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Front page figures from the left to the right:

e A tunnel-crack under tensile and shear remote loading, slightly perturbed in its plane. It is the

simpliest model allowing to introduce a finite length and still to obtain analytical results about
crack front deformation (ch. 2| p. p. .

PlaneCracks numerical simulations: Successive front positions of an initial elliptical crack when
it propagates under remote tensile loading (§2.4.2] p. [111)). Extension to the interaction between
several cracks is in progress (PhD of L. Legrand).

Directional drying 2D simulations (C. Maurini, IJLRDA) using the regularized minimization
approach of Bourdin et al.| (2008).

Twisting of a crack loaded in fatigue by mixed mode 14+2+3. The material is PMMA. In
memory of F. Buchholz of Paderborn University (Germany) that performed those experiments
in Paderborn University (Germany). The twisting rate can be predicted by supposing that the
whole front twists around the direction of propagation to annihilate mode IIT (p. .

Star shaped cracks obtained during directional drying of colloidal suspension in a circular cap-
illary tube. Experiments realized by my colleague G. Gauthier. Facture mechanics energy

minimisation principle allows to retrieve the experimental shapes (§3.2] p. p. [186).

Septaria crack into concretions formed within mudstones. Their origin is still badly explained,
they may be shrinkage cracks? Rock and picture from J. Gargani, B. Saint-Bezar, P. Vergely
of the lab “Interactions et Dynamique des Environnements de Surface”, Orsay. Application of
fracture mechanics energy minimisation principle is planed in collaboration with them (p. .

Basalt columns of the Giant Causeway, Ireland. Those intriguing regular patterns are formed
by directional cooling of a lava layer. Courtesy of my colleague Anne Davaille. Application of
fracture mechanics energy minimisation principle on polygonal patterns is planed in collaboration

with her (p. p. [181)).

Hierarchical shrinkage crack pattern in thin layer of colloidal suspension solidified by drying.
Experiments of my colleague L. Pauchard ( p. [194). We are working on crack morphology
and on the mechanical characterization of the solidified suspension (PhD of M. Chekchaki).
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Introduction

Apres ma these de doctorat en Mécanique réalisée a 'université Pierre et Marie Curie (1994-1997),
j’ai eu la chance d’intégrer cette méme université en tant que maitre de conférences des 1998. C’est
au sein de ’'UFR de mécanique récemment intégré dans I’'UFR d’ingénierie que j’ai depuis réalisé mes
enseignements. C’est au sein du Laboratoire de Modélisation en Mécanique, intégré aujourd’hui dans
I'Institut Jean Le Rond d’Alembert puis au sein du laboratoire Fluides Automatique et Systémes Ther-
miques que j’ai réalisé mes travaux de recherche. Mes intéréts de recherche concernent principalement
la mécanique linéaire élastique de la rupture d’un point de vue théorique avec un souci croissant pour
la validation expérimentale et les interactions avec la physique ou les géosciences.

Cette habilitation a diriger les recherches se veut une synthese de mes activités d’enseignement et de
recherche. Le rapport est subdivisé de la fagon suivante:

Le chapitre [1] concerne mon Curriculum Vitae. Aprés une vue générale de mon parcours, mes ac-
tivités d’enseignement et d’encadrement y sont plus amplement décrits.

Dans le chapitre |2}, j’ai choisi de développer, parmi mes activités de recherches, les résultats les plus
aboutis, que j’ai obtenus en collaboration notamment avec J.B. Leblond et nos doctorants (E.
Favier, N. Pindra, L. Legrand) concernant la déformation du front de fissures. Ces résultats sont
présentés en anglais sous la forme d’un article de synthese avec le souci d’étre compréhensible a
la fois par la communauté mécanique et physique de la rupture fragile.

Le chapitre [3] contient un apergu des projets de recherche en cours et & venir. Cela concerne les
prolongements du chapitre 2| ainsi que la prédiction des morphologies de fissures par minimisation
d’énergie et enfin la caractérisation de suspensions colloidales lors de leur séchage.

Le chapitre [4| contient une liste des mes publications ainsi qu’'une sélection d’articles représentative
des mes principaux domaines de recherche: les criteres permettant de définir le trajet de prop-
agation de fissures, les approches perturbatives du front de fissures (théorie, application a la
détermination de la forme du front de fissures lors de la propagation dans un milieu homogéne
ou hétérogene), la fissuration de suspensions colloidales consolidées par séchage.
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Mécanique des solides. Niveau L2 au M2.

1. Statique et dynamique des solides indéformables (L2). TD des cours de Mme Metellus,
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Cours d’introduction a la résistance des matériaux. Introduction des notions de déformations,
d’efforts intérieurs, de loi de comportement, de chargement limite par I’étude d’une barre élas-
tique en équilibre.

3. Elasticité linéaire. TD du cours de Mme Léné (L3) et de Mme Pradeilles-Duval (ENSTAT).

Introduction de la loi de comportement thermoélastique, en insistant sur le cas particulier des
matériaux isotropes. Résolution du probleme thermoélastique dans les cas particuliers ot 'on
peut exhiber des solutions exactes : méthode des déplacements et méthode des contraintes. Illus-
tration par plusieurs exemples types: traction -compression, flexion plane, torsion. Introduction
aux méthodes variationnelles et aux éléments finis.

4. Comportement des milieux solides, Endommagement, Rupture fragile (M2). Cours
et TD. Responsable: M. Lemaitre.

Introduction par séance de cours/TD aux lois de comportement solide et aux notions d’analyse
limite, d’endommagement et de rupture fragile.
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5. Travaux Pratiques de mécanique des solides (L3-M1).

Les différentes manips que j’ai eu l'occasion d’encadrer concernent la traction/compression d’une
éprouvette cylindrique a ’aide d’une machine de traction, une barre en flexion, un cylindre sous
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Les notions de mesures de déplacements/déformation, de mesures d’effort par calibration, d’incertitudes
de mesures y sont abordées.

J’ai eu 'occasion d’encadrer conjointement les TD et les TP du méme module. Cela fut bénéfique
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Théorie de I'intégration, série de Fourier, transformation de Fourier, transformation de Laplace, équa-

tions aux dérivées partielles.

Méthodologie du travail universitaire (L1)

Cette UE a pour but d’introduire les étudiants aux méthodes de travail et au monde universitaire
scientifique. Elle se propose de les amener a réfléchir sur leur projet professionnel, leurs méthodes
de travail et les outils extra-scientifiques nécessaires a leur bonne intégration a l'université (fonction-
nement de la mémoire, travail en équipe, gestion du temps, gestion d’un projet, recherche et synthese
d’informations, prise de note, expression orale et écrite).
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Ces objectifs sont abordés en laissant une relative liberté a I’enseignant, ce qui permet d’aborder
I'enseignement sous un angle différent du traditionnel cours/TD et de faire des expériences péda-
gogiques nouvelles et enrichissantes. Les themes que j’ai choisis sont les suivants:

1. Histoire des sciences.

Les outils méthodologiques sont introduits a travers la réalisation d’une chronologie générale de
I’histoire des sciences, la présentation sous forme de poster de biographies de savants, I’étude de
la Révolution scientifique et de textes originaux.

2. Les outils de la Mécanique: de la modélisation a la conception.

Les outils méthodologiques sont abordés a travers (i) une introduction & la mécanique statique
(notion de forces, moment de forces, pression, résistance des matériaux) et (ii) la réalisation
(type bureau d’étude) et la présentation orale d’un mini-projet technologique (ex: F1, avion,
sous-marin, mongolfiere, “La-Haut”) .

Méthodes numériques (L3-M2)

1. Méthodes numériques pour la mécanique (L3).

Encadrements de mini-projets simples de mécanique (poutre en flexion, conduction de la chaleur,
écoulement dans une canalisation) réalisés en Fortran.

2. Matlab, méthodes spectrales et des différences finies (M2). Responsable: J. J. Marigo.

Apprentissage de Matlab par la résolution de différents problemes de mécanique et d’acoustique
(vibration d’une corde, équation de la chaleur, équation de transport) par des méthodes spec-
trales ou de différences finies.

3. Méthode des éléments finies. Cours H. Dumontet.

Programmation des éléments finis en Matlab. Réalisation et encadrement d’une série de TPs
avec comme objectifs (i) d’apprendre a utiliser Matlab, (ii) d’aider a comprendre le cours et
(iii) de savoir coder la méthode des éléments finis. Les différentes étapes de la programmation
(maillage, construction des matrices de rigidité et du second membre élémentaires, assemblage
des matrices globales, prise en compte des conditions limites, résolution du systeme linéaire,
post-traitement et visualisation) sont traitées en partant d’un probléme 1D avec un degré de
liberté par noeud en allant progressivement vers un probleme 2D a deux degrés de liberté par
noeud.

Encadrement d’étudiants/Postgraduate students

Concernant les problemes de déformation de front de fissures planes, j’ai coencadré avec J.B. Leblond,
deux theses: celle de Elie Favier qui est actuellement maitre de conférences a 'université de Marne La
Vallée et celle de Nadjime Pindra actuellement ATER a 'UPMC. J’ai également activement participé a
la partie “fracture” de la these CEA (responsable Sylvain Faure) de Cécile Bousquet concernant les gels
aspirables (procédé de décontamination nucléaire). Actuellement, je coencadre deux theses: celle de
Laurene Legrand sur la coalescence de deux fissures avec J. B. Leblond et celle de Mourad Chekchaki
concernant les méthodes de caractérisation des suspensions colloidales consolidées par séchage avec
L. Pauchard. J’ai aussi le plaisir depuis peu d’encadrer avec Damien Vandembroucq (PMMH) un
post-doctorant, Sylvain Patinet sur la propagation des fissures dans des interfaces patternées.



12 Curriculum vitae

Par ailleurs, j’ai suivi il y a peu une formation sur I’encadrement des doctorants a I'Institut de For-
mation des Doctorants de Paris 6. Cela m’a permis de prendre conscience (i) des difficultés liées a la
recherche d’emploi apres la these, (ii) de 'importance d’anticiper leur avenir professionnel, (iii) des
compétences développées pendant la these et qui peuvent étre valorisées lors de la recherche d’emploi.



Chapter 2

Perturbation approaches of a planar
crack in linear elastic fracture
mechanics: a review

Among my research interests, I have chosen to present in this report the results I have obtained on the
crack front shape deformations with my colleague and former PhD advisor, J.B. Leblond and our PhD
students E. Favier, N. Pindra, L. Legrand. I have chosen to write it in the spirit of a review paper,
with the hope to publish it and to be comprehensible by both mechanical engineering and statistical
physics community to further be able to develop this topic in common (in particular, during the ANR
project MEPHYSTAR). To emphasize my own contribution, the papers I took part in are in bold fonts.

Consider a crack embedded in an elastic solid that is loaded quasistatically (fig. 2.1). (i) Under which
conditions of loading, (ii) in which direction and (iii) along which distance will this crack propagate?
Linear Elastic Fracture Mechanics (LEFM) aims at answering these questions. It is widely applied in
several fields, for instance: in engineering applications (Anderson, [1991)) for obvious safety reasons;
in geological applications (Aydin and Pollard, 1988} |Atkinson, [1987)) as earthquakes (Liu and Rice,
2005; Fisher et al.l [1997; |Grob et al. 2009; |Bonamyl, 2009), basalt columns (Goehring et al., [2009) or
in the soft matter domain (Gauthier et al., [2010). The principal aim of this review, in addition to
a brief overview of the answers to the first two questions, is linked to the third question and concerns
the crack front deformation of a three-dimensional planar crack during its propagation.

Nowadays, several different approaches are developed within LEFM. Traditional approach, in the con-
tinuity of the pioneer works of (Griffith| (1920)) and [Irwin (1958), is based on the local mechanical
and energetic fields near the crack front and uses propagation criterions based on the Stress Inten-
sity Factors K1, Ko, K3 or the elastic energy release rate G. This approach aims at predicting the
propagation conditions (loading, path) of a preexisting crack, but is unable to deal with the crack ini-
tiation problem. Recently new approaches have been developed that are able, in theory, to deal with
both the crack initiation and propagation paths: the energetic variational minimisation approach to
fracture and the phase-field method. The first (i) has been shown to include the traditional approach
(Francfort and Marigol (1998} |Bourdin et al., 2008)), (ii) has been approximated for numerical purposes
by non-local damage first-gradient model (Bourdin et al.; |2000) and (iii) has been applied to several
brittle fracture problems as stability problems (Benallal and Marigo, 2007)), the deterioration of the
French Panthéon (Lancioni and Royer-Carfagnil, 2009), the propagation direction in presence of mode
2 (Chambolle et al.,[2009)). The second, first developed for solidification front (Caginalp and Fife, |1986;
Collins and Levine, [1986)) was further extended to brittle fracture (Karma et al.l [2001) and has shown
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o
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Figure 2.1: An example of three-dimensional LEFM problem: a three-dimensional planar crack (in
grey) embedded in an arbitrary body loaded by external load TP, @ on 9Qp, 9. The dashed line
corresponds to the position of the initial front F after an in-plane 6(s)éa(s) advance.

their efficiency to resolve problems of path determination in 2D (Henry and Levine, 2004} [Hakim and|
Karmal, 2009} |Corson et al., 2009)) and 3D (Pons and Karmal, 2010). But the traditional approach has
still its place thanks to the maturity acquired by its longer history: in particular, to deal with the
crack front shape deformations an efficient perturbation method of the crack front, pioneered by
, has been used. The method allows to update the stress intensity factors (that are prerequisite
to any crack propagation prediction) for any small perturbation of the crack front without resolving
the whole elasticity problem. On the one hand, the initial method of has been applied to
the propagation of cracks in disordered heterogeneous by the statistical physics community. On the
other, it has be extended and applied to more and more complex problems by the fracture mechanics
community. A review concerning the roughening of the front in disordered heterogeneous materials
from a statistical physics point of view, has recently be done by (2009). Here, the aim is to
do a review of the crack front perturbation approaches from a mechanical point of view. After a brief
overview of the traditional LEFM approach (section , the perturbation method is presented in the
general case (section and then for some model selected problems (section . Application to
crack propagation in homogeneous media (section , crack trapping by tougher obstacles (section
, propagation in disordered media (section are then developed.

2.1 Overview of the traditional LEFM approach

2.1.1 Definition of the SIF's

Let F denote the crack front and s some curvilinear abscissa along it. At each point s of F, we define
a local basis of vectors (€1(s), €2(s), €3(s)) in the following way :

1. €3(s) is tangent to F and oriented in the same direction as the curvilinear abscissa s;

2. é(s) is in the crack plane, orthogonal to F and oriented in the direction of propagation;
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3. €1(s) = €7 is orthogonal to the crack plane and oriented in such a way that the basis (€>(s), €1,
és(s)) is directﬂ

The SIFs Kj(s), j = 1,2,3 at point s are then defined by the following formula, where Einstein’s
summation convention is employed :

. [2m L
llir(l) - [u(s,r)] = 8Ai; K (s)éi(s). (2.1)
In this expression [u(s, )] denotes the displacement discontinuity across the crack plane, oriented by
the vector €7, at the distance r behind the point s of F, in the direction of the vector —és(s). Also,
(Aij)1§i§3,1§j§3 = A is the diagonal matrix defined by

. 1—v2 0 0
AEE 0 1—-v2 0 (2.2)
0 0 1+v

where E denotes Young’s modulus and v Poisson’s rati(ﬂ

2.1.2 Crack advance versus loading criterions

A crack propagates instantaneously if the loading reaches a certain threshold (brittle fracture, but
also continuously at a slower rate proportional to the loading (subcritical propagation due for instance
to stress-corrosion or fatigue propagation due to cyclic loading). Concerning brittle fracture, |Griffith
(1920))’s criterion is extensively used: it states that the crack propagates if the elastic energy released
by the crack propagation G is sufficient to counterbalance the fracture energy I' necessary to create
new surfaces.

G < I' = no propagation, (2.3)
G =T = possible propagation. (2.4)

SIFs and energy release rate G are linked by [Irwin (1957)’s formula (Einstein summation convention
is used):

G = K;\ij K, (2.5)
so that, in mode 1 (K3 = 0, K3 = 0), Griffith| (1920)’s criterion is equivalent to Irwin| (1958)’s criterion

which states that the crack propagates if the Stress Intensity Factor K; at the crack tip exceeds the
local toughness K.:

K7 < K. = no propagation, (2.6)
K, = K. = possible propagation. (2.7)

Concerning the subcritical or fatigue propagation, Paris’ law (Paris et al. [1961; Erdogan and Paris|
1963)) with a threshold Gy or without (Go = 0) is often used. It states that the crack velocity da(t)/0t
goes as a power-law with the excess energy release rate G:

da(t)
ot

! the order of the vectors may seem a little surprising but this definition of the local basis presents the advantage that
the mode 1, (resp. 2 and 3) corresponds to the displacement jump along the vector with the same numbering, that is €}
(resp. €; and €3)

2A similar formula holds for an arbitrary anisotropic medium but the matrix A is then no longer diagonal.

=C(G - go)ﬁ, (2.8)
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and to a power of K in mode 1:

da(t)
ot

= C(K, — Ko)V (2.9)

For subcritical propagation, ¢ represents time. For fatigue, t must conventionally be re-interpreted as
number of cycles and G as variation of the energy release rate during one cycle. An overview of the
values of # or N and C for engineering materials can be found in [Fleck et al. (1994). It’s physical
background (Vieira et al., 2008) and its validity field (Ciavarella et al. [2008) are still the subject of
many research papers. Interestingly for numerical simulations, Paris’ law may also be considered, in
the case of very large Paris’ exponent (Lazarus|, 2003) or Paris’ constant (Gao and Rice, 1989), as
a kind of “viscous-plastic regularisation” of Griffith’s propagation law for brittle fracture.

2.1.3 Crack propagation direction criterions

In homogeneous isotropic elastic media, except in some special conditions, it is well known that
whatever the external loading, the crack front bifurcates in order to reach a situation of pure tension
loading as the crack propagates (Hull, [1993)). Hence, planar crack propagation is generally stable
under mode 1 loading and unstable under mode 2 or 3. A literature survey of mixed mode crack
growth can be found in |Qian and Fatemi (1996]). Under mode (1+2) conditions, the crack kinks to
make mode 2 vanish. The value of the corresponding kink angle can be obtained, for instance, by the
Principle of Local Symmetry (PLS) of Goldstein and Salganik (1974) or by the maximum tangential
stress criterion (MTS; Erdogan and Sih 1963). The difference between these two criterions has been
discussed by Amestoy and Leblond (1992)). In presence of mode 3, to reach a situation of mode 1, the
crack front twists around the direction of propagation. Seldom papers deals with the prediction of the
propagation path in this condition. Among them, Lazarus and Leblond| (19984), |[Lazarus et al.
(2001b)), Lazarus et al. (2008) consider the particular case of 3 or 4 point bending experiments and
Cooke and Pollard (1996)), Lin et al. (2010), Pons and Karma| (2010) the segmentation of the front.

In some particular situations, even in presence of mode 2 or 3, planar crack propagation may be stable.
It is the case for instance when the crack is channelled along a planar surface of low fracture resistance,
which can be the case for instance along a geological fault or in composite materials. It may also be
the case in fatigue due to the presence of friction (Doquet and Bertolino, 2008).

2.1.4 Crack perturbation approaches

To predict the propagation path applying crack advance and propagation criterions described above,
perturbation methods have been used. A first set of papers considers the out-of-plane perturbation of
the faces of a planar crack: the first order variation of the SIF are given in Movchan et al. (1998) and
applied by |Obrezanova et al. (2002)) to generalise the |Cotterell and Rice| (1980)’s stability analysis of
a crack to small out-of-plane deviation of its path. A second set of papers gives the expressions of the
SIFs along the front of an arbitrary kinked and curved infinitesimal extension of some arbitrary crack:
Leblond! (1989)) and |Amestoy and Leblond| (1992)) in 2D, and Leblond (1999) and Leblond et al.
(1999)) in 3D. These expressions have been applied for instance, to show that the PLS and the MTS
yield very close but distinct kink angles (Amestoy and Leblond, |1992)) or to the crack front rotation
and segmentation in mixed mode 143 or 14243 (Lazarus and Leblond, 1998a; Lazarus et al.,
2001a,b). A third set of papers consider the same problem then the second in the particular case of
a planar crack with a coplanar extension. They are the main object of this review and are developed
below.
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2.2 In-plane crack front perturbation approaches for an arbitrary
planar crack

Consider a plane crack of arbitrary shape embedded in some isotropic elastic medium subjected to
some arbitrary loading: given forces T along 0Qp and given displacements @ along 0%, (Figure .
The aim of this section is to give the first order variation of the stress intensity factors due to small in-
plane perturbation of the crack front. Such formulae have first been derived in several particular cases
notably by Rice and coworkers, and then generalised to more arbitrary problems. Here the historical
chronology is not respected: first, in the present section, the most general formulae are recalled by
relying on the paper of Favier et al. (2006a). They are then particularised to some model problems
in section 2.3

2.2.1 Definitions and elementary properties of weight functions

Definitions Let k;;(F; s'; s,7) denote the i-th SIF at the point s’ of the crack front F resulting from
application of a pair of opposite unit point forces equal to +€j(s) on the upper (4) and lower (—)
crack surfaces at a distance r behind the point s of the crack front the other loading being supposed
to be zero (T? = 0 along dQ7 and @ = 0 along €2,). These nine scalar functions are called the crack
face weight functions (CEFWFs).

