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MODELLING OF ANISOTROPIC damage by microcracks remains a pivotal topic of Dam-
age Mechanics. Many models are built employing a single second-order tensor damage
variable D and its spectral decomposition. However, some inconveniences are encoun-
tered such as non-uniqueness of the free energy or decomposition of the strain tensor.
This paper first reconsiders the anisotropic damage definition; a discrete approach,
which introduces nine microcrack densities associated with nine fized directions, is
presented. This definition permits to represent essential phenomena concerning quasi-
brittle materials behaviour: the induced anisotropic degradation of elastic properties
and the unilateral effect are notably described. In addition, the quoted inconveniences
are avoided.

1. Introduction

QUASI-BRITTLE MATERIALS such as concrete and rocks, by their nature,
contain — independently of their frequent multiphase microstructure (e.g. ag-
gregate and paste in concrete) — numerous inhomogeneities of different types
(microcracks, cavities, inclusions...), even before any loading. Their behaviour is
principally affected by the growth of pre-existing microcracks and the nucleation
of new ones; the development and coalescence of distributed cracks finally lead to
fracture at low strain level. Despite the publication of a great number of papers
focusing on damage by microcracking during the last thirty years, this subject
remains a pivotal topic in the field of Damage Mechanics. Among the difficulties
encountered, one may mention:

(i) the induced anisotropy: microcracks orientation depends on the loading
path; their normals are predominantly oriented, as explained in Sec. 4, in
the direction of maximal tension; consequently, when subjected to axial
compression, quasi-brittle materials fail by axial splitting; under tension
loading, a specimen splits perpendicularly to the tension axis (FANELLA
and Krajcinovic, [1]);

(ii) three-dimensional effects, such as the volumetric dilatancy;

(iii) the crack closure effect (known as “wunilateral effect”) and its consequences,
such as recovery of some elastic properties.
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Many methods have been used to model these phenomena, either microme-
chanical or ‘macroscopic’, although frequently based on micromechanical works
(see KRAJCINOVIC [2] for an exhaustive synthesis). However, certain models were
essentially two-dimensional (ANDRIEUX et al. [3]) while others led to mathemati-
cal inconsistencies, in particular when unilateral effect was taken into account, as
shown by CHABOCHE [4] (non-symmetric stiffness, discontinuity of stress-strain
response, non-convex reversibility domain ... ).

During the 90’s, some models found a compromise between a thrifty formu-
lation and a physical motivation. One of them was proposed by DRAGON et
al. [5]. A specific thermodynamic framework, based on partitioning of the dam-
age thermodynamic (driving) force was put forward. The main features of the
model are the following: it is built by employing a single damage, second-order

variable D. As any second-order tensor, D can be decomposed on its spectral
3
basis: D = Y Dpvk ® vk where Dy, and (v1,V2,Vs) are the eigenvalues and

eigenvectorskole. The damage configuration is then equivalent, in its effects, to
a network of 3 orthogonal systems of parallel microcracks. A relevant thermo-
dynamic potential (specific free energy) is proposed; its D-derivative gives the
thermodynamic force (affinity) associated to damage, which represents damage
energy release rate.

To describe properly the anisotropic damage evolution, the thermodynamic
force is split into two parts; one corresponds to the recoverable energy, the other
to ‘blocked’ effects; the latter is further decomposed into two parts corresponding
to positive and negative strain (¢* and ¢~ = ¢ — ¢*). The elastic domain is
defined with the former term.

The potential was then enriched in order to describe other phenomena and in
particular the unilateral effect by the addition of a closure term (see HALM and
DRAGON [6] or DRAGON and HALM |[7]). The term sensible to closure/opening
of microcracks comprises a fourth-order tensor formed with the eigenvectors vy,
and eigenvalues Dy, of the second-order tensor D. This term cancels the material
stiffness degradation in the vj direction when microcracks normal to vy are
closed, namely when:

(1.1) V.. v, < 0.

Consequently, the spectral decomposition of D plays a major role in the
description of unilateral damage effect in this model.
However, several problems were detected recently; for example:

(1) The strain tensor decomposition into a positive and a negative parts leads
to inconsistencies : due to the non-dissipative nature of microcrack closure-
re-opening (for a fixed state of damage), the recovery formulation should
conserve energy. However CAROL and WILLAM [8| show that whatever the
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projection operators used, formulations that decompose strain (or stress)
tensor in the thermodynamic potential (for example ORT1Z [9] or JU [10])
exhibit a spurious dissipation when anisotropic degradation is considered.
This drawback comes from the fact that stress stems from differentiation of
the thermodynamic potential with respect to total strain while free energy,
depending on a part of € (namely €' or £7), represents a shaky formula-
tion. The corresponding differentiation (with respect to €) is rigorous only
if ¢™(or ¢7) matches ¢; in other cases, it appears clumsy.

The non-negativity of the dissipation depends on restrictions on the val-
ues taken by the material parameters and the damage variable; for some
extreme loading paths, the dissipation may lose its necessary positivity.
The free energy may not be unique in specific configurations (see CORMERY
and WELEMANE [11]): the closure term (in HALM and DRAGON [6]) is
defined from the eigenvectors of the damage variable D. However, this
spectral decomposition can be non-unique (in the case of isotropic damage
for example): a given state (¢,D) can be associated with different values
of the free energy. Consequently it is not a thermodynamic potential.

These remarks also concern other models in which similar ingredients and
spectral decomposition of D are used (for example CHABOCHE [12]).

This study models quasi-brittle behaviour without any spectral or strain
decomposition, while keeping the possibility of describing the salient phenomena
related to damage.

In particular, the following effects are being dealt with:

(i)

(i)

(iii)

Physically sound damage configurations (corresponding to those obtained
with the model by HALM AND DRAGON [6]) for a compressive loading path
are modelled employing the present approach.

Analysis of the anisotropy induced by a given configuration of damage (for
example for a set of parallel microcracks) shows that evolutions of elastic
properties (namely Young’s modulus and Poisson’s ratio) are in agreement
with micromechanically obtained results.

