-
ding behaviour of quasi-brittle materials for rate independent, isothermal and small transformations. Considering a single
dissipative mechanism, namely the generation and growth of non-interacting microcracks, it relies on a physical damage
description and on micromechanically-based assumptions to account for the closure of microcracks. Special attention has
been given also to the respect of mathematical conditions and thermodynamical principles.

Usual intrinsic notations are employed throughout. The formulation is based on the following hypotheses and develop-
ments:

(1) The damage state of a medium is described by its microcrack density distribution p such that the density p(n) refers
to a scalar and dimensionless measure of the extent of crack-like defects orthogonal to unit vector n. Retaining an approxi-
mation of order zero of function p, the damage mechanism is described here by a single scalar variable d corresponding to
the density of all microcracks within the representative volume:

1
dzaf,o(n)ds (1)
s

with S = {n € R3, n-n=1} the unit sphere of R and ds the infinitesimal surface element on S.

(2) In view of further applications to structural analysis, we have retained a strain-based formulation for the thermody-
namic potential. We assume the existence of the free energy W per unit volume, isotropic invariant of the state variables
(&,d), of class C! and positively homogeneous of degree two with respect to &. Precisely, we propose the following form:

W(e,d) = Wy(e) + L/w(e,d, n)ds (2)
4
S

where Wy (e) denotes the free energy of the undamaged material (assumed to be isotropic and linear elastic with Lamé
constants Ao and jg). For the sake of simplicity, the elementary energy function w that characterizes the energy modifica-
tion induced by each set of parallel microcracks is taken linear in the density d:

w(e,d,n) =dh(e, n) (3)

which implicitly corresponds to the small microcrack density assumption. Moreover, as microcracks affect the mechanical
response of brittle materials differently whether they are open or closed, their contribution should differ according to this
status. In this way, we introduce an opening-closure characteristic function g depending on (e, n), of class C!, radially
symmetric with respect to n, that defines the status of microcracks between the open configuration (if g(¢,n) > 0) and the
closed state (if g(e, n) <0). Accordingly, function h introduced in Eq. (3) is defined in the following way:

hoP¢"(g m), if g(e,n) >0

4
heos(e,m), ifg(e,m) <O (4)

h(e,n) = {
(3) General expressions of functions h°P¢" and h°® are given by representation theories of tensorial functions. In order to
account for microcracks closure effects and related damage partial deactivation, function h®S should additionally satisfy a
recovery condition on elastic properties at the closure of defects. Following micromechanical results [12,13], we thus assume
that a set of microcracks with normal n does not contribute to the degradation of the elongation modulus related to their
normal direction, neither to the material volumetric modulus related to any direction of the space (defined in [14]). Besides,
for the mathematical admissibility of W, h°Pe" and he°S must also respect some continuity conditions that are derived from
a rigorous analysis of multilinear functions with several variables ([15] extended by [4,16]). All these arguments lead finally
to the expression of the thermodynamic potential (details are given in [4,5]):

8w
Sclos(s)

W(e,d) = Wy(e) +d[a tr(e - &) + B(tre)* — A / g%(e, n) ds} (5)



Table 1
Coefficients (A, 81, 82).
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where (a, 8, A) are independent material constants and the closure domain S%5(e) = {ne S, g(e,n) <0} represents the
sets of normals to closed microcracks for the strain state € (computation on this domain is explained in [17]). Precisely, the
microcrack opening-closure function g takes the following general form (81, 8, two dependent material constants):

ge,n)=48§n-&-n+tre (6)

In Eq. (5), terms in o and B define the damage contribution to energy when microcracks are all open while the integral
term in A represents the modification induced by the possible closure of some defects according to the loading. Accordingly,
the state equations, defining respectively the stress ¢ and the conjugate thermodynamic force F? associated to damage
(damage energy release rate) and determined by corresponding partial derivation of the energy (2), are also affected by
unilateral effects [4,17].

(4) Damage growth is assumed to be progressive and rate independent. Its evolution law is expressed here within the
standard thermodynamic framework which ensures the systematic satisfaction of the second thermodynamic principle. We
postulate the existence of a scalar dissipation potential D function of the damage rate d and current damage state d in the
form:

D(d, d) = R(d)d (7)

In any evolution process, the dissipation @ = Fid = D(d,d) is then proportional to the rate of the total density of micro-
cracks in the medium and R(d) can be directly linked to the surface energy of fracture mechanics. Following Marigo [18],
a linear form is adopted in this work, R(d) = ko(1 + nd) with (ko,n) two strictly positive material constants. Combining
this damage function with the normality rule, the damage evolution law reads:

. L0f 4 .
d=A——(F",d) =
A=o0, if f(F%.d) <0, f(F'.d) <0 ®)
A>o0, iff(F',d)=0, f(F',d)=0
where the yield function f in the relevant Fd-space is given by:
f(F4,d)=F!—R(d) (9)

and the damage multiplier A is determined by the consistency condition. If the criterion (9) together with evolution law
(8) maintains the isotropic character of the microcrack distribution (scalar damage representation), note that the evolution
yield and damage rate depend however on the amount and directions of closed microcracks.