The functions k;j(F;s’;s,7)/y/r are known to have a well-defined limit for » — 0 (see for instance

Leblond et al.| (1999))). We then define the matrix (Wi;(s', 5)),<;c31<j<3 = W(s', 5) by the formula

kij(F;s's s,
Wii(s',s) = w\/ZDQ(s, ) lim J(f\;”) (2.10)

where D(s,s’) denotes the cartesian distance between points s and s’. The functions Wj;(s’,s) in
fact depend on the crack front shape, just like the CFWFs, but the argument F is omitted here for
conciseness. They will be called the fundamental kernels (FKs) or more shortly the kernels.
Although the SIFs depends on the loading intensity and position, the CFWFs, hence the FKs depend
on it only through the definitions of 9Q2r and 9€2,,.

Properties The CFWFs are positively homogeneous of degree —3/2; that is, if all distances are
multiplied by some positive factor \, the CFWFs are multiplied by A~3/2. The definition 1} of the
functions W;j;(s’, s) then implies that they are positively homogeneous of degree 0:

W(As',As) = W (s s) YA>0 (2.11)

Since tensile and shear problems are uncoupled for a planar crack in an infinite body, whatever the
shape of the crack front, the components k12, ki3, ko1 and k31 of the CFWF's are zero, so that by

equation (12.10)),
Wia(s',8) = Wis(s',s) = Wor(s',5) = Wa3i(s',8) = 0. (2.12)

Considering two problems, one with point forces equal to +€; exerted on the crack faces at (s, r) and
one with point forces equal to +€; exerted on the crack faces at (s',7”), applying Betti’s theorem, and
using equations (2.1]) and (2.10)), one sees that the kernels obey the following “symmetry” property :

Aime]‘(S, 8/) = Aijmi(Sl, 8). (2.13)

Finally, Leblond et al.| (1999) have shown that the limit of W (s, s’) when s’ — s is universal, i.e.
that it does not depend on the geometry. It is linked to the behaviour of the weight-functions when
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the point of application of the loading tends toward the point of observation of the SIF which is a
local property independent of the far geometry. The values of this limit are:

(

limy s Wii(s,s') =1
2—3
hms —S W22 2 -
5 (2.14)

2.2.2 First order variation of the stress intensity factors

Let us now assume that the crack advances, under constant loading, by a small distance d(s) within
its plane in the direction perpendicular to its front (fig. . It has been shown in |[Favier et al.
(2006a) that, for any loading, if §(sg) = 0,

5K (s0) = N - K(50)0 (s0) +—PV / D2 K (5)0(5)ds. (2.15)

The condition §(sg) = 0 ensures the existence of the Principal Value integral PV / . The quantities

K(s) = (Ki(s))1<i<3 and 0K(s) = (0K;(s));<;<3 here are the column vectors of initial SIFs and
variations of these SIFs, and N = (N;;)1<i<3,1<j<3 is the matrix defined by

5 0 0 0
N = — . .
5 0 0 1 (2.16)
0 1—-v O

Equation ([2.15]) is identical to Leblond et al. (1999)’s general equation (30) (with the notation
1 W(SO,S)
2m DQ(S(), 51)
zero crack advance at the point sg). It shall be noticed that the variation of the SIFs at a particular
point sg depends in an non-local manner on the crack perturbation along all the front. It is due to

instead of Z(s, s)), in the special case of a planar crack with coplanar extension (and

long-range elastic interactions.
The restriction §(sp) = 0 will now be removed by two methods:

1. Using a trick of Rice| (1989)), that consists of decomposing an arbitrary motion of the crack front
defined by the normal advance §(s) into two steps :

(a) A translatory motion of displacement vector §(sp)é2(sp). This motion brings the point sy to
its correct final position while leaving the crack front shape unchanged. The corresponding
normal advance d,(s) is given, to first order in d(s), by

d«(s) = d(s0) €2(s0) - €2(s). (2.17)

The associated variation of K(s) will be denoted §,.K(s).

(b) A motion with normal advance given by §(s)—d.(s). This advance is zero at point sy so that
the corresponding variation of K(sp) is given by equation (2.15)), with ¢’(s¢)—d%(s0) = ¢’ (s0)
since d”.(sg) = 0 by equation (2.17)).
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Adding up the contributions from these two motions, one gets the final expression of the variation
of the SIFs under constant loading in the general case:

(5K(So) = (5K 80 —I—N K(So)(s/(S())

2.18
+7 PV / il Z(; K (5) [5(s) — 6. (s)] ds. (2.18)
This expression allows to update the SIFs knowing the initial SIFs, FK and the displacement
provided that the quantity §,K can be calculated. The unknown quantity §,K(sp) is equal to
zero if the translatory motion §(sg)é2(sg) leaves the problem unchanged. It is for instance the
case if the crack front is far from any boundary so that the media can be assumed to be infinite
submitted to remote stress loading. Then, the first order formula simply becomes:

50, - N
0K(sog) = N-K(sg)d'(so0) PV/ 2 Sz -K(s)[d(s) — d(s0) €2(s0) - €2(s)] ds.
(2.19)
2. Another possibility is to proceed as |[Leblond et al. (1999) and to decompose the normal
advance d(s) into a uniform advance §(so) (denote [6K(s0)]s(s)=5(s,) the corresponding first

order variation of the SIFs) and the advance §(s) — d(so) for which the equation (2.15) can be
used. The final expression then reads:

1 W (sp, )
0K(so) = [0K(s0)]s(s)=5(s9) + N K(s0)d (s0) + o PV/F m -K(s) [6(s) — d(s0)] ds.
(2.20)
This expression is useful if one can calculate [0K(s0)]s5(s)=s(s)- 1t 13 the case for instance if the uniform

advance §(s) = d(sp) doesn’t change the geometry of the problem as for a circular, straight half-plane
or tunnel crack.

Formula and its corollaries (2.18]), (2.19)), (2.20) have been derived for homogeneous isotropic
elastic solids. For cracks at the interface between two elastic solids, such a formula exists in the sole
case of a half-plane crack: the first order variation of the SIFs can be found in|Lazarus and Leblond
(1998b)), c and using an other formalism (Wiener-Hopf analysis) in Bercial-Velez et al.| (2005)), the
connection between the two methods having been done by [Piccolroaz et al.| (2007)).

2.2.3 First order variation of the fundamental kernel

To derive higher order variation of the SIFs, the first order variation of the fundamental kernel is
necessary. It has been shown by |[Rice (1989) in mode 1 and [Favier et al.| (2006a) in modes 243
that:
5W(80,81) = N- W(so,51 (5/ 50 50,81) N(S/(Sl)

W( 2.21

(s0,8) - W(s, 81)5(5)(18’ (2.21)
D2 80 8 D2(81, )
if §(sp) = d(s1) = 0. In order to get rid of these cond1t1ons, one must imagine a motion d,.(s) such

as 04x(80) = 0(s0) and O, (s1) = 6(s1). Denote 0., W (s, $1) the corresponding variation of the kernel.
Equation (2.21)) then becomes:

80)31

PV

IW (s0,81) = 5**W(80,81 )+ N- W(so,sl) [0"(s0) — 0%, (s0)] — W(s0, 1) - N[6'(s1) — I, (s1)]

W (sg,s) - W(s,s1)
PV o 20’ D7, § [0(5) — 8,x(5)]ds.

50,81

(2.22)
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A difficulty is to be able to define d,4(s) such as 0..W(sg, s1) can be calculated. This problem has
not been solved at present in the general case. In the particular case of an infinite body subjected to
uniform remote loading, one can always find a combination of a translatory motion, a rotation and a
homothetical transformation bringing two distinct points sg, s1 from any initial positions to any final
positions (This is obvious using a complex variable formalism and noting that such transformations
are of the form f(z) = az + b where a and b are arbitrary complex parameters). Such a combination
leaves the kernels unaffected so that §..W (sg,s1) = 0. Equation then yields:
W (s0,51) = N-Wi(sg,s1)[0'(s0) — d.(50)]
—W (s, 81) - N[¢"(s1) — 05.(51)]
D?(s0, 51) W(so,s) - W(s,s1)

——F— PV
+ 27 + D2?(sg,s)D?(s1,s)

(2.23)
[0(s) — d4x(s)]ds.

Note that quantities &), (so) and &}, (s1) here are nonzero, unlike quantity 0, (so) in equation (2.18]).

2.2.4 Some expressions of the fundamental kernel W

To initiate the perturbation approach, the FKs must be known for the unperturbed configurations. It
is the case for some seldom geometries that are depicted in figures In those figures, the
crack front are coloured in blue and the faces in grey.

2.2.4.1 Circular cracks
Tyy F°° or Ug®
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(a) An internal circular crack in an
infinite media loaded by remote ten-
sile and shear stresses

(b) An external circular crack in an infinite media
loaded by remote (i) tensile net centred force or dis-
placement and (ii) momentum or rotation

Figure 2.2: Several problems involving a circular crack.

Two cases are considered, an internal and an external crack:

e For the internal circular crack such as 02, = @, for instance loaded by remote stresses (fig.
2.2(a)]), the value of the non-zero components of the kernel W are (Kassir and Sih| 1975 Tada
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et al.l 1973; Bueckner| 1987; |Gao and Rice| [1987b} (Gao, [1988):
Wi1(6o,61) =
2 cos(fg — 01) — 3v
Waa (b, 61) = ( g_ Vl)
) 2(1 —v) cos(bp — 1) + 3v (2.24)
)

Was (6o, 61

7W32(91, o) =

2 sin(fy — 61)
2—v

e For the external circular crack (fig. [2.2(b)]), only the value in mode 1 is known (Stallybrass
11981} |Gao and Rice, 1987a; Rice, 1989)) for several cases of remote boundary conditions:

— when remote points are clamped (given U§® = 0, Q> = 0):

Wi1(0o,01) =1 (2.25)
— when remote points can not rotate but can move in the € direction (given F*° = 0,
Q> =0):
.. 92 90 - 91
W11(90,01) =1+4sin T (2.26)

— when remote points can not move in the € direction, but can rotate (given Ug®

7 =0)

W11(90,01) =14+ 24sin2 (

— when remote points are constrained a,

W11(907 91) =1+4

2.2.4.2 Half-plane crack

In the case of a half-plane crack with 99, = @,

or line (fig. [2.3(D))
1987; Rice, [1985} [Gao and Rice, [1986):

2.2.4.3 Tunnel-cracks

The model of half-plane crack is widely used due to its simplicity, but it lacks a lengthscale.

introduce a lengthscale, Leblond and coauthors

(fi

= 0,
bo 91) cos(fy — 61) (2.27)

gainst any motion (given F*° =0, M = 0):
sin’ (90591> [14 6cos(fy — 01)] (2.28)

loaded for instance by remote stresses (fig. 2.3(a))

or surface traction (fig. [2.3(c)|), the kernel is (Meade and Keer, 1984; Bueckner,

Z[)):].
2—3v
w0) =5
Su (2.29)
20)=5—
Z[)):O

To
have studied several cases involving a tunnel-crack

g. with 9, = @: [Leblond et al. (1996) for the tensile tunnel-crack, Lazarus and Leblond|
(2002c) for the shear tunnel-crack (fig. [2.4(a)),

Pindra et al. (In prep|) for two coplanar tensile

tunnel-cracks (fig. [2.4(b))), Legrand and Leblond|

In prep.) for an external tunnel-crack (fig. [2.4(c))’

3External cracks give rise to traditional ambiguities on the external load, since they cannot withstand uniform tractions
exerted at infinity. Here the situation considered unambiguously consists of two tunnel-cracks (fig. [2.4(b)]) in the limiting

case where b > a.
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(a) A half-plane crack in an infinite media (b) A half-plane crack with uniform line trac-
loaded by remote tensile and shear stresses tions

(¢) A half-plane crack with uniform surface
tractions

Figure 2.3: Several problems involving a half-plane crack

2.3 Particular model case of tensile straight crack fronts

The aim here is to introduce formulas that are useful further on for the study of some crack propagation
problems involving an initially straight crack front (for sections and in particular).

2.3.1 Unperturbed geometries and loading

For simplicity, only mode 1 is considered and K7 is re-noted K. To study the propagation of a straight
crack front, the most natural and simple model is the half-plane crack loaded by remote stresses (fig.
2.3(a)). Even if a certain number of results can be obtained with this model, it lacks crucially a
lengthscale. To fill this gap, this simple model has progressively be enriched. Here, the following
models are considered more specifically:

1. a half-plane crack loaded by remote stresses (fig. [2.3(a))), then K(s) = K is a constant due to
the lack of any lengthscale in this problem;

2. a half-plane crack with uniform line tractions P at a distance a of the front (fig. [2.3(b)|), then
K(z) = \/gPa_l/z;

3. a half-plane crack with uniform surface tractions ¢ in a band of width a (fig. [2.3(c)|), then
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(a) A tunnel-crack in an infi- (b) Two tunnel-cracks, in an infinite media loaded by re-
nite media loaded by remote mote tensile stresses
tensile and shear stresses

(¢) An external tunnel-crack, in an infinite media loaded
by remote tensile stresses

Figure 2.4: Several problems involving a tunnel-crack.

K(z) = 2\/20(11/2;
4. a tunnel-crack loaded by remote stresses (fig. [2.4(a)) then K (z) = oy/ma'/?;

All these problems can be included in the more general framework for which the initial SIF can be
written under the form:

K(a) = ka® (2.30)

where k depends on the loading level but is independent of a. The value of v are 0 in the case 1, —1/2
in case 2, 1/2 in cases 3 and 4. The sign of « is of uppermost importance in the sequel. If v < 0 the
propagation is stable under constant loading and if a > 0 unstableﬂ

2.3.2 Fourier transform of the first order variation of the SIF
Define the Fourier Transform a(k) of some arbitrary function ¢(z) by
+00 1 1o .

b(k) = (2)edz = ¢(z) = — o(k)e "*=dk. (2.31)

—00 27 J

4This terminology makes an implicit reference to Irwin’s propagation law l} for which crack propagation occurs
when the SIF reaches some critical value. For such a law and under constant loading, after the onset of crack propagation,
the velocity of the crack goes immediately down to zero if the SIF decreases with distance, but continuously increases in

the opposite case; hence the expressions “stable propagation®, "unstable propagation®.
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Using this definition and equation (2.20) applied to the geometries listed in section Fourier
components K (k) of the first order variation of the mode 1 SIF §K(z) can be written under the
following form:

~

3k) = (o~ P(p)) W (2.32)

= dK(a
Rika) _ [ )

K(a) K(a)

Here, k is the wavenumber and p = ka the dimensionless one. In the case of the tunnel-crack geometry,
we have supposed that the perturbations are the same for all the fronts for simplicity, so that if we
denote 6,(z) the perturbation of F,,, it exists a function d(z) such as 0,,(z) = d(z) whatever n =1, N.
F(p) can be derived from the expressions of the fundamental kernels listed in section [2.2.4 For
instance, for the half-plane crack it reads:

F(p) =5 (2.33)

and for all the geometries of it can be verified that (i) F(0) = 0 and (ii) F(p) increases
monotonically to finally behaves as p/2 for p — oo. This last behaviour is closely linked to the
universal behaviour of Wiy (s, s') for s’ — s (eq. [2.14).

The general formulas for the tunnel-crack, without the symmetry hypothesis é, = § of the crack
advance, can be found in [Favier et al.| (2006b)). A formula similar to can be find in |Gao and
Rice| (1987b)) (resp. |Gao and Rice (1987a))) for an internal (resp. external) circular crack, in Pindra
et al. (In prep)) for two tunnel-cracks and in Legrand and Leblond| (2010) for an external tunnel-
crack. For shear loading, see (Gao and Rice (1986) for the half-plane crack, [Pindra et al.| (2008a)
for the interfacial half-plane crack, Pindra et al.| (2010) for the tunnel-crack.

2.4 Crack propagation in an homogeneous media

The aim of this section is to study the crack front shape changes arising from the propagation in
an homogeneous media. First the problem of crack shape bifurcation and stability (section is
studied analytically by linear approaches, then large scale deformations (section are presented
using incremental non linear numerical simulations.

2.4.1 Crack front shape linear bifurcation and stability analysis

First order perturbation approaches are extensively used in linear bifurcation and stability analysis
in various problems (Drazin, 1992; Bazant and Cedolin), 2003} Nguyen, 2000). Here the problem of
configurational bifurcation and stability of a straight crack front is considered.

2.4.1.1 Bifurcation

Consider one of the model problems of section and suppose that K(z) = K. for all z. The
configurational bifurcation problem aims at answering the following unicity question: can one find any
configuration satisfying the condition that the SIF be equal to a constant along the crack front, other
than the initial straight one?

The linear bifurcation problem amounts to search for a crack front perturbation d(s) # 0 such as the
first order variation 0K (s) of the SIF is zero. By equation ([2.32)), this reads:

o — F(p)] (k) = 0, (2.34)

so that non-zero solution exists if [ — F/(p)] = 0 Vp. Since F(p) > 0, it exists only if @ > 0 that
is if the propagation is unstable under constant loading. The bifurcation corresponds to a sinusoidal
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perturbation of critical wavelength A. solution of (« has been introduced in [2.30)):

N N 27
)\C = )\C a, where )\C = FT@ (235)
For the half-plane crack, it corresponds to Rice| (1985))’s result:
7K (a)
Ae = TROR (2.36)
da

which gives A = 2ma ~ 6.283 a in the case of surface tractions (fig. [2.3(c)). For the single tunnel-
crack under remote loading, A\, = 6.793 a (Leblond et al., 1996 and two interacting tunnel cracks

Ae = 18.426 @ when a < (b+ a) (fig. [2.4(b)).

B! é P A

< ~<
<A }\f/ B B

(a) Small wavelength A < a (b) Large wavelength
A>a

Figure 2.5: Sinusoidal perturbation of the crack front

The existence of a bifurcation if dﬁi((f) > (0 and the nonexistence if dlgéa) < 0 has still been noticed by

Nguyen| (2000) in the case of thin films. It may be rationalised as follows:

1. Consider first a perturbation of the crack fronts of small wavelength, A < a (Figure . The
crack advance is maximum at point A and minimum at point B. Draw small circles centred at
these points. That part of the interior of the circle occupied by the unbroken ligament (hatched
in Figure is larger at point A than at point B, so that the opening of the crack is more
hindered near the first point than near the second. Thus the stress intensity factors K(A), K(B)
at points A and B obey the inequality K(A) < K(B).

2. Consider now a perturbation of large wavelength, A > a, and again points A and B where
the crack advance is respectively maximum and minimum (Figure 2.5(b)). The stress intensity
factors at points A and B are almost the same as for ligaments of uniform width equal to the
local width at these points (indicated by dashed double arrows in Figure . It follows that

K(A) > K(B) if ) > 0 and that K(A) < K(B) if 5@ <,

This implies:

e In the case %}f) > 0, the difference K(A) — K(B) is negative for small A and positive for large

A, and obviously varies continuously with this parameter. Hence some special value A. such that
K(A) — K(B) = 0 must necessarily exist.
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dK(a)

e In the case 1

is possible.

< 0, the difference K(A) — K(B) is negative for all A, so that no bifurcation

In the case of shear loading, the results are more complex and can be found in |Gao and Rice| (1987Db))
for the internal circular crack, in |Gao and Rice (1986) for the half-plane crack and in [Lazarus and
Leblond| (2002b)) for the tunnel-crack. For thin films, crack front bifurcation has also be studied
by Nguyen| (2000); |Adda-Bedia and Mahadevan| (2006) and observed in experiments (Ghatak and
Chaudhury, [2003).

2.4.1.2 Stability

The question here is as follows: if the crack front is slightly perturbed within the crack plane, will
the perturbation increase (instability) or decay (stability) in time? Equivalently, will the crack front
depart more and more from its initial configuration or tend to keep it? We restrict our attention
here to the cases listed in section for which the SIF K(z) in the initial configuration are uniform
independent of z.

When the extrema of §(z) and 0G(z) coincide, stability or instability prevails according to whether the
maxima of G(z) correspond to the minima or maxima of §(z) (Rice, |1985; Gao and Rice, {1986, |1987b;
Gaol, 1988; [Leblond et al., [1996; |Lazarus and Leblond} [1998b; Legrand and Leblond| 2010). Hence
the answer to the question can simply be derived from the above bifurcation discussion: sinusoidal
perturbations are stable if « — F/(p) < 0 that is for wavelength smaller than the bifurcation wavelength
Ac (eq. [2.35) and unstable for A > A.. In the case of non-existence of a bifurcation (stable propagation
a < 0), stability is thus achieved whatever the wavelength. In the case a > 0, the critical wavelength
is proportional to a, thus continuously increases during propagation, stability ultimately prevails for
all wavelengths.

But when the extrema of §(z) and dG(z) do not coincide, as is for instance the case of the tunnel-
crack under shear loading (Lazarus and Leblond), 2002b), it appears quite desirable to then discuss
the stability issue in full generality, without enforcing such a coincidence (Lazarus and Leblond,
2002a)). It is then necessary to introduce a time dependent advance law.