Recovery of the elastic properties at microcracks closure, known as unilat-
eral effect, is taken into account.

In addition, the formulation advanced ensures dissipation positivity as well
as continuity and uniqueness of free energy.

To reach this objective, anisotropic damage definition is first reconsidered.
Consequently, this paper abandons the unique tensorial damage variable and
presents a discrete damage formulation (Sec. 2). Starting from this definition,
the Helmholtz free energy is redefined in Sec. 3, according to the tensor func-
tions representation theory (BOEHLER [13]). The evolution laws are treated in
Sec. 4 while maintaining the concern to account for predominant experimen-
tal facts observed for this class of materials. The salient points concerning the
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model’s pertinency mentioned above (realistic damage configurations, induced
anisotropy, recovery of moduli following microcracks closure, non-negativity of
dissipation and continuity of free energy) are analyzed, commented and quanti-
fied in Secs. 5 and 6.

2. Damage variables: a discrete approach

The formalism of the thermodynamics of irreversible processes with internal
variables is used (GERMAIN et al. [14]). Unlike the original model summarized in
Sec. 1, a discrete definition for the damage internal variables is proposed below.

2.1. A discrete damage definition

The present approach consists in considering different fixed directional ten-
sors N; = n; ® n;, where n; € R and represents the normal to the crack,
and attempting to associate them to scalar internal variables p; representing the
evolving microcrack densities.

Consequently, p independent couples(p;, N; = n; ® n;), i € [1, p], replace the
unique damage variable D, where each orientation n; is fixed in the material
point (i.e. in the physical space of the material corresponding to the representa-
tive volume element). Each associated microcrack density p; is considered as an
internal variable.

The scalar density p; is physically related to the extent S of decohesion surface
and the unit normal vector n; describes orientation of the i-th set of parallel
crack-like defects. Introduction of these couples is motivated by micromechanical
considerations (see KACHANOV [15]) but in the present context the density p; is
reckoned as a macroscopic quantity.

Two sets are then put forward:

e second-order tensors IN; of cracks orientation, which are preliminary para-

meters of the study;

e internal variables p; associated with each IN;.

The main difference between this definition and the single tensor D lies, in
addition to the multiplication of the variables (while keeping a finite set of Nj,
sufficient from the operational viewpoint), in the fixed damage directions. Indeed,
the single variable D has three eigenvectors which evolve during loading; here,
these directions are fized a priori and only the internal variables p; vary; note
that no spectral decomposition is made; consequently, the previously mentioned
drawbacks are avoided.

The next step concerns the definition of a ‘sufficient’” number and of the
specific orientations embodied by N;.
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2.2. Choice of N;

The choice of N; is assumed to fulfil two objectives:
(i) any tensor of the type n ® n is an additive combination of Nj;
(ii) an isotropic damage configuration (classically modelled with a damage
tensor proportional to identity) should be represented by the same density
po in each direction Nj:

(2.1) ZPONi o pol,
i

where I is the second-order identity tensor.

To fulfil the first point, the set of N; should generate the set of tensors of the
type n ® n. As this set is of rank 6, there must be at least 6 N;. The canonical
basis of the set n ® n is the following;:

N =e; ®e, N> = ez ® ey, N3 =e3 ®eg3,
1
(2.2) Ny = S(e; +e2) ® (e1 +e), N5 = 5(91 +e3) @ (e1 +e3),

Ng = (eg + eg) ® (82 + e3),

N = N

where the triplet (ej,eg,e3) forms an orthonormal basis of the Euclidean
space R3.
However, the sum of these tensors is not proportional to identity:

6 211
(2.3) > poNjocpg [ 121
i—1 112

Three tensors are consequently added to fulfil relation (2.1):

1
N7 = 5(91 —e) ® (e, —ey),

(2.4) Ns = L (e, — e3) @ (e — e3)

1
Ny = 5(92 —e3)® (e, — e3).
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The corresponding set of nine Nj tensors meets the above requirements:

N; =e; ®e, Ny = e ® ey, N3 = e3 ® e3,

1 1
N4:f(e1+e2)®(e1+e2), N5:f(e1+e3)®(e1+e3),

92 2

(2.5) 1 1
N6:§(92+e3)®(92+e3)3 N7:§(e1—e2)®(e1—82),

1 1
Ng=;(e1—e3)®@(e1 —es),  Ng=(e2—e3)®(ez—es).

Figure 1 shows, in the (e1,ez) plane, the corresponding directions n;; the

representation is the same in all (e;, e;) planes ((i,j) € [1,3]%,i #£ j):

Fia. 1. Cracks directions in the (e1, e2)plane.

The choice of the space basis (e1, €2, e3) is explained in Sec. 4.4.

Consequently, this system of nine fixed symmetric second-order tensors, rep-
resenting nine microcracks directions, associated to nine densities as internal
variables, is selected to enter the thermodynamic potential. It will play the same
role as the tensorial variable D, namely it will affect the elastic properties of the
material.

REMARK 1. As shown in Sec. 4, microcracks growth can be non self-similar,
since their orientation can change due to complex loading path. The approach
presented, employing nine fixed directions, accounts approximately for this ex-
perimental fact.

3. Thermodynamic potential and constitutive laws

The framework of irreversible processes in thermodynamics with internal
variables is here developed using the discrete approach of damage described
in Sec. 2.
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3.1. Thermodynamic potential without unilateral effect

The Helmholtz free energy w per unit volume is chosen as thermodynamic
potential.
At this stage of model formulation, the following assumptions are made:
(i) the undamaged material is considered as isotropic,
(ii) the strain-stress response is supposed to be linear at constant damage: w
is at most quadratic in &,
(iii) microcrack lips are assumed to slide without friction,
(iv) the effects of residual stresses are neglected: w does not contain any term
linear in & and linear in p; (contrarily to HALM and DRAGON [6]),
(v) microcracks densities are assumed to be moderate: w is consequently linear
n p;,
(vi) the nine microcracks systems do not interact: w is an additive form of
elementary energies corresponding to one system of microcracks,
(vii) the influence of microcracks is only due to their orientation and densities
(to N; and p;): material parameters are identical for all cracks.
According to the tensor functions representation theory (BOEHLER [13]), con-
sidering the hypotheses introduced in the foregoing and recalling ||n;|| = 1, the
following expression is obtained for w:

9
31 wlep) = %trg(s) Fptr(ee) + 3 p {Crt2(e) + Cotr (ene)

i=1
Fatr(e) tr(e.N;) 4 26tr (e.6.N;) + v tr? (eN;)}

where A, o are Lamé coefficients and C1, Cs «, 3,7 are material parameters to be
identified.