(5) Concerning the model identification, one needs first the determination of the two Lamé coefficients of the virgin
material (Ao, o) which is rather classical and of the constants related to the microcracks contribution to energy. The latter
requires the indication at fixed damage state of both the damage density and effective compliance of the material when
microcracks are all open (to define constants « and ), and when at least some defects are closed (to define constants A
and parameters (81, 82) of the opening-closure function g). If we express the material energy (5) in the two particular cases
where microcracks are all open (S9S(e) = ) or all closed (S%(e) = S), we obtain:

(o +oad)tr(e &)+ (2 + pd)trke, ifS(e) =9

Wie.d)= A 2 i o
(o +a'd)tr(e - &)+ (F +p'd)trre, ifSe)=S8

(10)

with B8/ = —a/’/3. From this, one can demonstrate that parameters (A, §1,8,) characterizing closure effects on the energy
can be determined only from the triplet («, 8, ') (see Table 1). As a consequence, the energetic part of the model can
be identified from all open and all closed states of microcracks. Precisely, in view of the current lack of experimental data
needed (damage distribution and elastic properties on the same material), a strategy based on micromechanics can be
adopted to identify these parameters [4,16]. Finally, the last question concerns parameters (ko, ) related to the damage
evolution. Broadly speaking, ko characterizes the initial damage limit whereas 7 is linked to the variation of the elastic
domain with the damage growth. In both cases, the determination of these two constants is performed by calibration from
the nonlinear portion of experimental loading curves [4].
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Fig. 1. Concrete weakened by a fixed isotropic damage distribution (d = 0.2): (a) Damage distribution and microcracks closure domain (in grey); (b) Elon-
gation moduli (as a reference are given also isotropic cases of “all open” (---) and “all closed” (—) states of microcracks).

3. Applications and discussion
3.1. Elastic properties analysis

This section aims at investigating the model representation of the material elastic properties at fixed damage state.
The integral formulation (2) of the energy leads to a continuum representation of unilateral effect, which accounts for all
possible orientations of microdefects. However, the representation depends on the opening-closure characteristic function
defined by (6). According to the identification, g may thus take two forms (the case (§; = 0);=1,2> without unilateral effect is
ignored):

e if §1 =0, the criterion reduces to a function of €, namely g(¢) = tre, and microcracks can be either all open (when
S¢os(g) = ) either all closed (when S%5(e) = S). In this case, the representation of closure effects takes its simplest
form: the material behaviour remains isotropic whatever the defects status even if damage degradation differs whether
they are open or closed;

e if 81 #0, the criterion function depends explicitly of both the strain & and the normal n to each set of parallel micro-
cracks, that is g(e, n). This case allows to account for mixed states for which some microcracks are open and some are
closed and the dependence in n leads to a distinction of the microcracks contribution for each direction of the space.
Even for an isotropic damage extent, the model may thus describe an anisotropic elastic behaviour induced by closure
effects for configurations of mixed states with a resulting anisotropy corresponding to the symmetry of the closure
domain S5 (g).

Consider for example a concrete material (Ag = 8965 MPa, o = 13445 MPa, kg = 0.001, n = 200) whose model constants
relative to damage have been identified from the micromechanical analysis of a medium weakened by an isotropic distri-

bution of flat penny-shaped microcracks (o« = —20395 MPa, 8 = —18700 MPa, o’ = —12745 MPa). Table 1 leads then to
§1=1and § = 2% which corresponds to the second case detailed above. Accordingly, for the mixed state of opening-

closure defined on Fig. 1(a), one obtains on Fig. 1(b) the corresponding anisotropic distribution of elongation moduli y (n).
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Fig. 2. Concrete submitted to uniaxial tension (i) and compression (ii) tests: (a) Axial strain-stress responses; (b) Loading paths and opening-closure domains
of microcracks in the axisymmetric strain space.

3.2. Uniaxial tests

Let examine now the dissipative response provided by the model when the material is submitted to uniaxial stress
0 =o03e3 ®e3: (i) in tension (03 > 0) and (ii) in compression (o3 < 0). Fig. 2(a) presents the axial stress-strain responses
o3 — &3 (with € = g1(e1 ® e +e; ®ey) +e3e3 ®e3) during the loading phase of each test. Since the elastic behaviour is rep-
resented as a reference, we can demonstrate first that the formulation accounts for the material nonlinear response induced
by damage evolution. While dealing with a single scalar damage variable and keeping the simple standard thermodynamic
framework, the formulation represents moreover the dissymmetric behaviour in tension and compression typical of the



brittle-like behaviour. This results also from closure effects as demonstrated by Fig. 2(b) of the opening and closure domains
of microcracks: the tension loading path (i) remains indeed in the “all microcracks open” part whereas the compression
loading path (ii) belongs to a mixed domain where some microcracks are open and some are closed (precisely those rather
perpendicular to the compression axis). Accordingly, the microcracks contribution to the damage energy release rate F¢
differs between these two situations and induces a different damage evolution according to the yield function (9). Note that
the representation of some aspects (pronounced nonlinearity or dissymmetry) may be limited by simplified assumptions
retained (especially for the damage evolution law) and can be obviously improved while keeping the same approach based
on the introduction of closure effects.

4. Conclusion

We have presented an original approach of isotropic damage for brittle materials. Such formulation introduces new
modelling arguments to account for the microcracks unilateral behaviour (damage representation, theory of multilinear func-
tions, reference to micromechanical results) within the thermodynamic framework usually considered for standard isotropic
models. Compared to existing studies, the model stands out by combining a single scalar damage variable with a continuous
description of degrading effects that avoids any decomposition of state variables and related difficulties (mathematical or
thermodynamical). The simple context adopted here (isotropic damage, basic standard evolution law) allows to highlight
the consequences of the damage unilateral behaviour and, precisely, puts forward an alternative way of representing some
specific features of the brittle behaviour (especially anisotropic elasticity, dissymmetry between tension and compression)
by means of the introduction of microcracks opening-closure effects.
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