Let us use here the Paris law (2.9)) with K¢ = 0. Its leading term reads:

da(t)

i CKN (2.37)

where a(t) is the mean position of the crack front at instant ¢t. Considering henceforward all perturba-
tions as functions of the mean position a of the crack instead of time ¢, one gets the first order advance
equation:

0 (k,a) 0K (k,a)
=N 2.38
5 T (2.38)
which yields (Favier et al., [2006b) after use of FT (2.32)) and integration (ao denotes the initial value

of a):

o~

A((]i’;)) — exp [N /k i:(a - F(p))cz)] (2.39)

or using the property F(0) = 0:

A<(/i7cz))> B <0)N (f(%)jva’ (2.40)
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where 1 (p) is defined by: P
U(p) = exp [— | éq)dq] o

For the half-plane crack, its value is ¢ (p) = exp (—g), for the tunnel-crack it can be found in [Favier
et al. (2006b)). For the sequel, it is useful to note that whatever the geometry (half-plane or tunnel),
this function ¥ (p) decreases from 1 to 0 when p varies from 0 to +oo.

From equation , it is clear that:

o If dﬁig‘) < 0, then a— F(p) < 0 so that all Fourier components of any wavelength decrease with

crack growth a.

- 2
o If dlgc(la) > 0, for any given k, ‘5(l€,a)’ increases as long as a remains smaller than lf;\% and
decreases afterwards.
For ¢t — oo, one can show that:
5(0,a) ’ a\ e
For k = 0, 5 : = ()
a
g(]: ao) | \0 - (2.42)
For k # 0, A( ) ~ <) exp(—N |k|a) — 0
d(k,ap) a
so that:
o If dlgéa) < 0, any initial perturbation disappears.
o If d{;(la) > 0, the moduli of all Fourier components ultimately decay, except for & = 0 which

continuously increases. This phenomenon is due to the fact that for all values of A except +oo, A
always ultimately becomes smaller than A.(a) since the former wavelength is fixed whereas the
latter increases in proportion with a.

Thus, one can conclude that whatever the small perturbation of crack front, the initial configuration

is finally retrieve In the case of stable crack propagation dﬁ(za) < 0, the stability prevails at all

lengthscales from the beginning. In the case of unstable crack propagation %&“) > (, instability first
prevails for all lengthscales such as A > A, but since \. is a growing function of the crack advance
a, all wavelengths finally becomes stable so that the perturbation finally disappears. This is true for
all the problems listed in section provided that the first order study stays valid. To extend them
to large perturbations, higher order terms must be taken into account. This is the subject of next

section.

2.4.2 Largescale propagation simulations

In the previous sections, the perturbation approach was applied to small perturbations of the crack
front. Following an original idea of [Rice| (1989), Bower and Ortiz (1990) first extended the method to
the study of arbitrary large propagation of a tensile crack leading the way to the numerical resolution of
some complex three dimensional crack problems. It consists in applying numerically the perturbation
approach described in section[2.2] to a succession of small perturbations arising in arbitrary large ones.
The media is assumed to be infinite loaded by remote stresses so that the SIF can be updated using
formula (2.19) and the FKs using formula . The crack front shape at each instant is obtained by

5 the wavelength k = 0 corresponds indeed to a infinite wavelength that is an almost straight crack front.
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the inversion of heavily implicit systems of equations resulting from the direct application of Irwin’s
criterion ([2.7). The method was then extended and simplified by [Lazarus| (2003)); notably a unified
Paris’ type law formulation for fatigue and brittle fracture (N — +o00) is proposed that gives
the advance of the crack front in explicit form once the SIF is known. Extension to shear loading is
performed in Favier et al. (2006a).

T T T T T F T T T T T T T
2 i ) 3 N
I 2 .
Lr ] :
1F 5
3 3
= 0r - =0 - —
1k -
I 2 ]
2+ | S ]
| | | | | | | | | | | |
-2 -1 0 1 2 -3 -2 -1 0 1 2 3
x/a x/a
(a) (b)
3F T T T T T |__ 15F T T T T T ]
o : ' :
1F 05 .
3 3
= 0r < O .
1F 0.5 F .
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S0 | 1 [ 1 -1.5 [ 1 1 [ 1 1]
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Figure 2.6: Successive crack fronts of pure tensile mode cracks in brittle fracture (eq. with
N = 50, Ko = 0). Similar figures for fatigue can be found in [Lazarus| (2003) and show the same
circular stationnary crack shape.
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Concerning propagation in an homogeneous media, Lazarus| (2003) studied the asymptotic behaviour
of the SIF near an angular point of the front and retrieved the theoretical results of [Leblond and
Leguillon| (1999)) about the SIF singularity around a corner point of the front, the fatigue and brittle
propagation paths of some special crack shapes (elliptical, rectangular, heart shaped ones) (fig.
loaded by remote tensile stresses. It appears that in all the cases studied, the crack becomes and stays
circular after a certain time emphasizing that among all the configurations studied only the circular
crack shape is stationnary. In the case of shear loading (Favier et al., 2006al), it appears (fig.
that the stationnary shape is nearly elliptic, the ratio of the axes being well approximated by:

_B_
% = (1—v)3H, (2.43)
B is the Paris law exponent in mixed mode loading (2.8)), b corresponds to the axis in the direction
of the shear loading. Whether all embedded plane cracks tend toward a configuration with uniform
value of G(s) is a general result, has however, to my best knowledge, not been demonstrated, even if

one guess that energy minimisation is the physical ground.

2.5 Crack trapping by tougher obstacles

In previous section, all the material constants (elasticity coefficients, fracture toughness) were supposed
to be homogeneous throughout the media. In the sequel, the toughness becomes heterogeneous, but
the elasticity coefficients are supposed to remain constant so that the perturbation approach of section
remains valid. If the toughness is heterogeneous, the crack advance changes from point to point
and the crack front shape changes during propagation even if the SIFs were initially uniform. In this
section, the propagation of the front through well defined tougher obstacles is studied. In section
the toughness is supposed to be disordered so that a statistical approach is necessary.

Tougher inclusions may prevent or hinder the final breaking of a solid by two mechanisms: crack
bridging and crack front trapping. The mechanism of toughening referred to as bridging occurs when
unbroken inclusions lag behind a main crack front hindering its opening by pinning or friction; and
as trapping when the crack front is deformed when it penetrates into the tougher zone or bows out it
(Lange, [1970).

Whereas some aspects of crack bridging can be studied by 2D elasticity problems (Budiansky et al.,
1988)), crack trapping induces crack front shape deformations that makes the elasticity problem fully
3D. To understand the mechanism, let us consider a tunnel-crack loaded by remote tensile loading o
(fig. . The SIF for the straight-crack front then reads:

K =o+/7ma (2.44)

In the absence of obstacles, the propagation is unstable under constant loading so that the breakdown
of the solid occurs as soon as the threshold is reached, unless the loading is decreased to ensure that
K(s) < K, at each instant: 0 = K./y/7a. In the presence of tougher (K? > K™ KZ K™ being resp.
the matrix and particles toughness), the crack propagation of a tunnel-crack of width 2ag starts when
o = 09, where 0g = K" /\/mag. Then,

e cither the spacing between the obstacles is large enough, so the SIF in the matrix still increases
at constant loading. The final breakdown then occurs for o = gyg.

e either the spacing is small enough, so the SIF in the matrix decreases at constant loading.
Then a transient period of stable propagation at constant loading exists, so that the unstable
propagation loading, that is the breakdown one, is increased.

In this last case, the breakdown may appear in two different situations:
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Figure 2.7: Successive crack fronts of pure shear mode cracks in brittle fracture (eq. with 3 = 25,
Go = 0). Shear is along the z—axis. Similar figures for fatigue can be found in Favier et al. (2006al)
and show also a quasielliptic stationnary crack shape.

1. The crack front has penetrated under a stable manner into the obstacles until reaching a con-
figuration such as K(s) = K.(s) for all s at unstable breakdown instant. The corresponding
loading level o, can then be determined by the following relation derived by |Rice| (1988)); |Gao
and Rice| (1989):

2 2
ol < KZ>
L= cZ (2.45)
oy (KmM)?
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This situation is called "regular” by |(Gao and Rice| (1989). It appears for not too large toughness
differences (to ensure not too large crack front deformations) and particles that are large enough
in the direction of propagation (to have the time to reach the equilibrium position). First order
simulations of this regime have been performed by |Gao and Rice| (1989) using the perturbation
approach described in section The results have been compared to simulations of the same
problem performed using a Boundary Element Method showing the accuracy and the limits of
the first order approach. They have also been compared to experiments by Dalmas et al.| (2009):
good agreement between the theoretical and experimental crack shapes have been shown. The
work of |Gao and Rice (1989) realized in mode 1 is extended to modes 2 and 3 in Gao et al.
(1991).

2. The unstable breakdown occurs before K(s) = K,(s) is reached for all s, so that only a part of
the front propagates at the breakdown instant, K (s) being lower than K (s) on the other part.
In this situation, called ”irregular® by |Gao and Rice| (1989)) and "unstable“ by Bower and Ortiz
(1991)), the value of 0. can only be determined numerically in each particular case. It has been
done by Bower and Ortiz (1990, |1991} 1993)), using the incremental method described in section
for a half plane crack propagating through an array of particles. Their results concerning
the bow out of the crack front segments beyond an unbroken particle when the toughness of the
particles is high enough to prevent the penetration of the front in the particle are compared to
experiments by Mower and Argon| (1995)) and show good agreement in general.

2.6 Crack propagation in a disordered media

In the last two decades, a number of works have been devoted to the study of the evolution in time of
the shape of the front of planar cracks propagating in mode 1 in an elastic solid with randomly variable
fracture toughness. These works can be roughly divided into three groups. The first group includes
the works of Perrin and Rice (1994)), Ramanathan and Fisher (1997)) and [Morrissey and Rice| (1998,
2000). They were devoted to the theoretical study of some statistical features of the geometry of
the front of a tensile half-plane crack propagating dynamically. The second group of papers consists
of some experimental studies of the evolution in time of the deformation of the front propagating
quasistatically; see e.g. [Schmittbuhl and Malgy| (1997), Delaplace et al. (1999), [Schmittbuhl and
Vilotte (1999), Schmittbuhl et al.| (2003a). The third group studied statistical properties of the shape
of crack fronts for a straight crack (half-plane or tunnel-crack) propagating quasistatically: on the
one hand, [Schmittbuhl et al.| (1995a) and [Katzav and Adda-Bedial (2006]) focusing notably on self-
affine properties of the crack front shape and on the other hand |[Favier et al.| (2006b)), Pindra
et al.| (2008a), |[Pindra et al.| (2010), |Legrand and Leblond| (2010) focusing essentially on the time
evolution of the statistical properties (correlation functions and power spectra).

The main results of this last set of somewhat complex papers, in particular of Favier et al.| (2006b)
and Pindra et al.| (2008a)), are recalled in this section under a new simplified form in the spirit to
be comprehensible by a broader audience. The model problems listed in section are considered,
first in the case of brittle fracture (§2.6.1)), than in the case of subcritical or fatigue growth (§2.6.2). In
§2.6.3] a synthetic table is presented showing the main results. Comparison with experiments is done

in section 2.6.41

2.6.1 Brittle fracture: case K(z,z2) = K.(z, 2)

Let us consider a half-plane or tunnel crack. We suppose that the SIF for the straight configuration is
given by equation (2.30). The aim of this paragraph is to describe the crack front shape corresponding
to K(x,z) = K.(x, z) for all points of the front when K.(z,z) is varying randomly.
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2.6.1.1 Fourier transforms of the crack front fluctuations versus toughness fluctuations

If the toughness K. (z, z) is uniformly equal to a constant K., the crack front remains straight during
propagation. Then the loading k(t) corresponding to position a(t) of the front at time ¢ verifies:

k(t) = Kea(t)™@ (2.46)
The parameter t, called "time” for convenience, appearing in this equation is not a physical time but
a purely kinematical time, enabling us to locate the equilibrium position corresponding to a given
loading k(t). Remember that the propagation is stable (resp. unstable) if & < 0 (resp. « > 0), in the
sense that the loading has to be increased (resp. decreased) for the crack to advance (a increases).
Now introduce some small fluctuations of the toughness :

K(z,2) = K.(1+k(z,2)), |kl<1 (2.47)

It produces small fluctuations 6(z,a(t)) and 6K (z,a(t)) of the crack front position a(z,t) and of the
SIF K (z,t) around its mean values a(t) and K (a(t)) so that :

{a(z,t) a(t) + 6(z,a(t)), 6(z,a(t))] < alt)
K(z,a(t)) = K(a(t)) +0K(z,a(t)), 0K (z,a(t))] < K(a(t))

(2.48)

Expanding Irwin’s criterion (2.7)) to first order, identifying terms of order 0 and 1 and replacing the
kinematical time ¢ by the mean crack position a, one gets :

K(a) = K.

(2.49)
0K (z,a) (2, )
—— =k(z,a

K (a) ’
Taking the Fourier transform of the equation (2.49,2) and using equation (2.32)) giving the first order
variation of the SIF as a function of the crack perturbation, one gets:

. ak(k,a)
d(k,a) = m (2.50)
Unfortunately, if o > 0, the expression is meaningless because the FT is divergent for p such
as o — F(p) = 0. This is linked to the existence of bifurcations (see section . We shall therefore
consider the sole case of stable 2D crack propagation (a < 0) henceforward. Eq. then takes the
form:

ak(k,a)

o) = T Flp)

(2.51)
This equation allows to obtain the first order crack front fluctuations ¢ for any given small toughness
fluctuation k. Notice that it is entirely determined by the instantaneous distribution of the toughness.
It may be used to study the shape deformations during trapping by tougher obstacles. In the sequel,
however we suppose the material to be disordered so that only statistical properties of x are known
and statistical study becomes necessary.
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2.6.1.2 Power spectrum of the crack front fluctuations versus toughness fluctuations

From equation (2.51), one gets for the power spectrum A(k,a) of the fluctuation §(z) of the crack
front:

K(k)
2
(lal + F(p))
where I/C\(k) is the power spectrum associated with the toughness fluctuations s supposed statistical

homogeneous so that (k) is independent of a. This expression is quiet general. Some properties of
it, in the particular case of uncorrelated fluctuations are given in the sequel.

A(k,a) = d® (2.52)

A(k,a)
Koa?

In the case of white noise IE(k:, a) = Ko, equation ([2.52) gives under an analytical form:

-~

A(k,a) _ 1
Koa>  (la|+ F(p))®

(2.53)

It is plotted as a function of p = ka in figure [2.8(a)| for several values of o and a tunnel or a half-
plane crack. In all these cases, one can notice the presence of two regimes, with a transition between

them depending on the crack geometry and on the loading: one universal regime (independent of the

A(

geometry) for p = ka > 1 that is small wavelengths A < a where AL? decreases with ka and a
0

second, geometry dependent one, for p = ka < 1 that is large wavelengtﬁs A > a corresponding to a
saturation. The existence of this second regime is closely linked to the finite size of the system and can
not be obtained by the model of a half-plane crack loaded by remote tensile stresses that, we recall,
lacks any lengthscale.

One can notice that such a behaviour (see Barabdsi and Stanley| (1995)) corresponds to a [Family,
and Vicsek| (1985) scaling defined by ﬁ(k,a) —a 5 G(ka'/™) where G(x) is constant for z < 1 and
G(x) ~ 27172 for z > 1. Comparison with gives indeed:

G(z) = Ko (lo| + F(z))™%, ¢ =0.5 (roughness exponent) and 7 = 1 (dynamic exponent). (2.54)

To better understand the |[Family and Vicsek (1985) scaling, let us study the dependence over k and

a of w and consider the particular case of a half-plane crack with @« = —1/2. One can notice on

0
figure 2.8(b)l that for a given value of the mean position a:

e The large wavelength components are more developed than the small ones and are constant
above a certain threshold.

e When a increases, the large wavelength components increases, but the small ones are steadystate
and more and more components are in this last steadystate regime.

One can notice on figure [2.8(c)|, that for a given value of k, that is A:
e The components increases with a until reaching a saturation.

e The increasing regime rate is similar whatever the wavelength, but when k decreases, that is A
increases, the increasing regime lasts longer so that the final amplitude increases with wavelength.

One can also derive the asymptotic expressions of the power spectrum ﬁ(k:, a):

K(0)a?

a2

AK (k)

A(k) for k#0 and A(0) = for k=0 (2.55)
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Figure 2.8: Power spectrum of the crack front fluctuations for white noise toughness fluctuations.

One shall notice that the convergence is not uniform so that the asymptotic behaviour of the autocor-
relation function can not be obtained by simply inversion of the asymptotic behaviour of its Fourier
transform. For the results concerning the autocorrelation or related function as the square fluctuations,
the reader is invited to reefer at Pindra et al.| (2008al) or to the table One shall however notice
that relation is the cornerstone for such a derivation. It shall also allow to perform numerical
simulations of the evolution of the power spectrum or the functions related to the autocorrelation by
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inverse Fourier Transform if the toughness fluctuation power spectrum is given. Such developments is
left for further work.

Similar results for an interfacial half-plane crack have been derived by Pindra et al.| (2008a)): the
mismatch of elastic properties between the materials introduces oscillations in the longtime behaviour
but no significant difference in the mean behaviour. The case of a shear tunnel-crack has been consid-
ered by Pindra et al.| (2010): the results are rather similar to those previously obtained for mode 1;
one novelty, however, is that, the fronts no longer tend to become symmetrical in time as in mode 1
(Favier et al., [2006b)), so that correlations between crack front fluctuations at two points are higher
for points located on the same front than for points located on distinct ones.

2.6.2 Subcritical or fatigue propagation

Let us suppose now that the crack advance is given by Paris’ law (2.9) with Ky = 0. The inhomogeneity
of the material is modelled by assuming the Paris constant to slightly fluctuated around its mean value;
the Paris exponent N being considered as uniform for simplicity:

C(z,z) =C(1+dc(z,z)), |dc(z,z) < 1| (2.56)

It produces small fluctuations 6(z,a(t)) and 0K (z,a(t)) of the crack position and the SIF around its

mean position a (eq. [2.48)).

2.6.2.1 Evolution of the perturbation of the crack front

Expanding first the propagation law to first order in §(z,t), K (z,t) and identifying terms of order 0
and 1, one gets

—(t) = ClE@"

0K (z,a(t))
W + 56(2, a(t))

Eliminating dt between these expressions and considering henceforward all perturbations as functions

of the mean position a(t) = a of the crack instead of time, one gets

00 0K (z,a)
%(2, a) = NW +dc(z, a).

Upon use of the Fourier decompositions of d(2,a), 6K (z,a), dc(z,a) and equation (2.32), this finally

yields the evolution equation of the Fourier transform §(k, a) of the perturbation of the crack front:

S = CIE@ON [N

gj(k, a) = % (o — F(ka)] 3(k, a) + de(k, a). (2.57)

Assuming the crack to be initially straight and integrating the linear, inhomogeneous, first-order
differential equation (2.57)) by standard methods, one gets

3k, a) = / 0 (%)NQ [:f((:;))]]v&(k,a’) dd’ (2.58)

where ao denotes the initial value of @ and ¢ the function defined by equation (2.41)).

Notice that contrary to the brittle case (eq. , this equation is valid whatever the sign of o and
that an effect of memory of previous configurations of the crack front is present here. This equation
allows to obtain the crack front fluctuations § for any given Paris’ constant fluctuation dc. This shall
be done numerically and is leaved for a further work. In the sequel, however only statistical properties
of dc are known, so that statistical study becomes necessary.
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2.6.2.2 General formula for the power spectrum of the perturbation of the crack front

By the expression 1) of g(k, a), one gets for the power spectrum of the crack front fluctuations:

Ak, a) = / / <a‘1‘;>Na (W)Nﬁ(/@,ag ~ ay) day das . (2.59)

where C(k, a2 — a1) is the power spectrum of the Paris’ constant fluctuations dc.

Due to the memory effect, this equation is more complex than the equivalent one in brittle
fracture. Its properties for any value of a has not at present been studied. Its asymptotic behaviour
for a — oo has however be obtained by Favier et al.| (2006b) and Pindra et al. (2008a)). For
k = 0, one gets:

2N«
00, (2)™ s 1

—~ o 40
A(0,a) ~{ 2Na—1 "\ag 2N (2.60)
M aif o < —
1-2N« 2N’
and for k # 0:
~ C(k,0)
A(k,a) NIk (2.61)

where C(k, k") is the double z, z-Fourier transform of the function C.

One can notice, like in brittle fracture that the large wavelengths are preferentially selected by the
system and that ultimately only the zero wavenumber k = 0 component still evolves with a, the other
components being in a steadystate (independent of a) rough regime. It seems however that the first
order study is not sufficient to determine the roughness exponent in this case (it gives indeed ¢ = 0).
This is probably linked to the memory effect that delay the development of this regime. A second
order study is then necessary. It has been performed by Katzav and Adda-Bedia, (2006 who obtains
a roughness exponent of ¢ = 0.5.

2.6.3 Synthesis of the theoretical results

The previous results derived for the half-plane or tunnel crack, with additional ones derived from
Favier et al. (2006b)) and Pindra et al.| (2008a) are summarized in table We recall that in
this table F(p) is the function introduces in This function is such as F'(0) = 0 and increases
monotonically to finally behaves as p/2 for p — oo. The function v is defined by eq. and
decreases from 1 to 0 when p varies from 0 to +oo.