3.2. Unilateral effect

In the previous paragraph the unilateral effect is not taken into account.
To represent correctly this important effect in the behaviour of quasi-brittle
materials, it is necessary:

(i) to ensure the continuity and derivability c;f the free energy at opening/clo-
0" w

0ede
ties) is discontinuous when passing from open to closed microcracks (and

inversely), both free energy and stress strain response should remain con-
tinuous,

(ii) to find an opening/closure condition for each system of microcracks,

(iii) to define the recovery conditions, i.e. which elastic properties are restored
when passing from an open state to a closed one.

sure: even if the stiffness matrix C = (representing elastic proper-
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3.2.1. Derivability at closure. Two states can be considered for w (and the de-
duced stiffness matrix), namely an open and a closed one; each material constant
can consequently have an open and a closed value:

9
Wopen (€&, pi; N;) = wo(€) + Z pi{C’f’pen tr?(e) + CsP" tr (e.€)
i=1

+ P tr (g) tr(e.N;) 4+ 26°P°" tr (e.6.N;) 4 7°P°" tr? (e.N;) },

(3.2) 9
Weclosed (E, Pis Nz) = wo(i) + Z pi{cflosed tr2(£) + Cglosed tr (8.8)
=1

+ aosedr () tr (e.N;) + 2695 tr (e.6.N;) + o5 12 (£.N;) },

where wp (&) = %tr2 (¢) + ptr(e.e) is the classic Hooke’s law.

It is then possible to define the elementary energy w; corresponding to one
system of microcracks:

9
Wopen (&, pi; Ni) = wo(g) + Z w?pen(ﬁv pi; Ni),
(3.3) =1

9
Wetosed (€, pi3 Ni) = wo(€) + > wi'** (e, pi; Ny).
i=1

Calling k;(€) the scalar function separating the closed (k; (¢) < 0) and open
(ki (¢) > 0) domains for each microcracks system under the assumption k;(0) = 0,
the elementary energy can take the following form:

wP (e, pisN;),  if k(e) >0
(3.4) w; (&, pi; N;) =
wélosed(g, piNy), if  k(e) <O0.

Using Eq. (3.3):
9

(3.5) w (e, pisNy) = wo(e) + > wile, pisNy).
=1

To ensure the continuity of w, each w; must fulfil the continuity requirements
imposed by the multilinear functions theory (CURNIER et al. [16]): the stiffness

82 (w;?pen(s’ Pi) - wglosed(s’ pl))

discontinuity at closure [C;] = C{P*" —Cglosed =

€£.0¢ ’
corresponding to a system of parallel microcracks (normal to n;), must be nil
(i.e. no rigidity recovery) or of rank 1; this latter condition gives some relations
between material constants.
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From Egs. (3.2) and (3.5), [C]; can be written in the following form in or-
thonormal basis (n;, t, k) of the Euclidean space ®* (Voigt notation):

(3.6)
[2([e] + 28]+ [C1] +[Ca) + ) [a] +2[Ci]  [a] +2[Cy]
[a] +2[C4] 2([Ch] + [Co]) 2[C]
[a] +2[C] 2[C4] 2([C1] + [C2])
[Ci} = P 0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
[Co) 0 0
0 [Col+[8] O
0 0 [Co) +[8]

where [A] — Aopen _ Aclosed.

Micromechanical studies (KACHANOV [15]) provide the expression of the
compliance of a material containing non-interacting penny-shaped microcracks.
These results underscore that the quadratic terms in N; (i.e. N; ® IN;) entering
the compliance when microcracks are open is negligible compared to the other
terms. Here, the only term of C/P*" in which intervenes the dyadic product
N; ® N; is 2v°P" N; ® N;. Consequently, the parameter v°P" is taken equal to
zero and [y] = —yclosed = o,

It results that the following relations are sufficient to ensure the continuity
of W;:

open __ aclosed =a,
ﬂopen _ I@Closed _ /87

Clopen _ Clclosed — Cl;

CQopen — Cchosed — C2’

(0}

(3.7)

The particular choice (3.7) is exempted from identifying parameters in the
closed configuration since “closed” parameters are the same as “open” ones.

Only one term differs: unlike v°Pe", ~y¢losed cannot be taken equal to zero,
insofar the quadratic term INN; ® N; is no longer negligible when the cracks close.
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At this stage, from Egs. (3.6) and (3.7), [C;] can be simplified:
(3.8) [C;] = —2vy¢losd ), N; @ N,

CURNIER et al. ([16]) show that the continuous differentiability of w; defined
by (3.4) necessitates [C;] to take the following form: [C;] = s(g).Vk; ® Vk;; this
leads to the closure condition:

(3.9) ]{ZZ(E) = (Ili ®ni) ce=N;:e <0

The closure condition obtained here seems to be reasonable: cracks close when
the normal strain tr (¢.IN;) becomes negative.

This reasoning is independent of the chosen N; < 0.

In view of relations (3.2), (3.7) and (3.9), the final form for w is the
following:

9
(3.10)  w(e, pN;) =wo(e) + > pi {Crtr?(e) + Catr (e.¢)
=1

+ atr(e) tr(e.N;) +28tr (e.e.N;) + vt (e.N;) .H(—tr(e.N;)) }

The free energy determined with the continuity conditions still contains five
different parameters to identify (C1, Ca, «, 3,7), in addition to the classic Lamé
coefficients. However, recovery conditions permit to find relations between these
coefficients (see HALM and DRAGON [6]).