One notices that in all the cases the system preferentially ”selects* perturbations of the crack front
with small wavenumbers k, that is, large wavelengths A\ = 27 /|k|. Physically it is link to the process
explained in One can also easily discuss, using the table the differences between brittle
fracture and fatigue, the role of the loading type (sign of ) and of the crack geometry (function F'(p)
and v):

e Concerning the crack advance law, one can notice by comparison of columns 3 and 4, that the
relations are less complex in brittle fracture than in fatigue since their is no time dependence
of the response in the first case contrary to the second. One can also notice that the disorder
grows faster in brittle fracture than in fatigue, the development being slowed down by a memory
effect. And finally, for o > 0, the treatment is possible only in fatigue, since in brittle fracture
the appearance of bifurcation renders the problem ill-posed.

e Thus, the dependence upon the sign of a can be considered only in fatigue. Comparison of

columns 2 and 3 shows that the disorder grows faster for o > ﬁ than for a < ﬁ It is
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Table 2.1: Main results concerning the propagation in a disordered media

’ ‘ fatigue o > ﬁ fatigue o < ﬁ ‘ brittle a < 0 ‘
For any a:
A @ (Y(ka) N a\Na o N ) ak(k,a)
) /ao <w(ka’)> (;) oc(k,a’)da idem — 7@’ - F(ka)
; (N a2 T 5 . > K(k)
AL (ne)  (Gtmpotia) Qs mdmton | dom | (lol + F(ka))
For a — o0:
~ C(k,0) C(k,0) 4K (k)
Alk,a) _ N[ NI 2
C(0,0) a C(0,0) o a?
A0, a) o9Na—1 "0 (a0> 1-2Na " rMO%
(0,0) a \Vt e (0,0) 24K (0)
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obvious since instable wavelengths exists for o > 0 and not for @ < 0. The selection of the large
wavelengths remains however since the large ones grow faster than the small ones.

e Concerning the crack geometry, one can notice that the asymptotic behaviour for a — oo is
independent of F', that is the same for the half-plane and tunnel cracks. Moreover, we have seen
in section that in brittle fracture, the power spectrum satisfies a Family-Vicsek scaling
in both cases and the geometry introduces a difference only for the transition toward the large
wavelength saturation regime.

2.6.4 Comparison with the experiments

Due to the difficulty of observation of the crack front during the propagation, few different experi-
ments exist at present, that allow to study the crack front deformations. Among them Daguier et al.
(1995) used ink injections to follow the crack front in brittle fracture and fatigue. |Schmittbuhl and
Malgy| (1997) studied the in-plane propagation through a transparent plexiglas block, the toughness
fluctuations being obtained by sand blasting the surface of two plexiglas plates before to weld them
together. This last setup has vastly been used since this pioneer work to study several properties of
the crack advance: the crack front roughness (Schmittbuhl and Malgy| (1997); Delaplace et al.| (1999);
Schmittbuhl et al|(2003a)), Pindra et al. (2009)), the time development of the crack front fluctu-
ations (Maloy and Schmittbuhl, 2001)), the intermittent pinning/depinning dynamics (Malgy et al.
2006; |Grob et al., [2009). All these papers conclude that the front roughness is self-affine with an ex-
ponent ¢ = 0.5 — 0.6. Interestingly, Maloy and Schmittbuhl| (2001) noticed that the front fluctuations
satisfies a Family-Vicsek scaling, the roughness exponents being ( = 0.5 — 0.6 and 7 = 1.1 — 1.2.
Two different explications of the experimental results can been given:

1. |Schmittbuhl et al. (1995a); Rosso and Krauth (2002); Schmittbuhl and Vilotte| (1999)) have
obtained numerically, using the perturbation approach for a half-plane crack of [Rice| (1985),
the condition K(z) < K.(z) and quenched noise, a different value of the roughness exponent:
¢ ~ 0.4. The discrepancy between this value and the experiments has emulated the commu-
nity: percolation damage models have been proposed (Schmittbuhl et al. |2003b; [Hansen and
Schmittbuhl, 2003) that yields a roughness exponent of ( = 0.62 + 0.05 that seems in agreement
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with the experiment. Finally, recently Santucci et al.| (2009)) conciliate the two values obtained
theoretically and numerically by more precise experimental crack front position measures: they
find ¢ = 0.57 at small lengthscales (< size of the sandblasting particles) that is in agreement
with the damage percolation model and { = 0.38 at larger lengthscales that is in agreement with
the numerical perturbation approach.

2. Maloy and Schmittbuhl| (2001))’s experimental result seems in agreement with the Family-Vicsek
scaling obtained by assuming K (z) = K.(z) and white noise toughness fluctuations. In
this view, the exponent ¢ = 0.38 observed by Santucci et al| (2009) at larger lengthscales may
correspond to the crossover from the rough to the saturation regimes of the Family-Vicsek scaling.

At present, none of this view seems plainly satisfactory. We hope that the present review will help
to clarify the discrepancies. In this aim, we emphasize that for any comparison with experiments,
attention must be paid to:

e The lengthscales involved in the experiments: brittle fracture results are valid only beyond the
process zone and uncorrelated toughness fluctuations only beyond the correlation length. The
influence of the plate thickness shall also be considered.

e The crack advance law: dynamic or quasistatic? Brittle or subcritical (table shows different
behaviour for each case)? If brittle, does the crack front position satisfy K(z) = K.(z) for all
z or does it exist some points where K (z) < K.(z) (Roux et al., 2003)? In the experiments of
Maloy and Schmittbuhl (2001), the intermittent pinning/depinning dynamics militates rather
for the second case.

e The first order perturbation approaches: check its validity domain in term of |6| < a but also
in term of % < 1.

e The toughness fluctuations nature: annealed or quenched, correlated or uncorrelated? Indeed,
annealed or quenched noise may give different results (Kardar,|1998): annealed noise corresponds
to the first order study of section[2.6.1] quenched noise is accessible only by numerical simulations
(Schmittbuhl et al.l [1995b) and introduces second order terms in the model that have not
been considered at present properly. Correlated or uncorrelated noise gives different toughness
fluctuation power spectrums and may influence the response (see equation and |Schmittbuhl
and Vilotte| (1999)).

2.7 Conclusion

Crack front small perturbation approach initiated by Rice (1985) and later extended to more complex
cases has been recalled. This approach allows to update the stress intensity factors when the crack
front is slightly perturbed in its plane. Applications concerning the deformation of the crack front
when it propagates in an homogeneous or heterogeneous media have been considered in brittle fracture
or fatigue/subcritical propagation. Only the case of one crack propagating in an infinite plane without
interaction with a boundary has been considered. The stable shapes corresponding to uniform SIF
have been derived: straight or circular, but also when bifurcations exists, wavy crack fronts. For a
straight crack, it has been shown that perturbation of all lengthscales progressively disappears unless
disordered fracture properties yields Family and Vicsek| (1985) roughness of the crack front.

This approach has recently be extended to interaction between several cracks: the FK for two tunnel-
cracks has been derived (Pindra et al. (In prep)), Legrand and Leblond| (In prep.))) and the disorder
during their coalescence studied (Legrand and Leblond, |2010)). Interestingly, they show that, stability
first prevails for all lengthscales such as A < A., but since \. is this time a decreasing function of the
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crack advance, all wavelengths finally become unstable so that the perturbation does not vanish. This
underlines that stability results depend on the interaction of the crack with other cracks and more
generally also, with obstacles or solid boundaries. Such a conclusion has still been obtained by |Gao
et al.| (1991)) who studied the stability issue when the front approaches a stress free plate boundary:
when the crack is far enough from the boundary, the critical wavelength \. increases with crack growth
(the model of infinite solid is then valid) and when it approaches the boundary, A. decreases with crack
growth.

Besides, comparison with experiments have to be deepened in terms of crack shape but also macro-
scopic loading.
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Chapter 3

Research project: From the theory to
the practice

Two current challenges of Linear Elastic Fracture Mechanics (LEFM) are (i) to take into account the
non-linearities induced by the crack front deformations and (ii) to better understand the mechanism
of fracture initiation. For these purposes, two promising tools can be used: the Rice|(1985) crack front
perturbation theory for predicting the crack front deformation (see chap. [2)) and the energetic approach
of Francfort and Marigo (1998, 2000, 2008) for determining the crack initiation and propagation path.
However, these theoretical approaches have been validated mainly only qualitatively by experiments.
Further effort is required to make quantitative comparisons and to render these tools useful in practice,
e.g. to improve the safety predictions or to create tougher materials.

My current research is motivated by this long-term vision, and by my increasing interest in applying
LEFM to physical problems. In this context, I propose to develop three specific directions. First, I
plan to extend crack perturbation approach exposed in chapter [2] to more realistic geometries, and
quantitatively compare its predictions for both homogeneous and heterogeneous media with 3D fi-
nite element simulations and with experiments designed for this purpose. Second, I plan to apply
the energetic approach to fracture mechanics to different physical problems involving drying, impact,
indentation and geological phenomena (basalt columns, polygonal patterns on Earth and on Mars,
martian spiders, septarias, continental break up above mantle plumes) using the energy-minimization
either directly or using a regularized form by a non-local damage model. While the first two directions
are generally applicable to any brittle material, the third direction will be to apply the LEFM to the
specific case of fracture in drying colloidal suspensions. A prerequisite for this, that is render diffi-
cult by the time dependence of the drying process, is the precise characterization of the mechanical
properties of the consolidated suspension, which will require extension of recently developed experi-
mental tools (indentation tests, estimation of the mechanical stresses by measuring the deflection of
a plate, estimation of mechanical characteristics by measuring some geometrical features of the crack
morphologies).

3.1 Deformations of a plane crack during its propagation

The propagation path of cracks are routinely predicted by the engineers using two-dimensional LEFM.
However in three dimensions, the problem arises still many open questions even for coplanar propaga-
tion of plane cracks. The path depends in general on both the specimen and crack geometries (position,
size, shape). Classical tools such as finite elements or its more sophisticated X-FEM extension are able
to predict the path more or less accurately if the specimen and the crack size scales are all of the same
order. When the scales are disparate, however, it becomes extremely difficult to reconcile the crack
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microscopic and the specimen macroscopic aspects of the problem. One possibility is to simplify the
structural aspects and to concentrate on the local deformation of the crack front by assuming that the
medium is infinite subjected to remote loading. The crack perturbation approach initiated by
and reviewed in chapter 2, allows then to determine the stress intensity factors (SIF).

(a) PlaneCracks simulation 2003)) (b) Blister experiments (Dupeux et al. [1998))

Figure 3.1: Successive positions (top view) during the propagation of an initially rectangular crack in
an homogeneous medium. The crack propagates first at the edges where the stress intensity factors
are higher. The shape finally becomes and remains circular.

With the aim of obtaining quantitative predictions of both crack front shapes and macroscopic loading,
the theoretical studies exposed in chapter |2| will be extended in several directions and compared to
experiments designed for this purpose.

e As mentioned in section the perturbation approach is only applicable in practice if the
precise specimen boundary conditions can be neglected. It is therefore necessary to determine
to what extent this approximation is valid in practice. 3D finite element simulations will be
performed in order to determine the range of validity of the perturbation approach in term
of specimen/crack size scales. The aim is to determine the precise conditions under which
the specimen boundary conditions can be neglected. Later on, the possibility of reconciling
the microscopic and macroscopic aspects by using the matched asymptotic expansions, will be
studied.

e Recent comparisons with experiments using plates ( have shown the potential importance
of the plate thickness on the results. Thus, the perturbation approach will be extended to some
more complex and realistic geometries than those listed in section namely a tunnel-crack
in a finite-thickness specimen (thesis of L. Legrand, in collaboration with J.B. Leblond, IJLRDA
Univ Paris 6 and M. Adda-Bedia, LPS, ENS Paris). The predictions of this more realistic
model will be compared to the experiments (§2.6.4]) initiated by Schmittbuhl and Malgy| (1997)
(collaboration J. Schmittbuhl, IPG Strasbourg).

e Using equations (2.51)) and (2.58) giving the crack front shape evolution knowing the local
fracture properties, simulations of the crack front shape evolution will be performed. Comparison
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with the experiments of Dalmas et al.| (2009)) and new designed experiments of M. Adda-Bedia
is planed in collaboration with the author.

e The predictions of the numerical code PlaneCracks corresponding to (Lazarus), 2003]) (§2.4.2)
concerning the propagation of circular, elliptical, rectangular and heart shape (fig. cracks
will be compared to blister-tests similar to those of [Dupeux et al. (1998) (fig. in terms
of shape and loading (collaboration M. Braccini, SIMAP, Univ Grenoble).

e The code PlaneCracks will be extended to two embedded crack fronts to study large crack de-
formation during coalescence (thesis of L. Legrand). Blister test experiments on two cracks are
also envisaged (collaboration M. Braccini). For thicker specimen (for which our model is more
realistic), the set up of Bunger and Detournay| (2008) may be used. Contact has been established
for this purpose with A. Bunger (CSIRO Petroleum Resources, Australia).

e The code PlaneCracks will also be extended to tunnel-cracks with periodic crack front shape
perturbations and its predictions compared to experiments performed in the SVI laboratory of
Saint-Gobain Recherche (collaboration D. Dalmas, Lab. SVI, Aubervilliers and D. Vandem-
broucq, Lab PMMH, ESPCI, Paris).

e The above points concern only the in-plane crack front deformations. Crack out of plane per-
turbations resulting from the propagation in heterogeneous media (Ponson et al., [2007)) are
difficult to tackle theoretically, and will instead be approached using model experiments. In
particular, the size effects will be considered. I will take part to the design and interpretation of
those experiments with D. Bonamy (Lab. SPCSI, CEA Saclay) and M. Francois and H. Auradou
(FAST).

Parts of this work are supported by the ANR MEPHYSTAR ("MEchanics and STAtistical PHYsics of
Rupture in heterogeneous materials”, 2010-2013). The project involves the laboratories SPCSI (CEA
Saclay), SVI (Saint-Gobain Recherche), PMMH (ESPCI Paris), and FAST.

3.2 Predictions of crack patterns using energy minimization

The energetic variational approach to fracture mechanics proposed by [Francfort and Marigo (1998])
is an extension of the Griffith postulate that a crack propagates if the elastic energy released by
propagation counterbalances the energy needed to create the crack. It is based on the principle that
the quasi-static crack evolution is obtained by minimizing the sum of the elastic energy of the cracked
body and the crack energy. The advantage of the method over the classical Griffith approach is that it
can predict, without additional ingredients, both the crack initiation and the crack propagation path.
For numerical simulations, the approach can be regularized by a non-local damage model (Bourdin
et al., [2008).

In the last ten years, efforts have mainly focused on theoretical and numerical developments. As
a result, few of the numerical simulations presented in Bourdin et al.| (2000, 2008) have yet been
compared directly with experiments. Recently, in collaboration with C. Maurini (IJLRDA, Univ Paris
6) for the theory and G. Gauthier and L. Pauchard (FAST) for the experiments, the theoretical
approach has been tested against experiments on fractures that form during directional drying of
colloidal suspensions (fig. [3.2). The regularized form of the approach (Lazarus et all, [2009a))
yields qualitative agreement between the experimental (fig. [3.2h) and numerical crack patterns (fig.
), while the direct approach (Gauthier et al., 2010]) successfully predicts the number of cracks
emerging from a star-shaped crack (fig. ) These first promising results will be extended in the
future in several directions.
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Figure 3.2: Crack patterns in directional drying experiments. Capillary tubes are filled with a colloidal
suspension. The open bottom boundary allows for evaporation of the solvent. Cracks appear following
the compaction front (front of the bottom-up growing gel). Their cross-sectional shape depends on
the tube shape and the drying rate.

(a) Port Arthur rect- (b) Giant’s Causeway hexagonal tessel-
angular tessellated lated pavement, Ireland (picture of A.
pavement, Tasmania Davaille)

(picture of C. Foscan)

Figure 3.3: Examples of natural polygonal patterns
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e In collaboration with G. Gauthier and L. Pauchard, further directional drying experiments are
planned. With C. Maurini and B. Bourdin (Dept of Math., Louisiana State Univ), we will perform
FFE simulations of the experiments, using both the energetic and the classical Griffith approaches.
Contacts has also been established with the team of H. Balke (Institut fur Festkirpermechanick,
TU Dresden), which is working on similar problems (Hofmann et all, |2000).

e Star-shaped cracks are observed in many situations, especially during the time shortly after
crack initiation. Such cracks therefore provide an interesting test case for approaching the
initiation problem and verifying the validity of the energetic approach. Accordingly, we propose
to extend the method used by |Gauthier et al.| (2010) for directional drying experiments, to
crack nucleation arising during the drying of some thin films, during some indentation
, and impact problems (collaboration N. Vandenberghe, IRPHE, Marseille).

e Natural polygonal pavements formed by shrinkage cracking are often hexagonal in planform (e.g.,
Giant’s Causeway, Ireland; fig. [3.3(b)} [DeGraff and Aydin (1987)), but can also have square
planforms in some cases (e.g., Port Arthur, Tasmania,; fig. [3.3(a)} [Branagan and Cairng| (1993))).
Several aspects of their formation are still poorly understood. Possible scenarios include creation
of star-shaped cracks followed by progressive formation of the self-organized pavements, sequential
formation of channelling cracks leading to craquelures followed by maturation toward a regular
pavement (Goehring et all |2010) or the formation spaced in time of two orthogonal networks of
parallel cracks. We propose to simulate these scenarios by energy minimization and apply the
results to polygons on Earth (with A. Davaille, FAST) and eventually on Mars. Complementary
discussions have also been initiated with other geophysicists, including L. Goehring (Dept of
Mat Sci and Metal, Univ Cambridge) and N. Mangold (Lab de planétologie et géodynamique de
Nantes UMR 6112).

3.3 Characterization of the consolidation of drying colloidal suspen-
sions
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Figure 3.4: Crack patterns at the final stage of the drying process of a nanolatex suspension for
different layer thicknesses hy. Uniform layer (a), cracks in the film thickness (b), delamination (c),
spiral crack (d).

During the drying of colloidal suspensions (particle size < 1um), the initially stable solution destabi-
lizes, and the particles agglomerate to form a solid porous material that shrinks as the liquid evaporates.
When the contraction is constrained by adhesion to a wall or substrate, tensile stresses develop that
can give rise to various crack patterns. Some examples are shown in fig. for directional drying and
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in fig. for isotropic thin film drying. Various qualitative explanations for the crack morphologies
have been proposed (Bohn et al., 2005), (Gauthier et al., 2007)) but quantitative predictions of the
formation dynamics, shape and sizes of the cracks are still lacking.

A prerequisite for understanding crack formation in such situations is a good characterization of the
mechanical properties of the porous medium (e..g., the fracture toughness, which is required to apply
LEFM). Such characterization is rendered difficult by the time-dependence of the problem and by the
impossibility of using classical techniques like traction tests. As a result, only two measured values of
the toughness have been published , one by [Zarzycki| (1988), the other by ourselves (Gauthier et al.|
2010)), and moreover the two disagree. A further prerequisite is the determination of the mechanical
stresses level. It can be measured by depositing the suspension on a cantilever plate (Tirumkudulu
and Russel, [2004)): during drying, contraction stresses induce a deflection of the plate, from which the
magnitude of the stresses can be inferred using Stoney’s formula.

During the past two years, we have made significant advances towards achieving these characterization
prerequisites. We have developed and improved the cantilever plate method. We have also applied,
not without difficulties, indentation techniques to consolidated drying suspensions. And, we have
developed less conventional methods based on the fracture morphologies themselves. All these methods
are described below.

3.3.1 Estimation of the mechanical stresses by measuring the deflection of a plate
and indentation techniques

With M. Chekchaki (Ph. D. student) and L. Pauchard, we have extended and developed two techniques
for characterizing partially dried colloidal suspensions: the cantilever technique of [Tirumkudulu and
Russel| (2004)), and micro-indentation testing. In the former case, the Stoney stress-deflection formula,
is based on assumptions (small film/substrate thickness ratio, uniform film stress state) that are
often not valid in drying experiments. To extend this relation to the conditions of our experiments
(Chekchaki et al., [2010) we have used 3D FE simulations. Besides, we have designed, not without
difficulties, an experimental procedure that gives reproducible results. We are also engaged in an
ongoing effort to adapt the classical indentation test (widely used for metal and ceramic films; |Oliver
and Pharr| (1992)) so that it can be used to characterize the film at the end of the drying process. The
feasibility of these extended characterization methods has been demonstrated by the Ph. D. thesis
research and further work in this direction is envisaged.

e We have used until now a traditional Vickers (sharp) indenter. We have noticed that it generates
significant damage and plastic deformations. Hence, spherical indenter will be purchased and
used. We will improve the experimental procedure to allow humidity control. We will use it for
different drying conditions, suspensions and layer thicknesses.

e In addition to the indentation performed at the end of the drying process, tests will be done during
the drying process and coupled with the stress evolution measured by the cantilever technique, in
order to better understand the consolidation process.

e During the drying process, different time scales associated with evaporation, viscosity, and porous
media diffusivity may be important. An effort will be made to estimate these time scales in order
to determine the dominant effect.

3.3.2 Estimation of some mechanical characteristics by measuring some geomet-
rical features of the crack morphologies

If one can predict, for instance using the models of section the crack patterns as a function of
the formation conditions (loading, material behaviour), inversely quantitative measurements of some
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geometrical aspects of the pattern (such as crack spacing e.g.) can be used to deduce quantitative
information on the consolidation (such as material toughness and the level of the loading). This idea
has already been used in (Gauthier et al. (2010) in conjunction with the LEFM approach (section
in one particular case. We propose to extend it to other systems and compare it with other
methods.

e In addition to the crack spacing, other geometrical parameters (critical thicknesses, distance
between the crack tips and the solidification front, angles...) will also be used.

e For validation purposes, the values of the toughness obtained by this method will be compared
with values obtained by indentation.

e In conjunction with our geophysicist colleagues (section , we will apply our method to derive
qualitative and quantitative information on the conditions of formation of geological patterns
on Farth and other planets, such as the cooling rate during the formation of basalt columns
(with A. Davaille and L. Goehring), the pressure level responsible for martian spiders (Thomas
et al.,(2010) in the Kieffer (2007) model (with F. Schmidt, lab IDES, Interactions et Dynamique
des Environnements de Surface, Orsay), the formation mechanism of septarias (Seilacher, |2001)
(with J. Gargani, B. Saint-Bezar, P. Vergely, IDES), the 3 branches continental break up (Storey,
1995) above mantle plumes (with A. Davaille).

e From the value of the toughness, information on the consolidation of the porous matrix can be
obtained. Porosity and Young’s modulus will be measured to obtain an estimate of the effective
fracture energy of the solid links between the particles. The influence on the porous solid structure
of the rate and conditions (directional/isotropic) of drying will also be studied (collaboration G.

Gauthier).

e In parallel to the previous point, “visualization” of the consolidate porous matriz is envisaged.
Due to the nanometric size of the particles, this requires to use sophisticated methods. Hence,
a proposal has been submitted to the ILL (Institut Laue-Langevin, Grenoble) to obtain neutron-
beam time (principal proposer B. Cabanne, PMMH). Another is envisaged to the neighbouring
synchrotron SOLEIL to obtain photonbeam time.

3.4 Summary

My research interests concern two- and three-dimensional problems in Linear Elastic Fracture Mechan-
ics. My approach is primarily theoretical and numerical, but with an increasing interest in experimental
validation and physical applications since my first sojourn at the FAST laboratory in 2006. Among
the tools I use are the crack front perturbation approaches (see chap. , finite-element simulations,
and the energetic approach to fracture. I apply them, with some colleagues, to the determination
of the crack initiation and propagation paths in homogeneous and heterogeneous brittle media, soft
condensed matter in particular colloidal suspensions, and geological materials. The research directions
I would enjoy pursuing can be summarized as followsEI:

e Concerning the crack front deformation, the perturbation approaches will be extended to pro-
gressively more realistic geometries. Their domain of validity in terms of crack/specimen size
ratios will be determined by 3D FE simulations. Their predictions will be compared with exper-
iments with increasing emphasis on quantitative comparison. Later on, the reconciliation of the
different length scales is envisaged using the matched asymptotic expansions method.

Lthe framework is slightly different than outlined above to emphasize the links between parts of sections and
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e Concerning the crack initiation and propagation path prediction, our efforts to apply and validate

the energetic approach to fracture will be continued. It will be applied to cracks resulting
from shrinkage (drying, cooling), impact and indentation process. Inversely, information on the
material constants and loading will be derived from the crack patterns. The inverse method will
be applied to the characterization of consolidated colloidal suspensions and to several geological
problems on Earth and on other planets.

Concerning the drying of colloidal suspensions, we will continue to develop methods for character-
izing the consolidated solid matrix. Additional directional and isotropic drying experiments will
be performed to determine the influence of the drying conditions (rate, directional vs. film) and
the characteristics of both the solvent and the particles (size, material, mono/polydispersion) on
the structure of the porous medium. Visualisation using neutron or Xray beams is also envisaged.

This research project aims at making useful the Linear Elastic Fracture Mechanics in new fields
related to the engineering sciences, the physicochemistry of the soft matter and the geosciences. The
interdisciplinary character of my research, so as my growing interest in experimental validation of the
theory, allow me to form PhD student to a vast set of competences. This may be useful for them to
find a job in both academic and industrial worlds.
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The 3D LEFM problems I have considered until now, can be divided in two groups: the determination
of the out-of-plane propagation of a crack loaded in shear and the determination of the crack front
deformations during the coplanar propagation of plane cracks. Concerning the out of plane propaga-
tion, criterions allowing to predict the crack front twisting in presence of mode 3 have been proposed
and compared to experiments. Concerning the in-plane propagation, small deformations of the crack
front during its propagation have been studied analytically and large deformations numerically. Both
homogeneous and heterogeneous materials have been considered. All these studies use perturbation
of the crack front approaches, presented in chapter [2] initiated by Rice| (1985), the development of
which I took part for more complex cases. Since my arrival at the laboratory FAST, in addition
to these theoretical studies, I become also interested in the fractures appearing during the drying of
suspensions of colloidal particles (size of 1 nm to 1 um). The first studies have shown the potential of
these experiments to bring new insights into the energetic principles used in fracture mechanics, the
physico-chemistry of the consolidation process and some geological crack patterns.

To summarize, the research fields I considered until now can be divided as follows (in this list, the
papers that are included in the sequel are in bold):

1. Crack propagation path in presence of mode 3. Whatever the external loading, in an
homogeneous solid, a crack tries to reach mode 1 (tensile) loading conditions. In mode 142,
the crack kinks to annihilate mode 2, the angle can be obtained by 2D considerations using for
instance the Principle of Local Symmetry (Goldstein and Salganik, 1974)). In presence of mode 3,
the crack front twists around the direction of propagation, this renders the problem 3D. During
my PhD a criterion able to predict the crack rotation rate has been proposed in the particular
case of 3 or 4 PB experiments and experiments have been performed in Sheffield (Lazarus and
Leblond, [1998a; Lazarus et al.,|2001b). The criterion uses the expression of stress intensity factors
resulting from a little 3D arbitrary extension of the crack front, the development of which I took
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part (Leblond et al., [1999; [Lazarus et al., 2001a). Additional works done in collaboration with
the University of Paderborn (Germany) have shown that 3 or 4 PB experiments yield strong
coupling of the modes 2 and 3 and hence, are inadequate to clearly separate the criterions based

on the presence of mode 3, and more conventional mode 2 based criterions (Lazarus et al.
2008).

. Three-dimensional perturbation of the crack front approaches. This approach, initiated

by Rice| (1985) and reviewed in chapter [2| gives the formulas to update the stress intensity factors
for a small in-plane crack front increment. I participate to the derivation of those formulas in
the case of an interfacial half-plane crack (Lazarus and Leblond, 1998c) and the tunnel-crack
under shear loading (Lazarus and Leblond, 2002c).

. PlaneCracks: Numerical simulations of large scale propagation of planar cracks.

Following an idea of Bower and Ortiz (1990), I developed a code, named PlaneCracks, to simulate
the brittle or fatigue propagation of a plane crack of arbitrary closed crack fronts. The code
was first written in mode 1 (Lazarus, 1999), (Lazarus, 2003 and than extended to mode 243
(Favier et al., 2006al).

. Analytical studies of the crack front deformation. Using the perturbation approach of

chapter 2| we have performed the configurational bifurcation and stability analysis (see
for an interfacial half-plane crack (Lazarus and Leblond, 1998b) and for a tunnel-crack under
shear loading (Lazarus and Leblond, 2002a), (Lazarus and Leblond, [2002b)). Further on,
these studies have been extended to the study of the crack front deformation when it propagates
in an heterogeneous media (§2.6)) for a tunnel-crack under tensile (Favier et al., [2006b]) and shear
loading (Pindra et al., 2010), but also the interfacial half-plane crack (Pindra et al., 2008al).

. Fracture during drying of colloidal suspensions. Since my first sojourn at lab FAST

(2006), I extended my research interests to shrinkage cracks and in particular to the fracture
arising during the drying of suspensions of colloidal particles. I consider both the drying of thin
films (Pauchard et al., 2007) and directional drying in capillary tubes (Gauthier et al., |2007)).
The application of LEFM minimisation principle to those last experiments has underlined the
importance of the Griffith length (Gauthier et al., 2010). Comparison of directional drying
experiments with a regularized form of the energetic approach by a non-local damage model (fig.
has also been performed for different cell shapes and have shown qualitative agreement
(Lazarus et al., 2009a)). Experimental characterization techniques are also currently developed
(Chekchaki et al., 2010).
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Abstract Whatever the external loading, a crack
front in a solid tries to reach mode I loading condi-
tions after propagation. In mode I +1I, the crack kinks
to annihilate mode II, kinking angle being well pre-
dicted by the principle of local symmetry (PLS) or by
the maximum tangential stress criterion (MTS). In pres-
ence of mode III, the problem becomes three-dimen-
sional and the proposed propagation criterion are not
yet well proved and established. In particular in three
point bending experiments (3PB) with an initially
inclined crack, the crack twists around the direction of
propagation to finally reach a situation of pure mode L.
The aim of the paper is to compare the propagation
paths predicted by two different criteria for 3PB fatigue
experiments performed on PMMA. The first criterion
developed by Schollmann et al. (IntJ Fract 117(2):129-
141, 2002), is a three-dimensional extension of the
MTS criterion and predicts the local angles that anni-
hilates mode II and III at each point of the front.
The second one developed by Lazarus et al. (J Mech
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Phys Solids 49(7):1421-1443, 2001b), predicts an
abrupt and then progressive twisting of the front to anni-
hilate mode III. Due to presence of sign changing mode
II and almost uniform mode III in the experiments, both
criteria give good results. However, since mode III is
predominant over mode II in the case under consider-
ation, the global criterion gives better results. Never-
theless, the local type criterion seems to be of greater
universality for practical engineering applications.

Keywords Brittle fracture - Mode II - Mode III -
Maximum tangential stress criterion - 3D crack
propagation path - 3D fracture criteria - LEFM

1 Introduction

In homogeneous isotropic elastic media, exceptin some
special conditions, it is well known that whatever the
external loading, the crack front bifurcates in order to
reach a situation of pure mode I as the crack propagates
(Hull 1993). A literature survey of mixed mode crack
growth can be found in Qian and Fatemi (1996). Under
mode (I+1I) conditions, the crack kinks to annihilate
mode II, as depicted in Fig. 5c. The value of the corre-
sponding kink angle can be obtained, for instance, by
the Principle of local Symmetry (PLS) of Goldstein and
Salganik (1974) or by the maximum tangential stress
criterion (MTS; Erdogan and Sih 1963). In presence
of mode III, to reach a situation of mode I, the crack
front twists around the direction of propagation. The
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Fig. 1 Several basic propagation possibilities in presence of
mode III. a Gradual one-piece twisting; b Abrupt one-piece twist-
ing; ¢ Gradual piecewise twisting; d Abrupt piecewise twisting

way this twisting occurs is case dependent: in some
cases, it occurs gradually (Fig.1a, c), in some other
cases abruptly (Fig. 1b, d); sometimes the whole front
twists in one-piece (see Fig. 1a, b) and in some other
cases, the front twists piecewise leading to a factory

@ Springer

roof pattern (see Fig.1c, d). The conditions of tran-
sition between these several crack patterns remain an
open question. For instance, gradually piecewise rota-
tion has been observed by Sommer (1969), Hourlier
and Pineau (1979); abruptly piecewise rotation
by Palaniswamy and Knauss (1975). In Makabe et al.
(2006), depending on the loading conditions, both pro-
gressive and abrupt rotation have been observed.
Abrupt piecewise twisting at a small, mesoscopic,
length-scale and progressive rotation of the whole crack
front at a macroscopic length-scale, has been observed
in three or four points bending (3PB or 4PB) experi-
ments. Such experiments and observations have been
made by Yates and Mohammed (1996) on steel spec-
imens in fatigue, by Cooke and Pollard (1996),
Buchholz et al. (1998, 2005) on PMMA blocks in
fatigue, by Lazarus and Leblond (1998), Lazarus et al.
(2001b) on PMMA specimens under monotonic
increasing loading. These patterns can also be recog-
nized on geological materials (Pollard etal. 1982; Aydin
and Pollard 1988) at different length-scales.

The qualitative way of crack propagation is well
explained by its tendency to reach mode I conditions
(Hull 1993; Pook 1995). But it is not sufficient to pre-
dict the propagation path quantitatively and a few frac-
ture criteria have been proposed so far. Concerning the
abrupt rotation of the crack front, several criteria have
been proposed. But the only paper we are aware of,
that compares the results with experimental findings is
Cooke and Pollard (1996), who showed that all the cri-
teria overestimate the real value. Lazarus et al. (2001b)
proposed the following fit:

Y = — arctan — (D
4 (1 —-2v)K;
by interpolation of their experimental data. In the spe-
cial case of 3 or 4PB experiments, the gradually rota-
tion of the front, has been predicted, on the one hand,
by Gravouil et al. (2002) and Buchholz et al. (2004)
using MTS-criteria and by Lazarus and Leblond (1998),
Lazarus et al. (2001b) using a criterion predicting the
twisting rate of the whole crack front. Whereas the
kink angles given by MTS criteria lead to the anni-
hilation of mode II, the twisting rate of Lazarus and
Leblond (1998), Lazarus et al. (2001b) leads to the
annihilation of mode III. Hence it may be surprising that
both criteria manage to find the experimental propaga-
tion path. Also the aim of this paper is to discriminate
these two kind of criteria by comparing the predictions
of the MTS criterion (Erdogan and Sih 1963) or its
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3D extension (Schollmann et al. 2002) and those of
the criterion proposed by Lazarus and Leblond (1998),
Lazarus et al. (2001b) to 3PB fatigue experiments
performed on PMMA.

These experiments are presented in Sect.2. Both
modes II and III are present in the experiments. By
symmetry, mode II Stress Intensity Factor (SIF) takes
opposite signs at each side of the front, hence MTS
criterion (or equivalent 3D ones, see Sect.3.1) predicts
an opposite sign of the kink angle. Mode III yields a
uniform twisting of the whole front by Lazarus et al.
criterion (Sect.3.2). Hence, at least qualitatively, the
same kind of twisting propagation path is expected and
the quantitative comparison (Sect.4) with the experi-
ments shows that both criteria allow to recover quite
well the experimental values. Nevertheless, two facts
shall limit the extensive use of MTS criterion (or equiv-
alent ones such as PSL or 3DMTS generalization) in
presence of mode III although MTS criteria seem to be
sufficient for any practical engineering purposes. The
first fact is that increasing mode III over mode II rate,
gives advantage to Lazarus etal. criterion toward the
MTS one, and the second that MTS criterion predicts
well the kink angle near the free surfaces but too low
ones near the center of the front.

2 Experiments
2.1 Setup

The experiments are 3PB experiments performed on
PMMA specimens containing an initial inclined slit
(Fig.2). The geometrical parameters of the 3PB-speci-
mens are as follows: length L =260mm, 2L, =
240 mm, thickness t = 10 mm, width W = 60 mm, nor-
malized crack length a/w = 1/3, angles of the inclined
planes of the initial cracks or notches with y =75°,
60° and 45°. For the simulation the material param-
eters are given by the experi-mental specimens from
PMMA with Young modulus E =2, 800 N/mm? and
Poisson ratio v =0.38. The specimens are subject to a
cyclic lateral force of F' =2.4kN and the stress ratio of
the cyclic loading is R = 0.1.

2.2 Propagation paths

For y =90°, the initial notch is located in the mid-
dle (x, z) plane of the specimen. Due to symmetry

[ ﬂ
pY e

X=X,

t | WX\/\ | V]

X3

Fig. 2 3PB-specimen with an inclined initial notch

Fig. 3 Gradual one-piece crack twisting. a Global view for
y = 45°; b Final view for several angles y = 45°, 60°, 75°, 90°

reasons, the crack is then loaded in mode I only and
crack propagates straight and breaks the specimen in
two equivalent pieces. For y less than 90° the initial
notch is loaded in both tension and out-of-plane shear,
and the crack bifurcates during propagation. Pictures
of the propagation path (Fig.3) show that, at a mac-
roscopic length-scale, the crack front gradually twists
around the direction of propagation to finally reach the
middle mode I plane (x, z) of the specimen. Hence,
crack propagates to annihilate shear loading. One can
notice in Fig. 3b, that the rotation becomes more impor-
tant with decreasing value of . By observing the crack
facies postmortem, one can also notice that the inter-
section between the crack surface and a plane (y, z) is
always straight (one can adjust a straight ruler on this
intersection). This will be of importance for the geo-
metric description of this macroscopic crack surface.
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Fig. 4 Different stages of the crack propagation path. a Three
different stages of propagation: initial facets (on the left), gradual
one-piece twisting (two ones on the right) (y = 45°); b Zoom
on the initial facets formed by abrupt piecewise twisting

On asmaller mesoscopic length-scale, one can notice
on the pictures of Fig. 4, some little facets looking like
abrupt factory roofs or echelon cracks, the plane of
each facet being obtained by abrupt rotation of angle
Y about the x-direction of propagation (Fig. 1d). Our
principal aim in this paper is not to determine the angle
Y locally for positions along the crack front (although
it will be needed in one of the criteria) but the geometry
of the macroscopic smoothly twisting crack extension.

2.3 Quantitative description of the macroscopic
crack extension

Figure 5a schematically shows the whole extension
of the crack obtained experimentally, and Fig. 5Sb—d this
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Fig. 5 Schematic view of the crack surface and local kinking.
a Whole surface; b 3D view of the local kinking; ¢ In a plane
x3 =Cst.;dInaplane x; =6

same extension but restricted to a distance of propa-
gation § from the initial slit, § being supposed small
enough so that crack extension in each plane x3 = Cst.
coincide with its tangent (Fig. 5c). Let us denote d the
half-length of the initial front, ¢(x3) the kink angle
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(rotation angle of the crack extension around Ox3) at
the point of coordinate x3 of the front, ¢, the kink
angle for x3 =d. The intersection of the crack and a
plane x; =& being observed to be a straight line, one
can use Thales’ theorem (see Fig. 5d) to obtain:

dtang,  6tang(x3)

d X3

which yields:
X3
¢(x3) = arctan (E tan gom) 2)

so that one can derive the kink angle all along the crack
front by simply performing the measure of the kink
angle ¢, at the external surface. Here care must be
taken that @, is defined in the plane x3 = d normal to
the crack front hence is different from the “kink™ angle
o measured on the free surface plane z =¢/2. They are
linked by:
coso

CoS @y = 3)
" Vsin?y + cos2 y cos? o

Since some experimenters give values of the rota-
tion rate dy /dé rather than the kink angle, we give also
the following relation between ¢,, and dy /d§, which
can easily be derived from Fig. 5d:

dy tangy
s d
In the sequel we will focus our attention on the deter-
mination of the kink angle. The value of the rotation
rate can then be deduced from Eq.4.

“4)

2.4 Quantitative description of the mesoscopic facets

The initial facets have not at the moment be studied
precisely and shall be the subject of a further work.
For the purpose of this paper (the study of the mac-
roscopic extension), we will use a simplified descrip-
tion by assuming that all the initial facets are deduced
from the initial slit by rotation of a same angle
about the Ox axis. They disappear when they merge
into the global crack surface which gradually rotates
about the same axis with the rotation rate %' Hence,
their length 3. is linked to the rotation rate by the
following formula:

dy

T5de =V 5)

3 Propagation criteria

For the determination of the kink angle, two types of
criteria are proposed in the sequel. The first type pre-
dicts independently the kink angle at each point x3 of
the crack front by using the values of the SIFs at the
same point x3, hence will be called local type criteria
in the sequel. These criteria are the PLS (Goldstein and
Salganik 1974), the MTS (Erdogan and Sih 1963) and
its 3D extension (Schollmann et al. 2002). The second
type of criteria supposes that the kink angle is of the
form of Eq. 2 and predicts the maximum kink angle ¢,
or equivalently the rotation rate dy /d$ considering the
mean value of the SIFs along the whole crack front.
They will be called global type criteria in the sequel.
These criteria consist in maximizing the mean value of
K1 (mode I SIF) or the mean value of G (total energy
release rate). All these criteria are described in the
following sections.

3.1 Local type criteria

Consider a point of the crack front and denote Ky, K11,
K11 the SIFs at this point. After propagation the crack
has kinked by an angle ¢. We will consider three crite-
ria giving this kink angle versus the initial SIFs (before
propagation): the Principle of Local Symmetry (PLS),
The Maximum Tangential Stress criterion (MTS), and
a 3D extension of the MTS (3DMTS).!

The Principle of Local Symmetry states that after
propagation the mode II SIF shall become zero. This
yields:

KiFui(¢) + KuFun(e) =0 (6)

where functions F; ; have been derived in Amestoy and
Leblond (1992).

The Maximum Tangential Stress criterion states that
the crack propagates in the direction where the circum-
ferential tensile stress ogg is maximum. This yields:

Kising + Kjy(3cosp — 1) =0 (7

The 3D extension of the MTS (3DMTS) developed
by Schollmann et al. (2002) states that the crack will
grow radially from the crack front into the direction
which is perpendicular to maximum principal stress o7.