3.2.2. Recovery conditions. Since microcracks are assumed not to interact, only
one system of parallel microcracks normal to n; is studied (other densities
are taken equal to zero). It is assumed that the normal Young’s modulus, de-
noted E(n;), is restored to its initial value Ey when cracks close (i.e. when
tr (e.N;) <0).

This assumption is written considering an uniaxial compression loading path
in the direction normal to the cracks (o = on; ® n;).

Using definition (3.10), the restoration of normal Young’s modulus leads
to three scalar relations, allowing to express C7,Ce and ~ as functions
of o and :

(6%
Cir+Co+a+20+v=0 Ci=—=

2
(3'11) 2C1+a=0 o Cr = a.

2C14+Cy=0 7:—<2a+2ﬁ>
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Conjugating relations (3.11) and expression (3.10), the final Helmholtz free
energy is obtained as follows:

9
(3.12) w (e, pi; N;) = wo(s)+z i {a [tr (e.e) — %tr2 (¢) +tr(e)tr (s.Ni)}
i=1

+ 25tr(e.e.N;) — <2a + 25) tr? (e.N;) .H(—tr(s.Ni))} .

REMARK 2. Other recovery conditions may be chosen:
e Restoration of the bulk modulus in all directions as experimentally ob-
served by SIBAT et al. [17].
e Restoration of the elongation modulus normal to the crack has been shown
by a micromechanical analysis (PENSEE and KONDO [18]).
Relation (3.11) takes into account each of these restoration conditions. Their
combination would lead exactly to relation (3.11).
Finally, relation (3.11) ensures restoration of any v,, ¢, (where t is orthogonal
to n;) Poisson’s ratio.
From the thermodynamic potential (3.12), the constitutive laws (‘state laws’)
can be determined.

3.3. State laws

The state laws define the strain-stress relation and the thermodynamic forces
associated with the internal variables. They are obtained by differentiating the
potential (3.12).

Consequently, the strain-stress relation is the following:

_ Ow(e, p;; Ny)

(313) (T(ﬁ,pi;Ni) Dt

9
=Ar(e)I+2ue+ Zpi{a [2e —tr(e) I+ tr(e) N; + tr(e.N;)I]

i=1
+28[e.N; + Ny.e] — (3a +48) tr(e.N;) H (—tr(e.N;)) N}
The nine thermodynamic forces corresponding to each density variable are
derived from w as follows:
dw(e, pi; Ni)
pi

= —« [tr (e.8) — %trQ(s) +tr(e) tr (s.Ni)] — 20tr (e.€.Nj)

(314) P (sz;Nz) = —

+ (2‘1 + 25) tr? (e.N;) H (~tr (e.N;)).
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In this paragraph, the elastic response (3.13) of a quasi-brittle material has
been defined under different assumptions for a given fixed state of damage (rep-
resented by different p;).

To complete this model, the evolution laws for these damage variables need
to be constructed.

4. Reversibility domain and evolution laws

The purpose of this section is to determine when and how the damage, repre-
sented by the internal variables p; and directional, fixed parameters IN;, evolve.

4.1. Experimental facts

As mentioned in the introduction, the initial nucleation and subsequent
growth of the microcracks in quasi-brittle materials is a complex phenomenon
which leads to an induced anisotropy. In order to model properly the behaviour
of these materials, it is essential that the modelled damage process should fit the
physical observations. A synthesis of these observations can be found for exam-
ple in FANELLA and KRAJCINOVIC [1], HORII and NEMAT-NASSER [19] and JuU
[20], and other studies.

For concrete subjected to uniaxial compression, it has been observed that
microcracks first grow in a Mode II fashion (remaining closed) along the aggre-
gate facet (Fig. 2a and b). This growth is unstable. However, it is stopped at the

F F

Cement paste l L

Cracks
Aggregate Stopped Wings
ggreg S g

— T

cracks

T

F
(a) (b) (c)

F1a. 2. Crack growth phases under compression: a) Initial state, b) Mode II growth,
¢) Kinking of the crack in the cement paste.
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edge of the aggregate facet (since the toughness of the cement paste is greater
than the interface’s one); consequently its length remains small (about the size of
the aggregate). As the axial compression increases, the crack does not continue
to grow in a Mode II fashion but develops tension wings at both tips. It then
grows from the tips and curves toward the direction of maximum compression
(Fig. 2c), and, consequently, the strain normal to the wings is positive (although
it remains negative along the aggregate facet).

In a mesoscopic view, this microcrack can be split into a closed part (at the
interface) whose length is fixed and into an open part, oriented in the direction of
maximal compression, that keeps growing in the cement paste. As a conclusion,
Mode II growth is not preponderant, even if it is the first one activated.

The resulting damage configuration seems to be a set of quasi-parallel mi-
crocracks oriented in the direction of maximum compression.

Under uniaxial tensile loads, microcracks grow in a Mode I fashion. Microc-
racks that are oriented perpendicularly to the load axis open and grow prior to
the others. Note that not only perpendicular microcracks come to grow under
tension; other open ones can grow. They nevertheless evolve remaining open. The
resulting damage configuration (in a mesoscopic view) is then a set of open mi-
crocracks whose orientation is predominantly (but not exclusively) perpendicular
to the maximum tensile direction. However, the density of the non-perpendicular
cracks is lower; indeed, some reorientation (kink) in the perpendicular direction
limits their growth. The final failure is consequently perpendicular to the tensile
load axis.

From the different observations quoted before, cracks appear to grow princi-
pally when they are open.

4.2. Reversibility domains

The existence of a reversibility domain for each direction IN; (and the asso-
ciated variables p;) is assumed; it is written in the generalized space of the asso-
ciated thermodynamic forces for time-independent evolution assumed further.