! Other criteria exist, see Qian and Fatemi (1996), but the aim
here is not to make a systematic review of these local criteria but
to compare two types (local and global) of criteria.
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This direction corresponds to an abrupt twist angle ¥
of the front around the direction of propagation and a
kink angle ¢ which is linked to the SIFs by:

6 K tan (%) + Ky (6 — 12 tan? (%))

rlissum )
. [KI tan (%) + Kt (1 —2tan” (%))]
+32 K3, tan (%) - (1 + tan® (%))2}
{lo 2 ()]

—1/2

64 K2 (1 + tan’ (g))z} —0 )

Since PLS and MTS criterion give nearly the same
value of the kink angle,” we will only consider in the
sequel the MTS and 3DMTS criterion.

3.2 Global type criterion of Lazarus and Leblond

Starting from the idea that the twisting of the crack front
is due to the presence of mode III, a criterion linked to
the disappearance of mode III has to be derived. This
criterion is necessary of global type (that is involving
all the points of the front) since this twisting around
the direction of propagation can only be achieved if all
the points twist together. Lazarus and Leblond (1998),
Lazarus et al. (2001b) proposed two such criteria:

MVG: maximize the Mean Value of G(x3, §) along the
front with respect to ¢y,

MVK: maximize the Mean Value of Kj(x3,d) along
the front with respect to ¢,

where G (x3, 8) denotes the total energy release rate and
Ki(x3, &) the mode I SIF, both after a propagation over
a distance 6 and at the point of coordinate x3 of the
front. One has:

1 —?
G(x3,8) = K2+ ki) (3.9)
14+v
+TK%H<x3, 8) )

Applying these criteria for a vanishing &, that is, a
vanishing crack extension length, one gets a zero value
for ¢, .

2 Indeed Amestoy and Leblond (1992) have shown that the dif-
ference is of order m® with m = ¢ /7

@ Springer

This implies that the criteria must be applied after a
non-zero propagation length. On picture 4b, one
observes the presence of little facets at the beginning
of the propagation. During the formation of the facets,
the points of the crack front propagate in an “individ-
ual” manner. Afterward, as soon as the facets have dis-
appeared and the entire front twists as a whole, their
behaviour becomes “collective”. From there derives the
idea to fix § in the criteria to the length 8. of these little
facets.

In order to apply the criteria, let us suppose the length
8. of the extension to be small enough for the expan-
sion of the stress intensity factors K1(x3, 6), Ki1(x3, 3),
K (x3, 8) in powers of the crack extension length §
obtained by Leblond (1989) and Lazarus et al. (2001a)
to be applicable. These expressions give the SIFs after
propagation K ,(x3,§) in function of the initial SIFs
K, (x3), p=L1ILIIL Denote k), the mean value of these
quantities:

d
1
kp = ﬁ/Kp(m)dxg (10)
—d

If |kmr/ k1| < 1 and |kr/ k1| < 1, the criteria MVK and
MVG then give respectively the following formulas for

Pm:

8¢
87
d ki
om = -— (11)
" H_16\/§ S, 568 62-3vs ki
3 a 12 a T 2—v d
4%
Om =
@ ) 1+ 4 /25, 16 5c+22—3V55
o o & 20 P % 2 O
3 37V a 372 a w2—-v d
k
x 1 (12)

ki
These theoretical expressions of ¢, were obtained ana-
lytically for |kmr/ k1| < 1 and |kr1/ k1| < 1. However,
©m can be computed numerically for arbitrary values of
Km/K1(x3) and K11/ K1(x3). The results show that the
analytic formulae are valid even for ki1/ k1 and k1 / k1
of order unity.

Equations 11 and 12 give ¢,, in function of the given
specimen geometry a, d, material v and the loading
kmi/ k1 and of the length §. of the facets. Hence, to
apply these criterions, we have to determine theoreti-
cally the length of the facets in function of the geometry
and the loading of the specimen. Yet, the length of the
facets §. is linked to the orientation v of the facets and
to the rotation rate ?1—1; of the macroscopic extension by
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Eq.5. In this expression, { may be estimated through
Eq. 1. After use of Eq.4, this yields:

tan @m Sc = l arctan ﬂ (13)
d 4 (1 —2v)kg
The couple of Eqs. 11, 13 or 12, 13 forms two equa-
tions with two unknown factors ¢, and §. that can be
solved numerically to obtain §. and ¢,, as a function of

a,d,v, ki /ki.

4 Comparison with the experiments
4.1 Determination of the SIF

The Stress Intensity Factors are computed using the
program ADAPCRACK3D developed at the Institute
of Applied Mechanics at University of Paderborn
(Fulland et al. 2000; Schollmann et al. 2003). It is a
Finite-Element based tool for simulation of crack prop-
agation processes in three-dimensional structures. The
program delegates the determination of the mechanical
fields to the commercial FE-Solver ABAQUS. Using
these fields, the SIFs for all three fracture modes are
then determined by the module NETCRACK3D by
the use of the MVCCI-method (Rybicki and Kanninen
1977; Buchholz 1984). They are given in Fig. 6 for one
half of the front (the other part can be deduced from
the fact that due to symmetry considerations, K1/ K7
is an odd function of x3 and Kyy/Kj is an even one).
Results for the points located at points x3 = +d shall be
disregarded since the classical SIFs cannot be defined
at these free surface points (Bazant and Estenssoro
1979) due to the corner singularity, which differs from
—1/2. One observes that K1 predominates over K,
that K1/ K7 is nearly uniform and increases while y
decreases (more inclined notch).

4.2 Comparison between MTS, 3DMTS, MVK
and MVG

By measuring the “kink” angle « at the free surfaces
7z = =+t /2, using Eq. 3 the kink angle ¢, for x3 = £d
is obtained and using Eq. 2 their values for the interior
points of the front. Figs.7 and 8 compare the experi-
mental kink angle along the front with the ones obtained
by, on the one hand, MTS and 3DMTS criteria and on
the other hand, MVK and MVG criteria (again only
the values for one half of the front is plotted thanks
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Fig. 6 Stress Intensity Factors for the initial slit. a Kj;/Ky;
b Ky /K

to symmetry and external points shall be disregarded

since SIF are not defined at these points).

The following observations become apparent:

1. Despite the two concepts rely on totally different
aspects of the loading situation of the crack front
both predictions of the kinking angle are quite sat-
isfactory.

2. For the MTS and 3DMTS criteria, an excellent
agreement is found near the free surfaces. But the
kink angles are notably underestimated in the mid-
dle of the front. This is not surprising, since the small
initial facets, which could be observed in the exper-
iments, suggest that the twisting linked to mode 111,
1s of relevance in those cases. Due to its omission,
the twisting of the whole crack front is underesti-
mated.

3. For the MVK and MVG criteria an excellent agree-
ment with the experiments can be found. The rela-
tive errors are less than 5% for y =75°, 60° which
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Fig. 7 Comparison of MTS, 3DMTS and MVK, MVG. ay =

75° by = 60°; ¢ y = 45°

may be explicated by the uncertainties of measure
that can be estimated to be ~ 10%. For y =45°,
the error is about 20%. The error increase may be
due to the lack of taking K7y into account and to the
use of a first order expression of ¢, with respect to
K/ K which is less valid for smaller values of y .

@ Springer

x3/d

Fig. 8 Relative error.a y = 75°; b y = 60°; ¢ y = 45°

4,

For y =75°, 60° MTS and 3DMTS give very sim-
ilar results, but for y =45°, MTS seems to be more
accurate. It seems that the kink angle is better pre-
dicted by maximize the opening stress on facets con-
taining the crack front (MTS) than on any facets in
front of the tip (3DMTS). Hence even in presence
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of mode III, MTS or equivalently PSL shall be used
rather than 3ADMTS.

5. Criteria MVK and MVG yield very similar values,
hence are difficult to discriminate by the experi-
ments. Nevertheless, a more precise estimation of
the errors gives a slight advantage to MVK. It was
still the case in Lazarus et al. (2001b) for similar
experiments made on steel.

4.3 Propagation path by ADAPCRACK3D

Even if global type criteria give better prediction for the
initial kink angle, application of the local type ones ite-
ratively during propagation gives a crack surface very
similar to the experiments (see Fig.9 compared to 3a).
This demonstrates the ability of ADAPCRACK3D to
perform simulations of 3D crack propagation paths,
even if the initial kink angle is slightly underestimated.
The mesh and the deformation of the specimen during
computation is depicted in Fig. 10.

(a)

.

Fig.9 Computed crack paths.ay = 75°;by = 60°;cy = 45°

Fig. 10 Deformed FE-model of the 3PB-specimens (y = 45°,
displacement magnification factor DMF=50). a With initial
crack; b After 20 steps of simulated incremental fatigue crack
growth

5 Conclusion

By comparison of the criteria with the experiments, one
can notice that:

— The presence of both mode II and mode III along
the crack front implies that both investigated criteria
give good results concerning the development of the
crack front in 3PB specimen under notable mode III
influence.

— The global type criteria by Lazarus and Leblond,
which was especially designed for those crack cases,
predict the macroscopic deflection of the crack front
by supposing that the whole front twists around the
direction of propagation to annihilate mode III. Its
results match the experimentally obtained crack
development with excellent accuracy. But the crite-
rion, specially designed for these experiments, seems
difficult to be extended to any other configuration.

— The local type MTS criteria predict crack growth
by definition of a local kinking angle that annihi-
late mode II. They differ more from the experimen-
tal findings than the predictions of the criterion by
Lazarus and Leblond, since they disregard the local
twisting 1 due to mode III. But they are of greater
universality, as it is applicable to arbitrary 3D-crack
problems.

— Moreover from a global point of view the smaller
rotation rate resulting from the underestimation of
the crack front twisting due to the disregard of the
twisting angle does not notably change the overall

@ Springer
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shape of the final crack surface. Hence MTS crite-
rion seems sufficient for any practical engineering
purposes.

It can finally be concluded, that obviously the crack
front rotation, which is observed under notable mode I11
influence in 3PB specimens, can be described by both
local and global type criteria. Hence, it is not possible
to definitely conclude whether the twisting observed in
3PB or 4PB is a mode II or a mode III effect. But since
the global type criterion gives better results, one shall
conclude that it is rather a mode III one.

Now, a more extensive experimental study of crack
propagation paths in presence of mode III shall be
done. The conditions of transition between these seve-
ral crack patterns (abrupt or progressive, one-piece or
piecewise twisting, see Fig. 1) shall be lightened. The
size effects, loading conditions on the spacing and rota-
tion angle of the factory-roof patterns shall be
studied. Extensive comparison of the twisting angle
of 3DMTS criterion or the empiric formula (1) with the
twisting of the facets are envisaged in a near
future.
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Abstract

One considers a planar tunnel-crack embedded in an infinite isotropic brittle solid and loaded in mode 2 + 3 through
some uniform shear remote loading. The crack front is slightly perturbed within the crack plane, from its rectilinear
configuration. Part I of this work investigates the two following questions: Is there a wavy “bifurcated” configuration of
the front for which the energy release rate is uniform along it? Will any given perturbation decay or grow during
propagation? To address these problems, the distribution of the stress intensity factors (SIF) and the energy release rate
along the perturbed front is derived using Bueckner—Rice’s weight function theory. A “critical” sinusoidal bifurcated
configuration of the front is found; both its wavelength and the “phase difference’ between the fore and rear parts of
the front depend upon the ratio of the initial (prior to perturbation of the front) mode 2 and 3 SIF. Also, it is shown
that the straight configuration of the front is stable versus perturbations with wavelength smaller than the critical one
but unstable versus perturbations with wavelength larger than it. This conclusion is similar to those derived by Gao and
Rice and the authors for analogous problems.
© 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Tunnel-crack; Shear loading; Mode 2; Mode 3; Crack front; In-plane perturbation; Bifurcation; Stability; Bueckner—Rice
theory; Weight functions

1. Introduction

Consider a plane crack with arbitrary contour %, embedded in an arbitrary isotropic elastic body Q. Let
M denote the generic point of 7. If the crack advances, under constant loading, by a small distance da(M)
within the plane in the direction perpendicular to the front %, the variations 8K, (M), m =1, 2, 3 of the
stress intensity factors (SIF) at point M are given, to first order in the perturbation, by the following
formulae:
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OKn(M) = [8Kn(M)] 500011 =5a(1) + NomnKn (M) d6z(sM) +PV / Zn(Q; M, MK, (M")[3a(M') — 8a(M)]ds’,

7
(1)
where s, s’ denote the curvilinear abscissae along the front of points M and M’ respectively, and Einstein’s
implicit summation convention is employed for the index n = 1,2, 3. In these equations, the K, (M) are the
initial SIF (prior to perturbation of the crack front). The [8K.,(M)]s, =541 are the values of the 8K,,(M)
for a uniform advance equal to da(M) (da(M') = éa(M),YM' € F). The N,, are the components of a
universal (geometry-independent) operator. They are given by (other components being zero):

2 2(1 —v)

N3 = 2
2—y TP 2y (2)
where v denotes Poisson’s ratio. The Z,,(Q; M, M’) are the components of a non-universal (geometry de-
pendent, whence the argument “Q”") operator Z called the fundamental kernel in the sequel, since it appears

as the kernel of the principal value (PV) integral. Some general properties of these functions are as follows:

Zum( QM M) = Z,,(2M', M), (m,n) = (1,1);(2,2);(3,3); (1,2),

Nyz = —

3
Z,( QM M) = (1 =) Z3(Q;M' M), n=1;2, (3)
1

: . ! 2 AN
A}}Tlel(Q7M7M)D (M7M) - 27’

. 2 , 2—3y

lim Zo(Q; M, M)D*(M,M') = ———"_

. 24w

. / 2 AN

i, 2 (@5 M MOD (M M) = 5

A},imMZ,,m(Q;M,M’)DZ(M,M’) =0, m#n,

where D(M,M’) denotes the Cartesian distance between the points M and M’. Note that Eq. (4) warrant
that the integral in Eq. (1) makes sense as a Cauchy principal value.

Eq. (1) was first established by Gao and Rice for various particular cases: the half-plane crack in mode 1
(Rice, 1985) and 1 + 2 + 3 (Gao and Rice, 1986), the circular connection in mode 1 (Gao and Rice, 1987a),
the penny-shaped crack in mode 1 (Gao and Rice, 1987b) and 1 + 2 + 3 (Gao, 1988). In all these papers, the
fundamental kernel did not appear in the generic name Z but in an explicit form depending on the con-
figuration studied. Eq. (1) was then extended by Rice (1989) and Nazarov (1989) to arbitrary planar crack
shapes in mode 1, and finally by Mouchrif (1994) and Leblond et al. (1999) to cracks of completely ar-
bitrary, non-planar shapes including possible kink angles and arbitrary combinations of modes. In these
more general cases, since the fundamental kernel depends on the geometry which was supposed to be more
or less arbitrary, it appeared under a generic form; Z is the notation used in Leblond et al. (1999). The
values of the N,,, given by (2) can be deduced from the works of Rice (1985), Gao and Rice (1986, 1987a,b)
and Gao (1988). Finally, properties (3) and (4) were proved for arbitrary plane cracks loaded in pure mode
1 by both Rice (1989) and Nazarov (1989), and for arbitrary curved crack geometries and mixed mode
conditions by Mouchrif (1994) and Leblond et al. (1999). All these works heavily relied on the use of
Bueckner—Rice’s weight-function theory (Bueckner, 1970; Rice, 1972; Rice, 1985).

In all the above-mentioned special cases, the problems of configurational bifurcation and stability of the
crack front during in-plane propagation, under uniform remote loading, could be addressed by using
the explicit expression of Z in Eq. (1) to calculate the energy release rate along a slightly perturbed front.
The bifurcation problem was the following one: is there, in addition to the trivial, initial (straight or circular)
configuration of the crack front, some non-trivial, wavy configuration for which the energy release rate
is still uniform? The stability problem was as follows: if the crack front is slightly perturbed within the crack
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plane, will the perturbation decay or increase as propagation proceeds? This issue could be addressed by
considering that the perturbation decayed if the energy release rate was lowest at the most advanced parts
of the crack front, and that it grew if the opposite held true.

For half-plane cracks and internal circular cracks under mixed mode loadings, and for circular con-
nections under mode 1 loading, Rice (1985), Gao and Rice (1986, 1987a,b) and Gao (1988) have shown that
there is a sinusoidal bifurcated configuration of “critical” wavelength A., and that stability prevails for
perturbations of wavelength smaller than /. and instability for wavelengths larger than it. An analogous
result has been established for interface half-plane cracks by Lazarus and Leblond (1998). However, for half-
plane cracks, as pointed out by Gao and Rice (1986) because of the lack of a characteristic lengthscale in the
problem, the somewhat deceiving conclusion is only that “planar crack growth should be configurationally
stable to perturbations involving wavelengths that are small compared to overall body or crack dimensions”’.
Leblond et al. (1996) have introduced a characteristic lengthscale by studying the runnel-crack under mode 1
loading. They have shown that the critical wavelength /. is a characteristic multiple of the crack width and
that the critical bifurcated configuration is symmetric with respect to the middle axis of the crack.

The aim of Part I of this work is to consider the same bifurcation and stability problems for the tunnel-
crack as Leblond et al. (1996), but for mixed mode (2 + 3) shear loadings. Propagation is assumed to be
coplanar; this is reasonable provided that the crack is channeled along a planar surface of low fracture
resistance, which can be the case for instance for a geological fault. Also, propagation is considered to be
governed by the local energy release rate, the critical value of which is assumed to be independent of mode
combination. Again, this is reasonable (Rice, private communication) for coplanar propagation along a
weak surface, since energy dissipation occurs through the same physical mechanisms (shear and friction) in
both modes 2 and 3.

Bifurcation and stability issues of course depend on the geometry considered. Therefore some general
properties of the operator Z for a tunnel-crack, are needed as a prerequisite. These properties are ex-
pounded in Section 2. They allow us to derive, in Section 3, an expression of the variation of the energy
release rate due to a small wavy perturbation of the crack front that forms the basis of our discussion of
bifurcation and stability problems. In Section 4, it is then shown that there is a critical, sinusoidal bifur-
cated configuration of the front. Its wavelength is a multiple of the width of the crack and depends upon the
ratio of the mode 2 and 3 initial SIF (prior to perturbation of the front). Also, the bifurcated configuration
is symmetric with respect to the middle axis of the crack only for initial conditions of pure mode 2 or 3; for
mixed mode conditions, there is a “phase difference’ between the bifurcated configurations of the fore and
rear parts of the crack front. The stability issue is addressed, in Section 5, only in some simple, special cases
where the extrema of the perturbation and the energy release rate coincide. It is shown that in the most
interesting case, stability prevails for perturbations of wavelength smaller than the critical one.

It should be noticed that a significant part of the analysis of bifurcation and stability can be carried out
using only the properties of the fundamental kernel Z expounded in Section 2, that is without explicitly
knowing its components. However, such an explicit knowledge is of course necessary for a fully quanti-
tative analysis. But the calculation of Z is long and complex; for reasons of compactness of the present
paper, we shall therefore merely accept its results here and postpone its detailed presentation to Part II.

2. General properties of the fundamental kernel Z
2.1. Definitions and notations
The situation considered is depicted in Fig. 1. The crack lies on the plane y = 0 and the fore and rear

parts of the front are parallel straight lines of equation (x = a) and (x = —a) respectively. The position of a
point M of the front is specified through the Cartesian coordinate z*, where the upper index indicates
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Fig. 1. Tunnel-crack of width 2a.

whether the point considered belongs to the fore (x = a) or rear part (x = —a) of the front. The SIF at a
point M of the front are defined with respect to the local set of axes (x, y,z) if M belongs to the line (x = a)
and (—x, —y,z) if it belongs to the line (x = —a).

The only geometric parameter in the problem is the half-width a of the crack; it follows that the influence
of the argument “Q” upon the fundamental kernel Z(Q; M, M’) in fact reduces to a dependence of this
operator upon a. Furthermore, the problem is invariant in the direction z of the crack front and simple
dimensional considerations in Eq. (1) show that Z(Q; M, M’) = Z(a;z*,2*) is positively homogeneous of
degree —2 with respect to its three arguments. Combining these features with the obvious symmetry with
respect to the central axis Oz, one concludes that the fundamental kernel can be written in the following
form:

a2 = 2aie ) =S )
Z(a;z",27) = L(a;z,27) = w7 )

where, in virtue of Eq. (4), the components of operators f and g are bounded for z — z and verify the
following properties:

lim fi1(¢ —2)/a) = 5

i , 2—3v

;E}fzz((z —z)/a) = (2 —v) )
2+

fim fis((2' —2)/a) = 55—
lim f,,,(( —z)/a) =0, m#n.
Another basic property of f and g is that:

fo=fu=fu=f1=gn=gu=g3=g1=0. (8)
This is because, as is well-known, tensile and shear problems are uncoupled for a planar crack with an
arbitrary contour in an infinite body; that is, if K, = 0 and K3 = 0 (tensile problem), the variations 6K, and
0K; are zero when the crack propagates within its plane; and similarly if K; = 0 (shear problem), 6K; = 0.
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Furthermore, elementary considerations of symmetry with respect to the plane z = 0 show that fi1, /2,
f33, €11, &2, 33 are even, and f23, €23, /32 and g3, are odd functions. Egs. (3), (5) and (6) then imply that (with

u= (7 —z)/a):
Sr(u) = (1 =v)fi(—u) = —(1 —v)f(u),
gn(u) = (1 —v)gun(—u) = —(1 — v)gxs(u).