To take into account the experimental facts explained in Sec. 4.1, the ther-
modynamic forces (3.14) are split into two parts (relation (4.1)).

ow(e, pi; N;)

41 FPi(e:Ny) = —
( ) (87 'L) apz

= —a |tr(e.€) — %tr2(£) +tr(e) tr (e.Ny)

FY (& Ny)
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Ein%? —20tr (e.£.N;) + (;a + 25) tr? (e.N;)
F* (e;Ny)
- (‘;a + 25) tr? (e.N;) + (2(1 - 2ﬁ> tr? (e.N;) H (—tr (e.Ny)).
By (& N,)

This decomposition permits to distinguish two parts in the global F*::

(i) the first term, F*, that contains both non-directional terms (see terms
tr (e.€) and tr? (&) in which direction N; does not intervene) and the ori-
ented ones; as this term can reach a positive value (and consequently the
elastic limit) even if cracks are closed, it will not enter the reversibility
domain;

(ii) a normal part, F§’, that depends only on the normal strain tr(e.N;) and
reduces to zero when cracks are closed (tr(e.IN;) < 0); this part is the one
that will limit the elastic domain, since the experimental considerations
show that microcracks evolve only when they are open.

The following form for any reversibility domain is postulated:

(4.2) fi(Ff', pi) = Ff" = Co e?/% <0, ie[1,9],

where Cj is a material constant that represents the initial limit of the elastic
domain, and Cj5 influences the microcrack growth: the higher this constant is,
the higher the densities will be.

Since the material is assumed to be initially isotropic, cracks can grow a pri-
ori in all directions in an equivalent way; only the loading path, contained in the
thermodynamic forces, will determine which system will be activated: the same
Cp and C5 are used for all directions N;.

REMARK 3. According to experimental considerations, microcracks can grow
in a non self-similar way and kink towards the direction of maximum compres-
sion. This orientation change can also occur due to complex loading. In the
present discrete approach, the nine directions are fixed. However, when the load-
ing directions change, as F}" depends on the current strain, the evolution of p;
will follow; densities p; increase only if its associated driving force FJ' reaches
the elastic limit Cy e?/“3 moreover, the higher F¥’ is (i.e. the higher tr(e.IN;)
is), the more p; increases (see expression (4.5) further). In the case shown in
Fig. 3, the ‘real’ crack evolution (Fig. 3a) is split into 2 parts (Fig. 3b). During
the first stage, its growth, self-similar, would be taken into account in the model
by the evolution of py (as ny corresponds to its normal n); during the second
stage, as the wing normal turns to n’ which is parallel to n7, p; will evolve. This
change of evolving density accounts for the microcrack direction change.
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a)
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Fia. 3. Changing crack direction case: a) real crack; b) corresponding cracks in the model.

4.3. Evolution laws

In the present case, within the assumption of a time-independent process, a
non-assoctated framework is used.

In an associated framework, the existence of a dissipation potential @ de-
pending on the damage flow variables (the set (p;, i € [1,9])) is assumed; its
Legendre—Fenchel transform defines a dissipation pseudo-potential @*(F*:,
i € [1,9]), dual of @ regarding the flow variables (p;, i € [1,9]). This pseudo-
potential &* is the indicator function of the convex C of admissible thermody-
namic forces F*i i € [1,9] (the reversibility domain), that is consequently built
upon the thermodynamic forces, that is to say dependent on complete ther-
modynamic forces F*i, ¢ € [1,9]. The damage evolution is normal to C (i.e.
pi € Opei @*, i € [1,9]), where Opr; @* is the subdifferential of &* at point F*:.

In the present case, the evolution of damage variables (p;, i € [1,9]) is de-
fined independently of the reversibility domains (4.2). These domains, indicating
“when” the damage evolves, depend only on the normal parts F4' of thermody-
namic forces. The damage evolution (indicating “how” the damage evolves) is
on the contrary established in the space of complete driving (thermodynamic)
forces with the functions F; (F*) as follows:

(4.3) Fy(FPy=Fri,  ic|1,9].

The evolution is thus defined as based on the potentials F; (F*i) relevant to
each particular mechanism:

oF;

where A; are damage multipliers.
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The consistency condition on elastic domains (4.2) gives the expression of
these multipliers:
C3 (3a+4p) tr (e.N;) H [tr (e.N;)]
CO epi/CB
Expression (4.5) shows that a microcrack density p; can evolve only if the
opening condition tr (¢.IN;) > 0 is satisfied.

(45) fi=0=A; =~ N;: ¢, i€[l,9].

REMARK 4. The evolution laws presented above are not standard in the
sense of HALPHEN and NGUYEN [21]:

(i) the convex domains of admissible thermodynamic forces (4.2) are based
on a specific partition (physically motivated) of these forces instead of
depending on the global ones F*¢;

(ii) the potentials F; (FP") relevant to the mechanisms at stake are equivalent
to complete thermodynamic forces: the model is thus non-associated.

4.4. Choice of the space basis (e1, ez, e3)

As explained in Sec. 2.2, the definition of the 9 different directions N; uses an
orthonormal basis (e1, es, e3) of the physical space R3. The choice of this basis
is explained in this section.

In practice, this first vector e; is defined as the first direction of damage
activation. The objective is then to find the direction n in which the elastic limit
is first reached, and to impose e; = n.

Expression (4.2) shows that this direction is the one that maximizes the
thermodynamic force F3 over all directions. It can be geometrically found using
expression (4.1) and Fig. 4 where €1, €2 and €3 are the three eigenvalues of the
strain tensor, with convention &1 > €9 > €3. Indeed, remembering N = n ® n,
the active part F§ of thermodynamic force (4.1) can be written:

(4.6) Ff(ein) = — <2a + 25) (n.en).(n.e.n) H (n.en).

Expression (4.6) and Fig. 4 show that thermodynamic force Fj is represented
in the open zone by the square of €,,,; in the closed one it reduces to zero.

The direction e; maximizing the force consequently corresponds to the max-
imal positive eigenvalues of the strain tensor. In other words, the effect is analo-
gous to the classically used strain partition and the positive part €T is obtained
without resort to the corresponding projection operators.

Knowing the first direction ey, the two other directions are arbitrarily cho-
sen to form an orthogonal direct basis. Indeed in the plane orthogonal to eq,
Egs. (2.2) indicate that four directions are considered, separated by 45° an-
gle; consequently, the description appears sufficient whatever vectors eo
and es are.
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Fic. 4. Mohr circle allowing to find the optimal direction.