Therefore, the fundamental kernel Z is entirely determined by the eight components 11, 22, 33, 23 of the
operators f and g.

©)

2.2. Expressions of the 6K,,, m = 2,3 in terms of fand g

As already mentioned, for the tunnel-crack under shear loading, 6K, = 0. Furthermore, for m = 2, 3,
with the notations (5) and (6) and because of properties (8) and (9), the fundamental Eq. (1) reads for a
point M*(z*) belonging to the line (x = a):

2 dda
8K (27) = 18K (2" suge)zoater) — 53— Ko () - (27)

+PV/_+OO [ 22<Z/;Z>K2(Z’+) +f23(ZI;Z>K3(z’+)] da(z") = daz") 4

o0 (Z —z2)°

+ /+°° [gzz(Z/;Z>K2(z'_) +g23<Z,;Z>K3(2’_)] da(z"”) — da(z") dz'. (10)

2
00 a

2(1 —v) dda
8K3(Z+) = [6K3(Z+)}8a(z’i)53a(z+) + 2y KZ(ZJr)E(ZJr)

+PV /_m [ . <Z/ - Z>K3(Z’+) — (1= V)fn (Z/ - Z>K2 (f)] Sa(z") = dalz) 4

50 a (2 —z)°
oo Z—z , Z—z | da(Z") —8a(z") ,,
# [ e (B ) - 0 - e (7 )| S
oo a a a
The values of 6K, (z~) and 6K;(z™), for a point M~ (z~) belonging to the line (x = —a), are given by the same
expressions with the obvious substitutions z© — z7, 2+ — Z/F,

3. Perturbation of the tunnel-crack under uniform remote shear loading

Let the tunnel-crack be subjected to some uniform remote plane () and antiplane (t,) shear loading so
that Cauchy stress tensor at infinity reads 6., = 1,(e, ® &, + &, ® &,) + Tu(e, ® €. + €. ® e,). Then the
SIF, prior to any perturbation of the front, are given by:

Ki(z5)=0; K(z)=1Wra=K; K@) =tnvma=K; K )=-tw/ra=-K =K;.
(12)

The variation of the SIF will be studied for three types of perturbation of the front: translation, rotation
and sinusoidal undulation (Fig. 2). The study of the translation will serve to simplify (in the case of a
uniform remote loading), the expressions (10) and (11) of 6K,(z") and 8K;3(z"). The study of the rotation
will allow the calculation of some integrals involving operators f and g. These integrals are given here
although they will be needed only in Part 11, because the reasoning is similar to that for the translation. The
study of the sinusoidal undulation is a necessary prerequisite for that of the bifurcation and stability
problems.
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-p 7,

Fig. 2. In-plane perturbations of the tunnel-crack under uniform remote shear loading. (a) Translation of both parts of the front. (b)
Translation of the rear part of the front. (c) Rotation about the Oy axis. (d) Wavy front.

3.1. Translation of the front

If both parts of the front move by a uniform amount d« as in Fig. 2(a), the new SIF are those of a tunnel-
crack of width 2(a + da) subjected to the remote loading ¢.,. Hence to first order in da/a:

da
[8K2 (Zi)]ﬁa(z’i)zﬁa = KZ P

28aa da (13)
[8K3 (Z+)]8a(z’i)55a - K; Z ) [8K3 (Z_)]Ba(z’i)z&z = KS’_ Z .

If now the sole rear part of the front moves by an amount da as in Fig. 2(b), the new SIF are those of a
tunnel-crack of width 2a + 8a subjected to the remote loading 6.. Thus 8K,(z*) = (K»8a)/(4a) and
0K3(z*) = (Kida)/(4a). Egs. (10) and (11) then yield:

/ﬂcgzz(u) du = — /+OC gu(u)du = %, /+00 gx(u)du =0. (14)

oo oo o0

The last relation was obvious a priori since g3 is odd.
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By using Egs. (13) and (14), the relations (10) and (11) can be rewritten in the following slightly sim-
plified form (for a uniform remote loading):

+ +oo /o +) +
5K2(z+):&6a(z ) 2 K;d—&l(f)—}—KzPV/ f22<zaz> da(Z") — da(z )dz'

4 a 2—v dz . (2 — 2)2
KT / :" o (f - ) sau(;)__j;(zw . /: . <ZJ - ) )
+K3/_:og23<5;2>%dz’, (15)
o (), ()

- (1=K /:O g2 (Z/;Z> Baizzl) dz, (16)

where the “PV” symbols have been canceled in the integrals involving f>; since this function is odd.
The expressions of 8K,(z~) and 8K;3(z™) are similar with the substitutions z© — z—, Z* — ZF, K — K7

3.2. Rotation of the front

Let us suppose that the perturbation is a rotation of both parts of the front about e, as in Fig. 2(c) so
that da(z") = 80.z and da(z~) = —80.z, |60| < 1. Then to first order in 36, the new SIF are those of a
tunnel-crack of width 2a subjected to the uniform remote loading (1, —80.7,)(e, ® e, + e, ® e,) +
(ta +80.75)(e, ® e, + &, @ e,) where ¢, and e, are defined in Fig. 2(c). Thus 8K,(z*) = —80.K; and
dK;(z*) = +860.K,. Relations (15) and (16) then yield a system of two equations in the two unknown in-

tegrals [ fo3(u)(du/u) and [*7 ugr(u)du, the solution of which reads:

oo du v?
/OC fos(u)— = T2 — W (17)
/:Ougzg(u)duzz(lv_v). (18)

3.3. Wavy perturbation of the crack front
Let us now suppose that, as in Fig. 2(d):

da
b

o4

—

zt) =atcos(ktz+ ¢")

Y=o cos(kz+ ¢ ) (19)

o
~— << 1.
a

+ 2
-/ N
R

|
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Then, by substituting Eq. (19) in (15) and (16) and using the notation
P =kta, (20)

(p*, p~ are “reduced”, dimensionless wavevectors), one finds to first order in («*/a), after a lengthy but
straightforward calculation:

o) = L cos(kz 4 9" VKafoap) o Sin(kz 97 )K ifn(p) + L coslhz + ¢ Katinp)

+ 2 sin(kz + ¢ 7K ign (), @1

3K;(z") = % cos(k™z+ ¢NK{ fis(p™) — (1 =) % sin(k*z + ¢ ") Kaifa (ph)
+ 2 cos(k 2+ ¢ )Ks gu(p) — (1= ) sin(k 2 + ¢ )Kaign (), (22)

the expressions of 3K,(z~) and 8K;3(z~) being given by the same formulae with the obvious substitutions
+ < F for the superscripts of «, k, p, ¢ and K;. In these expressions, the functions f,,, are defined as:

- 1 oo e —1 1 oo cospu — 1

fmn(p) - Z+PV/_OO fmn(”) w2 du = Z+2/0 fmn(“)T du’ (m,n) - (2a2)a (373)7
- 2 oo e — 1 2 . Y e sin pu

T (p) :—2_le—|—PV/OC Foa ) — du:—z_vlp—i-Zl/O Fs(u) uf du,

(23)

(where use has been made of the parity properties of the f,,). Also, the functions g,, are the Fourier
transforms of the g,, defined as:

+00
&Mh/ Zun(10)e™ du,

oo

&Mﬁﬂlmmwwwwhww=@%6@ (24)
=

+o00
&»(p) = Zi/ g23(u) sin pudu,
0

(where use has been made of the parity properties of the g,,).
Notice that f3, f33, €55, €33» 1f23, 1853 are real so that the expressions (21) and (22) of 8K, (z") and 8K;(z)
are real in spite of the presence of the imaginary number 1.

4. Study of the bifurcation problem

Any sinusoidal perturbation of the crack front may be written, for a suitable choice of the origin, in the
form (19) with ¢" =0, ¢~ = ¢ € [-n,n), and o, o, p*, p~ > 0. The bifurcation problem consists in
looking whether there are some constants («*, o, p*, p~, ¢) for which the variation of energy release rate 6%
due to the perturbation (19) vanishes. (In fact, what is really to be investigated is 0% — 6%. where %, denotes
the critical value of ¢; but this is equivalent to studying 6% since ¥. is assumed to be a constant, independent
of mode combination). Such a set of variables (at, o=, p*, p~, ¢) will be called a bifurcation mode.
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4.1. Expression of the variation of the energy release rate

Expanding Irwin’s formula to first order in («*/a), one finds that the variation of the energy release rate
due to the perturbation (19) is:

1 —?

39(z*) =2 %Kfszg(zi) , (25)

K>8K,(z5) + T

where E is Young’s modulus and 8K, (z*) and 8K;(z*) are given by Egs. (21) and (22). Hence, substituting 0
for ¢* and ¢ for ¢~ in these equations, one finds that

39(z7) = 21 ;jv Kzz{ "F(p")cos(ktz) + o~ [G(p~)cos¢p + H(p~) sin ¢] cos(k z)
o  [H(p~)cos¢p — G(p~)sin¢|sin(k z)}, (26)
3%9(z7) = 1 K { “F(p)cos (k" z+ @) + ot [G(pT)cos ¢ + H(p™) sin ¢ cos(kTz + )
+a [—H(p*)cosqb—i— G(p*)sind]sin(k™z+ ¢)}. (27)

In these expressions F(p) = F(p, K /K>), G(p) = G(p, K5 /K>), H(p) = H(p, K /K>) are the quantities given
by:

Fip) = Folp) + 7 " Pl
G(p) = &) ~ 1 ‘i 25 (28)

H(p) = —zi%gzsco»

It was noticed by Gao and Rice (1986), Gao (1988), Lazarus and Leblond (1998) that the extrema of the
perturbation of the front and of the energy release rate coincide for a half-plane or a penny-shaped crack in
an homogeneous body, and for an interface half-plane crack. One could therefore speculate that this was a
“general property”’. However, since the terms proportional to sin(k z) and sin(k"z + ¢) do not vanish in
the expressions (26) and (27) of 8%(z*), this property does not hold for the tunnel-crack.

4.2. Graphs of functions fa, f33, &2 &350 &23
Knowledge of the functions f, f33, 82, £33 £23 NOW becomes necessary to pursue the discussion. For the
sake of shortness of the present paper, the rather involved calculation of these functions is postponed to

Part II and we shall only give here the results obtained, for the value v = 0.3 of Poisson’s ratio, in the form
of graphs. (see Figs. 3 ' and 4.)

4.3. Case where p* # p~

If p* # p~, for 8%(z*) to be zero for all z* and z~, the terms proportional to cos(k*z), cos(k™z), sin(kz)
in the expression (26) of %(z"), and those proportional to cos(k~z + ¢), cos(k™z + ¢), sin(k™z + ¢) in the

! Since f»; does not appear in expressions (26) and (27) for 8%(z*), this function is not given in Fig. 3.
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expression (27) of 8%(z~) must be individually zero. Since we are looking for non-trivial solutions, one of
the coefficients o™, o™, say o, must be non-zero. The preceding conditions then implies:

F(p*)=0; G(p")cos¢p+H(p")sing=0; H(p")cos¢p —G(p")sing =0
and thus F(p") = G(p™) = H(p") = 0. Now it is clear from definitions (28) and Figs. 3 and 4 that F(p™)

only vanishes for some p* # 0 whereas H(p") only vanishes for p™ = 0. Thus these conditions cannot be
satisfied for a single p*. Hence:

There is no bifurcation mode with p* # p~. (29)
4.4. Case where p* =p~ =p
If pt = p~ = p, for 8%9(z*) to be zero for all z* and z~, the terms proportional to cos(kz) and sin(kz) in

the expression of 6%(z"), and those proportional to cos(kz + ¢) and sin(kz + ¢) in the expression of 3%(z")
must be zero. This implies that:
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aF(p) + o (G(p)cos ¢ + H(p)sinp) =0
a F(p)+ o (G(p)cos¢p + H(p)singp) =0
H(p)cos¢ — G(p)sin ¢ = 0.

The first two equations imply that o™ /o~ = o~ /ot = ot = +o~. Since we have chosen o" and o~ to be
positive:

ot =0 =a#0
F(p) +G(p)cos¢p + H(p)sing =0 (30)
H(p)cos¢ — G(p)sin¢g = 0.

Using second and third equations of (30), one gets cos¢ = —F(p)G(p)/(G*(p) + H*(p)), sin¢ =
—F(p)H(p)/(G*(p) + H2(p)). Use of the relation cos? ¢ + sin® ¢) = 1 then yields

(1) =+yo) - 7 61)
cos ¢ = —G(p)/F(p). sin = ~H(p)/F(p).

For a given ratio Ky /K>, first relation of (31) is an equation on p the solution of which represents the
“critical reduced wavevector”. It can be solved numerically for each value of K3 /K, using values of the
functions f,,, and g, given in Figs. 3 and 4. The second equation of Eq. (31) then define the corresponding
“critical phase difference” between the configurations of the fore and rear parts of the front.

Since f(0) = f33(0) = £5,(0) = —33(0) = 1/4 and £,;(0) =0 (see Egs. (14), (23) and (24)), F(0) =
G(0) = (14 (1/(1 —v))(K5?/K?))/4 and H(0) = 0 (see Eq. (28)). Therefore, if one chooses the sign + in
first equation of (31), one finds that p = 0, ¢ = —= is a solution. This is a trivial bifurcation mode which
merely corresponds to some translation of the crack in the x-direction. One can check numerically that this
is the only one for the choice of the sign + in first equation of (31).

However, if one chooses the sign —, the resolution gives another unique, non-zero solution p. and a
corresponding angle ¢,, which define a non-trivial bifurcation mode. Hence there is a single such mode
defined by the following equations:

{F(Pc) = _\/Gz(pc) +H2(pc) (32)
cos ¢, = —G(pc)/[F(pc),sin . = —H (pc) /F (pe)-

10

A/ a

0.01 0.1 1 10 100
Ky /K

Fig. 5. Critical reduced wavelength versus the ratio of the initial SIF.
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Fig. 7. Symmetric and antisymmetric modes.

Figs. 5 and 6 2 represent the “critical reduced wavelength” J./a = 2n/p. and the critical phase difference ¢,
of the bifurcated mode as functions of K3 /K, for v =0.3. K; /K, is assumed here to be positive; it is
obvious that if it changes sign, /. remains unchanged and ¢, changes sign. One sees that the critical
wavelength is larger in pure mode 3 than in pure mode 2. Also, the critical phase difference vanishes in pure
mode 2 and mode 3, that is, the bifurcated configuration becomes symmetric with respect to the middle axis
O:z of the crack in these cases (see Fig. 7(a)). It is recalled that the bifurcation mode was also found to be
symmetric for a pure mode 1 loading (Leblond et al., 1996). Moreover ¢, € (—=n/2,7/2), hence the bi-
furcated mode is always closer to a symmetric configuration (¢ = 0, Fig. 7(a)) than to an antisymmetric one

(¢ = —m, Fig. 7(b)).

2 Note that, in spite of appearances, the curve in Fig. 6 is not symmetric with respect to the vertical line Ki /K, = 1; for instance
¢, ~= 7.89" for K§ /K, = 0.1 and ¢, ~ 7.38° for K5 /K> = 10.
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5. Study of the stability problem

The question here is as follows: if the crack front is slightly perturbed within the crack plane, will the
perturbation increase (instability) or decay (stability) in time? Equivalently, will the crack front depart
more and more from straightness or tend to again become straight? But since not only the amplitude but
also the shape of the perturbation change during propagation, the very notions of “increase’” and “‘decay”
of the perturbation are ambiguous and prone to problems of definition, so that the stability issue is
complex.

In fact, we shall deal with it only in a special case for which the discussion becomes very easy and in line
with previous ones of Gao and Rice cited above. This case corresponds to wavy perturbations with
pT=p =p,o" =o =oand ¢ given by third equation of (30). Indeed the terms proportional to sin(kz)
and sin(kz + ¢) in the expressions (26) and (27) of 6%(z") and 8%(z~) then vanish so that the extrema of
8% (z") coincide with those of da(z"), and similarly for those of 8%(z~) and da(z~). One then simply gets
stability if the maxima of 6% (z*) and 8%(z~) correspond to the minima of da(z") and da(z™~), and instability
if they correspond to the maxima of da(z*) and da(z™). This holds true whatever the propagation law
governed by the energy release rate provided that it is independent of mode combination, and in particular
for brittle fracture governed by the criterion ¥ = %, if %, is independent of K /K.

Stability then prevails if the cofactors of cos(kz) and cos(kz + ¢) in the expressions of 6%(z") and 6%(z")
are negative >:

Stability <= S=F + Gcos¢p + Hsin¢p <0, tan¢ = H/G. (33)
Now,
tang = H/G = (cos ¢, sin¢p) = i(G,H)/\/m
= F+Gcos¢p+Hsinp =F + \/m

Therefore the stability condition (33) may be written as follows:

. (G,H)
S=F++VG*+H? <0 and (cos ¢,sin ¢p) = ————=
G*+H?

Stability <= < or (34)

) (G,H)
S=F—-+vG*+H?<0and (cosp,sin¢gp) = ———=—.
v (cos sin ) = ——

Thus we should distinguish between the cases (cos¢,sin¢) = (G,H)/VG*>+ H?> and (cos¢,sin¢) =
—(G,H) /G + H:

¢ The more interesting case corresponds to (cos ¢, sin ¢) = (G, H)/v G + H?. Then, for each ratio K3 /Ko,
using the values of the functions f,,, and g,,, given in Figs. 3 and 4, one can check that S is positive for
p < p. and negative for p > p.: for instance, for p =0, F = G = (1+ (1/(1 —v))(K;?*/K?))/4 > 0 and
H =0 (see above) so that S=F+ G >0, and for p — +00, F —> —00, G — 0, H — 0, so that
S ~ F < 0; also for p = p., S = 0 by first equation of (32). Hence stability prevails for p > p..

¢ In the less interesting case where (cos ¢,sin ¢) = —(G,H)/vG*> + H?, S is negative for all ratios K5 /K,
and values of p; for instance, for p=0, S=F—-G=0, for p — +00, S~ F <0, and for p =p,,
S = -2V G? + H? < 0 by first equation of (32). Thus stability always prevails.

3 In these equations and the sequel, indications of dependence of functions F, G, H and S upon p are left out for the sake of
simplicity.
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Now consider an unstable configuration, having thus p < p. and (cos ¢,sin¢) = (G,H)/VG*> + H>.
Then A/a =2n/p > A./a = 2n/p. > 4.5 (see Fig. 5) = p < 1.4 = —g4; > 0 (see Fig. 4) = G > 0 (see second
equation of (28) and Fig. 4) = cos¢ > 0= ¢ € (—n/2,7/2). On the other hand, consider a (stable)
configuration having also p < p. but (cos ¢,sin¢) = —(G,H)/vG*> + H?. Then, by the same reasoning,
cosp <0 = ¢ €[-n,—n/2]U(n/2,n). Thus, among configurations having p < p., unstable ones are
characterized by the fact that they have ¢ € (—n/2,7/2). Since configurations having p > p. are stable,
unstable configurations are completely characterized, among all possible ones, by the fact that they have both
p <p.and ¢ € (—n/2,7/2); that is, their wavelength is larger than the critical one (4 > A.) and they are
closer to a symmetric configuration (¢ = 0, Fig. 7(a)) than to an antisymmetric one (¢ = —=, Fig. 7(b)). In
more discursive terms:

e If the configuration of the front is closer to a symmetric one than to an antisymmetric one, stability pre-
vails for wavelengths smaller than the critical value and instability for wavelengths greater than it. This find-
ing is similar to those of Leblond et al. (1996) in pure mode 1, Gao and Rice (1986) and Gao (1988) for
half-plane and penny-shaped cracks in mode 1 and 2 + 3, and Lazarus and Leblond (1998) for interface
half-plane cracks in mode 1 + 2 + 3.

e If the configuration of the front is closer to an antisymmetric one than to a symmetric one, stability pre-
vails for all wavelengths.

Two final remarks are in order. First, what was considered above was (just like in previous works of Gao
and Rice cited above) the question of stability versus perturbations of fixed, prescribed wavelength. One
may also raise the question of stability versus arbitrary perturbations. In this respect, the straight config-
uration of the front is inherently unstable, since whatever the crack width, any perturbation having
pr=p,a" =a, (cosp,sing) = (G,H)/VG*>+ H? and /. > /. is bound to develop in time, as discussed
above.

Second, in the case of pure mode 1, for the same geometrical configuration, Leblond et al. (1996) have
studied the stability problem without any restrictions on o and ¢, thus in the absence of coincidence of the
extrema of da(z*) and 8%(z*). It is probably possible to extend their approach to mixed mode 2 + 3. But
the study is then much more involved, and furthermore feasible only for fatigue or subcritical propagation
laws but not for brittle fracture. These were the two reasons for considering only a simple special case here,
leaving the extension of Leblond et al. (1996)’s study to mode 2 + 3 for future work.

6. Conclusions and perspectives

It has been shown that the only non-trivial bifurcated mode has the same amplitude and wavelength A,
on both parts of the front. However, for mixed mode 2 + 3 loading conditions, there is a “phase difference”
¢. between the configurations of the two parts of the front depending upon the ratio of the initial mode 2
and 3 SIF. In contrast, in pure mode 2 or 3, the bifurcated mode is symmetric with respect to the central
axis Oz of the crack.