REMARK 5. Resulting from the definition of the nine crack directions and
from the choice of the (ej, ez, e3) basis described above, principal axes of the
strain tensor (for the first loading path that reaches the elastic limit) are always
included in the set of N;.

REMARK 6. In the case of 2 or 3 positive and equal eigenvalues, the vector
e is arbitrarily taken in the eigenplane.

REMARK 7. As the (ej, ez, e3) basis is chosen for the first loading path which
reaches the elastic limit, the subsequent behaviour modelled will be conditioned
by this first loading path. This corresponds to experimental observations: indeed,
DEFLANDRE et al. [22] show, using an acoustic emission analysis on different
quasi-brittle rocks, that the elastic stage is shorter than the linear phase of the
stress-strain diagram, because crack creation occurs before the globally averaged
elastic limit is attained for a representative volume. Consequently, the first dam-
aging loading path would have consequences on further material behaviour, even
if it just reaches the damage threshold. This justifies the fact that further crack
directions are influenced by it.

5. Predictive capacities of the model

The predictive capacities of the model presented in the previous sections
are now studied. The effective elastic properties at constant damage for a Vosges
sandstone are first evaluated; simulations of a triaxial axisymmetric compression
loading path are then shown for the same material.
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5.1. Effective elastic properties at constant damage

In this part, a sample weakened by a set of parallel microcracks of normal
n; = e; and density p; = 0.15 is considered. The induced elastic properties
depend on this damage configuration: cracks can be open or closed.

In the open case, i.e. when &1 > 0, the stiffness matrix expression is the
following (Voigt notation):

[ A+ 20+ p1 (Ba+ 40) A A
A A+ 20+ pro A —pra
A A=—pia  A+2pu+ pra
(51)  Copen = pL pp
0 0
0 0
I 0 0 0
0 0 0 i
0 0 0
0 0 0
o+ pra 0 0
0 wu+p(a+p) 0
0 0 ptp(a+B)
In the closed case (g1 < 0), it takes the form:
[ A+ 2u A p
A A+2u+piaa A= pra
(52) Cclosed - A A= p1ex A + 2,u + p1ex
0 0 0
0 0 0
| 0 0 0
0 0 0 i
0 0 0
0 0 0
p+ pra 0 0
0 p+tpi(atp) 0
0 0 p+p1(a+p)

The definitions of the Young modulus F(m) related to the direction of unit
vector m and of the Poisson ratio v(m,p) related to orthogonal directions
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of respective unit vectors m and p can be derived from the stiffness tensor
C (Haves [23]):

E(m) = [m@m:C_lzm@)m]A,
(5.3)
v(m,p) = E (m) [m@m:C_l:p@)p].

Figure 5 shows these two elastic properties for a Vosges sandstone weakened
by this damage configuration. Vectors m, p, e; and ey are coplanar.

v(m,p)v

—— Open cracks
,,,,,, Unite circle
——Closed Cracks

el

Fia. 5. Generalized elastic moduli normalized by their initial values.

The parameters (a, 3, Cy and Cs) taken for this analysis have been identi-
fied for a triaxial loading path with a 10 MPa confinement pressure (PECQUEUR
[24]). For this material, these parameters take the following values:

A\ = 3245 MPa,
p = 5340 MPa,
a = —2500 MPa,
(5.4)
8 = —8100 MPa,
Cy = 4.22 x 1073 MPa,
Cy =2.33 x 1072.

In the open case, E(m) and v (m,p) are both degraded anisotropically, with
a main degradation in the direction normal to the crack (namely E(e;) and
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v(ez,e1)). The slight Young’s modulus degradation in the crack plane (here
E(ep)) is due to the “isotropic” terms tr (e.€) and tr? (¢) in the free energy; this
degradation is, in this particular case, 1.8 times lower than in the normal di-
rection. The Poisson ratio v(eq, e1) increases when the material is weakened; if
no experimental results can validate or invalidate this remark, it can be noted
that some models lead to increase (DRAGON and HALM |[7] for example) and
others to decrease (KACHANOV [25]) this Poisson ratio. In our case, v (e1,ez2)
is not degraded for both configurations (open and closed microcracks). Indeed
its expression is the same whenever cracks are open or closed; its recovery at
closure implies that it remains equal to its initial value, even if the material is
weakened.

When microcracks are closed, the restoration of Young’s modulus and Pois-
son’s ratio depends on the considered direction: in the normal one, both of them
are equal to their initial values, in accordance with the recovery conditions as-
sumed in Sec. 3. In other directions, the recovery is partial; the Young’s modulus
in the crack plane E (e3) remains degraded, due to the no-friction assumption;
v (e, eq) is partially restored; different models lead to a total recovery of this
elastic property (see WELEMANE and CORMERY [26]); in this case, imposing
this total restitution would lead to the following relation:

(5.5) Cy =2

which is in contradiction with the chosen recovery conditions (except if o = 0).
However, even if the complete restoration is consequently impossible, in this case
it reaches 98% of the initial value.

Some figures regarding generalized elastic moduli for different microcrack
related damage models can be found in WELEMANE and CORMERY [26].

5.2. Prediction of a triaxial compression loading path

A triaxial compression simulation with a 20 MPa confinement pressure on
the same Vosges sandstone (PECQUEUR [24]) is analyzed in this section.

The stress-strain response is presented in Fig. 6. The three phases are well
described:

(i) The response is first elastic, with an elastic limit of —90 MPa.

(ii) The first part of the nonlinear response is due to the growth of microcracks
in the medium. The axial stress reaches a maximum of —140 MPa, when
the experimental maximum value is —150 MPa; both the axial and lateral
strains at the maximal stress level are slightly underestimated.

(iii) The softening phase occurs when damage reaches a critical value. This
phase is not shown on the experimental curve due to the lack of infor-
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mation. However, on other simulations (for example with a confinement
pressure of 15 MPa), the simulated decrease of axial stress seems to be
slower than the experimental one. Nevertheless, as the model does not
take into account non-local phenomena, the validity of this inference is

questionable.
-(0:-0)MPa
160
Aa e
- 140 4 —— Model —
O\ o | - Experiment - .l
\ /7
1 300 A f €
A 73
0 - €
€
| . O, =Pc=-15MPa
2
& =—¢ —&,
T 0 T T T
-0,01 -0,005 0 0,005 0,01 0,015 0,02

F1a. 6. Stress-Strain response of a Vosges sandstone under triaxial compression with 20 MPa
confinement.

REMARK 8. Unloading simulation is shown in Fig. 6. As residual effects and
dissipative friction are neglected, the curve turns back to the origin. Considera-
tion of dissipative friction and residual effects is commented in Sec. 7.

The simulated damage configuration is a set of vertical (and open) microc-
e t+e and €1 — e
V2 V2
directions. This configuration is in correlation with experimental considerations

presented in Sec. 4.

Due to damage growth, the elastic properties of the material change. The
axial Young’s modulus progressively decreases; on the contrary, v (es,ep) in-
creases (Fig. 7). If the qualitative evolutions are in accordance with experimen-
tal observations, the increase of Poisson’s ratio is questionable, since its value
reaches 250% of the initial one. However, as shown in Figs. 8 and 9, both the lat-
eral strain-axial strain response and volumetric dilatancy agree quite well with
experimental results, even if these responses depend notably on this property
(Poisson’s ratio v (es, eq)).

with identical densities in the four

racks of normals ey, e,
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vies.e,) Poisson’s Ratio Ele,) Axial Young's modulus
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Fi1a. 7. Evolution of elastic properties.

Volumetric Dilatancy
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Fi1G. 8. Volumetric dilatancy for a triaxial loading path.

As said before, the damage configuration is a set of vertical cracks.
Figure 10 shows the generalized Young’s modulus in the (e;, e3) plane at one
point of the loading path, namely for the axial stress equal —137 MPa. At this
stage, the lateral Young’s modulus is about 2.5 times lower than the axial Young’s
modulus.
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Fi1c. 9. Lateral strain vs. axial strain response.
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Fic. 10. Generalized Young’s modulus normalized by its initial value during a triaxial
loading path (at axial stress = —137 MPa).
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These results show that the presented model can be considered efficient con-
cerning the most important aspects of quasi-brittle damage: unilateral effect is
well taken into account, as shown in the analysis of elastic properties at constant
damage configuration; the modelled damage configuration, the volumetric dila-
tancy and induced anisotropy after a simple loading path are in agreement with
experimental results. Further investigation and comparison with experiments,
especially concerning the Poisson’s ratio, would permit to confirm these aspects.

6. Advantages of the approach

One of the motivations to introduce a discrete anisotropic damage defini-
tion was to avoid main inconveniences encountered in earlier approaches. The
purpose of this section is to analyze the model under this aspect.

6.1. Strain decomposition

This model does not use any strain decomposition. In DRAGON and HALM [7],
for example, this decomposition was used to account for induced anisotropy: mi-
crocracks grow in directions of positive strain et (as mentioned in Sec. 4). The
damage evolution is proportional to £™:

(6.1) Dx et.

In the presented approach, strain is naturally decomposed by orientation
tensors IN;; the “e™” effect is thus obtained in the following manner:
(i) via the closure condition tr (¢.N;) < 0 (cracks are open only if the normal
strain is positive),
(ii) by imposing that cracks grow only when they are open.
An uniaxial loading path (tension or compression), in a geometrical two-dimensio-
nal case, can illustrate the similarity between the kinetics (6.1) and the evolution
law detailed in Sec. 4.
The strain and stress tensors are of the following form for a two-dimensional

simulation:
o1
=" o]

1
£=81|: —U12:|'

The decomposition of the strain tensor into positive and negative parts leads
to the following expression of e*:

(6.3) e =g [H(el)

(6.2)

vigH(—¢1) ] '
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Consequently, damage evolution, according to this model, is the following:

. H (E 1)
(64) D «x €1 1/12H(—€1)

Relation (6.4) shows that under axial tension, only cracks normal to €’y (hor-
izontal) will grow; on the contrary, under axial compression, only cracks normal
to €3 (vertical) will evolve (see Fig. 11a).

The discrete damage definition and the evolution criteria presented in Sec. 4
lead to a similar result.

The first point is to define the four fixed IN; directions: the (e, es) basis, on
which is build the set of N;, and the (€], e4) merge: e; = €', e3 = €’3. Relation
(2.2) leads to the following set:

/ /
Ny =€) e,

1
N5 = 5 (€] +e5) @ (e] +e3),

1
Ns = 5(9/1 —e}) ® (e] —e3),

/ /
N3 =e3 ®es.

The crack opening conditions tr (&.Nj) > 0 have consequently 3 different
forms:

¢1>0 for system 1;
(6.6) €3 = —Vviog1 >0 for system 3;

e1+e3=¢€(1—vy2) >0 for systems 5 and 8.

In compression, only vertical microcracks of normal e (corresponding to
system 3) are open and can consequently grow. In addition, the four associ-
ated thermodynamic forces are equal (relation (3.14)), so the crack densities are
identical (axial symmetry).

In tension, as 0 < v19 < 0.5, microcracks associated with systems 1, 5 and 8
are open and can consequently grow; however, expression (4.1) of thermodynamic
force F§' leads to the following relations:

(6.7) F' > FP = Ff*

Consequently, the microcracks evolve first and faster in direction 1 (horizontal
microcracks); in the other directions, the densities are identical (axial symmetry).
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The two damage-induced configurations according to the present model are
presented in Fig. 11b. In compression, the two damage definitions are thus equiv-
alent. In tension, the main damage configurations (horizontal microcracks) are
identical; but the discrete definition adds some cracks oriented at 45° with re-
spect to the loading direction. This added damage direction is experimentally
observed as explained in Sec. 4.1.

a) l T ! l’ T ;
o sl | Py Wz
| |SET R | e

T l T l

Fig. 11. Simulated damage configuration with strain tensor decomposition a) and discrete
damage definition b) under uniaxial tension or compression.

6.2. Dissipation positivity

This model is not standard in the sense of HALPHEN and NGUYEN [21].
The model is written in a non-associated framework. In addition, the thermo-
dynamic forces are split into two parts in Eq. (4.1) and only the second one
enters the reversibility domains definition (relation (4.2)). This decomposition
has been made to ensure the non propagation of closed cracks. The latter one is
a strong hypothesis of the present model; it appears as an acceptable one in view
of some experimental observations (FANELLA and KraJcINOVIC [1], HORII and
NEMAT-NASSER [19] and Ju [20]).

According to expression (6.8) of dissipation D given below, a sufficient con-
dition for its positivity is to ensure the positivity of each elementary dissipation
D; = FPip; for a microcrack system:

9 9
(6.8) D=) Di=)» Frip>0.
=1 =1

Equation (4.4) leads to the positivity of p;, since it is equal to a damage mul-
tiplier. Moreover, Eq. (4.5) verifies that p; reduces to zero when tr(e.N;) < 0.
The sign of D; is consequently that of the thermodynamic force FP¢ when
tr (e.N;) > 0. In this case, its expression reduces to (from (3.14)):
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FPi(e;; N;) = —« [tr (e.€) — 1t]rQ(s) +tr(e) tr (s.Ni)} — 2ptr (e.e.Nj),
(6.9) 2

= —ah (&N;) =20 g(&Nj).

The second part, namely g (g; N;) = tr (e.e.N;), is unconditionally positive.
1
The first one, namely h(g;N;) = [tr(s.s) - §tr2(£) + tr (¢) tr(e.Ni)}, needs

further investigations.
In the general case, strain € (written in its principal axes) and direction

N; = n; ® n; (with ||n;|| = 1) tensors can be expressed in the following form:
€1
€= €2 )
€3
(6.10) 22 zy a2
N; = Ty y2 yz 1, (.’IZ‘, Y, Z)G [071]3
Ty yz 22
2 +y? 422 =1.

Definition (6.10) leads to the expression of the investigated part h (e;N;) of
the thermodynamic force as follows:

1 1 1
(6.11) h(e1,€2,€3;x;y; 2) = |:E% <x2 + 2> + €3 (y2 + 2> + €3 <22 + 2)
— 61822’2 — 61533/2 — 6352%2] y

h(e1,€e2,€3; x;y; 2) is a three-variable function with three parameters (x, y and z).
Using the theory of multivariable functions, it can be shown that zero is the
minimum value of this function (taken for e; = g9 = e3 = 0); h (e1,€2,¢€3;x;y; 2)
is consequently unconditionally positive.
As both g (&;N;) and h(e;N;) functions are positive, imposing the con-
dition (6.12) below on material parameters finally ensures the dissipation
positivity.

(6.12) a<0, pB<o.
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6.3. Continuity and uniqueness of free energy

In this approach, the continuity of the free energy is ensured by relations
(3.7) to (3.9): as the stiffness matrix is of rank one, both the free energy w and
stress-strain response are continuous.

In addition, thanks to the evolution laws and to the selected orthonormal
basis of the Euclidean space 33, discretized fixed orientation-tensors N; as well
as the variables p; have a unique well-defined value. Previously, in the model pro-
posed by HALM and DRAGON [6], w was also a continuous function of the set of
its arguments, but the damage variable D could have different values depending
on its spectral decomposition, that led to the w non-uniqueness, see CORMERY
and WELEMANE [11].

6.4. Closure term

The closure term, which restores some elastic properties at microcrack clo-
sure, appears directly using the tensor functions representation theory
(BOELHER [13|) with the discrete damage definition, while this term had to
be somewhat artificially added to those obtained by this theory when the unique
damage variable D was employed. Indeed, HALM and DRAGON [6] imposed
a complementary fourth-order tensor entity assembled with the eigenvalues and
eigenvectors of D to account for the unilateral effect; a term containing this
imposed entity is added to the ‘basic’ free energy expression and leads to mod-
ifications of the stiffness matrix. The same effects on stiffness are here directly
obtained in the framework of the discrete definition (via invariant tr?(e.N;)),
without postulating the existence of a supplementary entity.

7. Conclusion and prospects

A macroscopic and phenomenological anisotropic damage model is presented
in this paper. The proposed discrete damage definition, which introduces nine
microcrack densities associated with nine fized directions, enables to represent
essential phenomena concerning quasi-brittle material behaviour: the induced
anisotropic degradation of elastic properties and the dependence of elastic mod-
uli on the microcracks state (open or closed), known as unilateral effect, are
notably described.

In addition, this approach avoids some inconveniences encountered by models
using the unique second-order tensor variable D and its spectral decomposition,
such as non-uniqueness of the free energy or decomposition of the strain tensor
into the positive and negative parts.

However, some experimental verifications of the different assumptions (for
example recovery conditions) and of the induced anisotropy (especially regar-
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ding the Poisson’s ratio) should be further investigated. In addition, its efficiency
should be confirmed by testing the model for a number of complex loading paths,
in which eigenvectors of the strain tensor do not remain fixed in space.

The enrichment of the model to account for complementary phenomena is
the most important prospect.

Dissipative friction on closed microcracks lips leads to the appearance of
a blocked energy (ANDRIEUX et al. [3]) and residual effects; it will be de-
scribed by a sliding internal variable, in the spirit of the contribution of HALM
and DRAGON [27], see also DRAGON and HALM |[7]. The discrete approach, as
it defines fixed directions associated with a closure condition, seems to offer
a favourable framework for this purpose.

The interaction between initial and induced anisotropy, essential for example
for the Ceramic Matrix Composites, may be modelled by adding fabric tensors
in the framework of the tensor functions representation theory (BOEHLER [13]),
as done by HALM et al. |28], DRAGON and HALM [7] or GRUESCU [29]. The
fabric tensors A;(a; ® a;) indicate the direction of reinforcement of the compos-
ite, and the set N; indicate damage orientation. Some optimization regarding
the set IN; vs. the set A; could allow for further simplification of the advanced
theory.

Coupling the initial anisotropy with closure effects would certainly be the
most significant perspective of this model.
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