The stability problem of the rectilinear configuration of the crack front has been studied only for some
simple, special wavy perturbations for which the extrema of the perturbation and the energy release rate
coincide. It has been shown that instability prevails for wavelengths larger than the critical one A, if the
configuration of the front is close to a symmetric one and stability in the other cases, in particular if the
configuration of the front is close to an antisymmetric one.

The wavy bifurcated configuration of the front may recall, although the problem is not of same nature,
the telephone cord blisters appearing in thin films, observed for instance by Gille and Rau (1984) or
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Thouless (1993). But the fore and rear parts of the front of the blister are in an antisymmetric mode and
cannot therefore correspond to our bifurcated mode or instability domain.

This work is liable to extensions along three lines:

(1) The first one would be to discuss stability versus wavy perturbations of fixed wavelength without
any restrictive condition ensuring coincidence of their extrema and those of the energy release rate. This
seems feasible through extension of the work of Leblond et al. (1996) pertaining to the same geomet-
ric configuration but pure mode 1 conditions, to general loading conditions. However, this implies drop-
ping the brittle-type criterion ¥4 = 4. and adopting some subcritical growth or fatigue propagation law
instead.

(2) The second one would be to consider the more general stability problem against arbitrary pertur-
bations. The purpose here would be to study the evolution of the crack front toward “smoothness”, or
contrarily “disorder”. This could be achieved by taking the Fourier transform of the perturbation so as to
reduce the problem to the study of the evolution of sinusoidal perturbations, following the line just sket-
ched. The previous study suggests that Fourier components of wavelength longer than 4. will grow and the
other ones decrease; that is, perturbations of short wavelength will disappear and only those of long
wavelength will develop. But it is difficult to say a priori if the resulting crack front will become more
“smooth™ or more “disordered”. Clearly, these ambiguous notions need to be given an accurate mathe-
matical definition before any discussion is possible.

(3) The third one is related to non-linear effects disregarded in the first-order perturbation analysis. More
specifically, the following problem arises. The critical wavelength evidenced here is proportional to the
width of the crack. Thus, let us consider a wavy perturbation of the crack front of wavelength larger than
the critical one. Then the amplitude of the oscillations will grow, but the width of the crack and therefore
the critical wavelength will do just the same. Therefore the wavelength of the perturbation will become
smaller than the critical one, and stability again prevail, after a certain distance of propagation. But if this
distance is too large, the first-order perturbation method used in this paper may become invalid and non-
linear effects important. It is improbable that this topic can be addressed analytically, but it may be handled
using numerical methods (see for instance, Bower and Ortiz (1990) and Lazarus (1999)).
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Abstract

For any plane crack in an infinite isotropic elastic body subjected to some constant loading, Bueckner—Rice’s weight
function theory gives the variation of the stress intensity factors due to a small coplanar perturbation of the crack front.
This variation involves the initial SIF, some geometry independent quantities and an integral extended over the front,
the “fundamental kernel”” of which is linked to the weight functions and thus depends on the geometry considered. The
aim of this paper is to determine this fundamental kernel for the tunnel-crack. The component of this kernel linked to
purely tensile loadings has been obtained by Leblond et al. [Int. J. Solids Struct. 33 (1996) 1995]; hence only shear
loadings are considered here. The method consists in applying Bueckner—Rice’s formula to some point-force loadings
and special perturbations of the crack front which preserve the crack shape while modifying its size and orientation.
This procedure yields integrodifferential equations on the components of the fundamental kernel. A Fourier transform
in the direction of the crack front then yields ordinary differential equations, that are solved numerically prior to final
Fourier inversion.
© 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Tunnel-crack; Shear loading; Mode 2; Mode 3; Crack front; In-plane perturbation; Fundamental kernel; Bueckner—Rice
theory; Weight functions; Integrodifferential equations; Fourier transform

1. Introduction

Consider a plane crack embedded in an infinite isotropic elastic solid subjected to some arbitrary,
constant loading. Eq. (1) of Part I gives the variation of the SIF resulting from any small, in-plane per-
turbation of the crack front. This equation notably involves an integral extended over the front. As will be
detailed below, the “fundamental kernel” Z in this integral is linked to the weight functions of the crack, i.e.
to the SIF induced on the crack front by unit point forces exerted on the crack lips, in the limit when the
points of application of these forces get infinitely close to the crack front. Therefore, it depends upon the
entire geometry of the crack. It can be deduced for instance from the works of Bueckner (1987) or Meade
and Keer (1984) on weight functions for a half-plane crack, from those of Kassir and Sih (1975), Tada et al.
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(1973) and Stallybrass (1981) for a circular connection and from that of Bueckner (1987) for a penny-
shaped crack. This has been done by Rice (1985) and Gao and Rice (1986) for a half-plane crack, by Gao
and Rice (1987a) for a circular connection and by Gao and Rice (1987b) and Gao (1988) for a penny-
shaped crack. The weight functions and the fundamental kernel are also known for an interface half-plane
crack (Lazarus and Leblond, 1998). For the tunnel-crack, the component Z;, linked to tensile loadings has
been derived by Leblond et al. (1996). The aim of Part 11 of this work is to derive the other components Z,,,
m,n = 2,3 linked to shear loadings. '

The method used is based on both works of Leblond et al. (1996) and Lazarus and Leblond (1998). It is
of “special” rather than ‘“‘general” nature in the terminology employed by Bueckner (1987). This means
that it avoids the calculation of the entire solution of the elasticity problems implied, but concentrates
instead on the sole feature of interest, namely the distribution of the SIF along the crack front. Considering
the complexity of the equations obtained even with such a “reduction”, one may reasonably conjecture that
any ‘“general” method of solution would be intractable.

The principle of our method is to apply Eq. (1) of Part I to some special loadings and perturbations of
the front. The loadings considered consist of point forces applied close to the crack front, so that the SIF
prior to the perturbation are just components of the fundamental kernel Z. The perturbations envisaged
consist of a small translation of the rear part of the front and a small rotation of both parts about an axis
normal to the crack plane. Since the shape of the crack is preserved in these transformations, the new SIF
are still connected to Z. One thus obtains integrodifferential equations on the components of Z which can
be solved through Fourier transform along the direction of the crack front.

The paper is organized as follows. Necessary elements from Part I are recalled in Section 2 for com-
pleteness. The integrodifferential equations on the components of Z are presented in Section 3. The Fourier
transform of these equations in the direction of the crack front yields second order ordinary differential
equations, duly completed by suitable “initial”” conditions. This complete system of equations is presented
in Section 4, and the necessary subsequent Fourier inversion is sketched in Section 5. As could be forecast
in view of the complexity of the problem, this system does not have any simple analytical solution and must
be solved numerically. The numerical procedure and results are presented in the final Section 6.

2. Preliminaries
2.1. Elements of Part I

For ease of reference, indispensable elements of Part I are briefly recalled here.

For the tunnel-crack of width 24, the fundamental kernel Z, which depends a priori on three parameters,
a, z, Z, can be expressed in terms of two operators f and g depending only on one parameter through the
following relations:

2w 2%) = 2lasz ) = =D m
Z(a;z+7zlf) — Z(a;2772/+) = W (2)

Moreover, the following relations hold:

! As will be seen, all other remaining components are zero.
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fo=fm=fu=/n1=gn=g1=83=81=0 (3)
fo=—0-=v)fs, gn=-(1-v)gxn (4)

Hence, the determination of the fundamental kernel is reduced to that of eight scalar functions of one
variable: fi1, f2, f33, f23, g1, €22, €33, €23

The functions f}; and g;; pertaining to mode 1 loadings have been calculated by Leblond et al. (1996).
The aim of this work is to determine the six other functions, pertaining to shear mode 2 + 3 loadings.
Among them, f1, f33, g2, €33 are even and f>3, g3 odd functions.

Our starting point is Eq. (1) of Part I, which takes the form (10) and (11) for 8K, and dKj3 in the case of a
tunnel-crack. In a compact form more suitable here, these equations read:

+oo — Y +
5Km(z+) _ [6Km(z+)]§a(2’i)55a(z+) +Nm,1K,1(Z+)%(Z+) + PV/ fmn(Z/ . Z)KH(Z/+) Sa(z( /) 6);1(2 )dZ,
oo Z -z

e Y M D 8

2
00 a

where Einstein’s implicit convention is used for the index » and

2 2(1—v)
N23——2—_V7 N3 = i (6)

v denoting Poisson’s ratio and other components of N being zero. The values of the 6K, (z”) for a point
M~ (z") belonging to the line (x = —a) are given by the same expression with the obvious substitutions

vt =z, 7+

— Z7.
2.2. Relations between functions f,.,, &m and crack-face weight functions

Let ki (a;z5;x',2") (m = 1,2,3, i = x,y,z) denote the mth SIF generated at the point z* of the front of a
tunnel-crack of width 2a by unit point forces +¢é; exerted on the points (x', 0%, 2) of the crack faces. Leblond
et al. (1999) have shown that the fundamental kernel Z is linked to these crack-face weight functions by the
following formula:

Zmn(a;zi,z’i) = Am»(z'i)km,»(a;zi;z'i) (7)
where Einstein’s implicit summation convention is employed for the index i. In this equation,

. kpi(a; 255X, 2) - . kyi(a;z55x,2)

foi(a;25;27) = lim 202222220 0 k(e 25 7 ) = lim 2R 2202
(@:252") = lim “EEEI (@z2) = lim EEEL

and the coefficients 4,,(z") depend on the orientation of the local set of axes chosen to define the SIF (see

Leblond et al., 1999). One verifies that for the choice made in Part I (set of axes (x, y,z) for the line (x = a)
and set of axes (—x, —y,z) for the line (x = —a)),

(8)

M) = ) = ) =Y )
1) = da) =~ ) =V

other components being zero.
Combination of Egs. (1), (2), (7) and (9) then yields the following formulae relating the components of f
and g and the crack-face weight functions:
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4
\/Tf”(z/a) = Zkiy(a;2%50") = Zhiy(a;27507)
T

4

V2
4
V2

4 z2 z2

\/2—nf23(z/a) = —Zhy(a;2750%) = Zhae(a;27;07) = T kaela;27507) =

fn(z/a) = 2k (a;2707) = ko (a;27;07)
(10)
fulz/a) = Zks(a;z7;07) = —Z?ks.(a;z7;07)

ks (a;z7;07)

1—v
and
— (z/a) = azk (a'z -0 )—— azk (a'z :0 )
—4g11 Iy\4, 3 1y\¢4, )

4
—=gn(z/a) = @ky(a;z";07) = @kp(a;z7;0")

var (an

4
ng(z/a) = —d’ks.(a;27507) = Phs.(a;27;0")

4 2 +. 0 2 -0+ @ +.0- a -0t
\/2_ng23(z/a) =a'ky(a;z7;07) = —a’kp.(a;z;07) = - vkgx(a;z ;07) = = vk3x(a;z ;07)

(where parity properties of the f,, and g,, have been used).

3. Integrodifferential equations on the functions f5,, f33, f23, 222, £33, €23
3.1. Overview of the method

Let us consider a tunnel-crack of width 2a, assuming ¢ = 1 without any loss of generality, subjected to a
pair of unit point forces +é; exerted on the crack faces. Then the SIF K, before any perturbation of the
crack front are the weight functions %,;. If now the perturbation consists of a translation of one part of the
front or a rotation of both parts, the crack shape is preserved so that the SIF after perturbation are also
linked to the weight functions. Eq. (5) then yields equations on the weight functions. Applying the forces
close to the front, one thus obtains equations on the functions k,,;(a;z*;z*) defined by (8). By using re-
lations (10) and (11) connecting the functions ,,;(a; z*;z’*) and the operators f and g, one finally obtains six
integrodifferential equations on the six unknown functions f», f33, f23, €2, €33, €23-

In practice, the point forces will be applied close to the point (1,0, 0) of the fore part of front. The index i
will be taken as x or z since the choice i = y would yield equations on the already known functions f}; and
g11. Two motions of the crack front will be studied:

¢ atranslatory motion of the sole rear part of the front, the variations 6K, of the SIF being observed at the
point z* of the fore part of the front (Fig. 1(a));

e an in-plane rotation, by an angle ¢ < 1, of the fore part of the front around the point (1,0,0) and of the
rear part of the front around the point (—1, 0, z), the variations 3K, of the SIF being then observed at the
point z~ of the rear part of the front (Fig. 1(b)).

3.2. Equations on the weight functions

Let us consider the unperturbed crack and suppose that some unit point forces +¢;, i = x or z are applied
at points (x,0%,0) of the crack faces. Then the SIF before any perturbation of the crack front are given by:
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Fig. 1. Special motions of the crack front.

K, (ZF) = ky(1;2%;x,0) (12)

Let us now consider (Fig. 1(a)) a simple translatory motion of the sole rear part of the front, defined by
da(z*) =0, da(z~) = ¢ where ¢ denotes a small parameter. Then the new SIF are those of a tunnel-crack of
width 24’ with @ = 1 + ¢/2, subjected to point forces exerted at the points (x', 0%, 0) with X' = x + ¢/2 (see
Fig. 1(a)). Thus

K, (z") = kpi(1 +¢/2;2";x + €/2,0) — k(15273 x,0) (13)
so that, by Eq. (5):
400
kmi(1 4+ ¢/2;275x +¢/2,0) — k(15275 x,0) :8/ g (2 — 2)ku(1;27;x,0)dZ (14)

Next consider a rotation of the fore and rear parts of the front, defined by da(z"") = ¢z, da(z~) = ¢(z — 2/)
where ¢ again denotes a small parameter (Fig. 1(b)). The axes adapted to the new front are (u, y, w) (see Fig.
1(b)). Since

e =e,+ie, e=e,—e, (15)
the SIF after perturbation at point z= are k,(a;w ;u,0)+ ¢ek,.(a';w ;u,0) for i=x and
k(a5 w5 u,0) — ek (a'; w5 u,0) for i = z, where @’ again denotes the new half-width of the crack. It is easy
to show that

4

a’zl—l—%s, u=x+ze w=z—(l+x)e (16)

Hence, Eq. (5) applied at point z~ yields for m = 2, 3: for i = x,
kmx<l —I—%E; [z—(14+x)¢g ;x+ %8,0) —ke(15273x,0) + ek (1;275x,0) = —e Nk (1527 5%, 0)

+00 / +00
+£PV/ fm,,(z'—z)km(l;z'_;x,O)i—l—a/ g (2 — 2k (1;2%5x,0)2/ d2’ (17)

!
z—2Z ~
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and for i = z:

kmz(l —1—%8; z—(1 —&—x)s]*;x—i—%e,O) —km(1;275x,0) — ek (1;275x,0) = —e Nk, (15275 x,0)
dZ, +00
-l-sPV/ Son(Z — 2)kn (1275 x, 0) +8/ g (Z — 2)ky(1;275x,0)2 d’ (18)

3.3. Equations on the functions ky(a;z%:2"), m=2,3, i =x,z

These equations are obtained by dividing Egs. (14), (17), (18) by v/1 — x and then taking the limit x — 1,
using the definition (8) of the k,;(a;z%;2").
For m = 2, 3 and i = x, z, one obtains:

oo / kni(l;zl_ 32Xy O) / e / /— + /
{11}11 - gmn( _Z)ﬁdz - /_OC gmn(Z _Z)kni(l,z aO )dZ (19)
;7 4
hmPV/ fmn ’”(\/% 0 - PV/ fmn - ( ; /_ OJr)Zd_Z, (20)

These equations mean that the symbols lim,_,; and (PV) fj:co simply commute. This is because when x — 1,
the points (x, 0%, 0) of application of the forces do not approach the point of observation M~ (z'~) of the SIF
kni(1;275x,0) so that these SIF remain bounded for all Z'.

However, when x — 1, the points (x,0%,0) of application of the forces do approach the point of ob-
servation M (z'") of the SIF k,;(1;z";x,0) for the special value z = 0. Thinks then become more intricate.
It is thus shown in Appendix A that

+00 +o00
. ko (1;2%5x,0)
r ) 5y '3, — - +. N0+ /

}Clirll N gm(Z —2) s ZdZ =PV /OC gm(Z — 2)ka (1;27507)2 d7 (21)
a similar result holding with the substitutions g,, — gu3, k2 — ks.; also,

) +o00o , k 1 14 0 , , +o00 .

{EI]] gm2(Z —2)% dZ :PV/ ng(Z —Z)kzz(l +. O+)Z dZ +\/—_2_ng2( )

(22)

and similarly with the substitutions g,, — g3, k2. — ka,.
Combination of Eqgs. (14), (17), (18) and (19)—(22) then yields the following equations on the functions
fepi(a;2:27), for m =2, 3:

+00

ki(1 +¢/2;27,0%) — ki(1;27;01) = 8/ gun(Z — 2)ku(1;27;07) d7 (23)

(o]

for i = x,z, and

kmx(l +Ea; [z — 28]_;0+) — ko (1;27507) + ek, (1;27;07)

2
dz
= — 1:z7:0" - P _ 1;Z7:0*
Nais(1:2750°) 45— =) 40PV [ o = 1750
+00
—|—£PV/ Zun(Z — 2k (1;27507)2/ d7 (24)
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kmz(l +§g; 2 — 28]‘;0+) e (1327507 — ek (1:2730F)

+00
= _SN’””k"Z(l 0+) + 8—\/27'5 2 - ng( ) + PV — 00 fmn(zl - Z)knz(l;z/_;0+)z(i—Z/Z/
+00
+ 8P\[/ gmn(zl —Z)knz(l i 0+)Z dZ (25)

3.4. Equations on the functions [, 33, f23, €22, €33, €23

Using relations (10) and (11) and identifying terms of order ¢ in Egs. (23)—(25), one obtains the following
integrodifferential equations on the functions:

fnlz) =22 /:0 [g22(z — 2)gna(2) — (1 = v)ga3(z — 2)g23()] d7 (26)
1) = =25 [ leule —2)gal?) — (1~ Vigne ~ (]2 @)
f(2) = Z/m g3(z —2) (g2 + g3)(2)d7 (28)
[( %)gzz ] — gzs( )=(1-v) /:jgzz(z—z)ﬁ}z(,j)dzl

—PV / } gn(z—2) 222(/2/)(12’ (29)
[<1+Zz>g33 ] — gza( ):(1—")/;00&3(2—2)][232(,2/)@/

— PV / el z—2) 332(/2/)dz’ (30)

[(1+Zz>g23 ] —%(gzz +83:)(2) = —/m (g2 +g33)(Z—Z/)f2;S/)dz’

—PV/_+OCg23(Z—Z/) (f22 +f/33)(z)dzl (31)

where use has been made of relations (6) and parity properties of the f,,, and g, (see Section 2.1).

4. Differential equations and initial conditions on the functions Fy,, Fi3, Fa3, 222, £33, 823

The definition adopted for the Fourier transform ¢(p) of some function ¢(z) is the same as in Part I:

+00

@@z[ o(2)e” dz (32)

o]
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Note that since f, f33, €2, 33 are even and f>3, g»3 odd, f22, f;3, £, &35 are even and real, and f;3, g,; 0odd
and purely imaginary.

4.1. Differential equations

Taking the Fourier transform of Egs. (26)—(31) is elementary except for terms of the form

+00 /
o) [ a,

which are envisaged in Appendix B. The resulting equations read as follows:

Fl, ==&, — (1-v)&) (33)
Fy ==& — (1-v)&) (34)
?72,3 = _%@23@22 +&3)] (35)
8n — % = i[ﬁﬂgzz — (I - V)?23§23] (36)
g~ = g~ (1 V)Pt (37)
82 — % :}? Lz —; By &n + Sl ;L & (38)

In these expressions, the functions I?m,, are the definite integrals of the functions fmn defined by

(m,n) = (2,2), (3,3)
(m,n) = (2,3) (39)

~ P A
Fou(p) = / Som(q)dg + { ?’2,‘,

0 (1)
Note that since f;z, f33 are even and f;3 odd, ﬁ'zz, 1?“33 are odd and lA'“B even. Because of these parity
properties and those of the g,,, it suffices to determine all functions on the interval (0, +00). Also, note that
functions Fa,, Fs; are real and Fos purely imaginary.

Egs. (33)(38) form a system of six non-linear differential equations (on the interval (0, +00)), on the six
unknown functions ?22, IA733, 1?723, &2, 833> 23, Of order 1 with respect to the ﬁmn and order 2 with respect to
the g,,. Hence, to (numerically) get these functions on any interval [py, p.,] with 0 < py < 1 and p,, > 1,
one may proceed in two ways:

¢ integrate “forwards”, from py to p..; this requires knowing the values of the ﬁmn, 8., and g at po, thatis

near 0;
e integrate “backwards”, from p,, to py; the values of the F,,, g,, and g, are then needed at p,,, that is
near +oo.

The next sections are therefore devoted to the necessary asymptotic study of the functions near 0 and
+o00.
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4.2. Values of F2:(0), F33(0), F23(0), &,(0), &55(0), &-3(0)

From the definition (39) of the }A?m,,, it is clear that:

2—vy

Fx(0) = Fu(0) =0, Fx(0) = i2(1 —v)

(40)

Moreover, values of g,,(0), g33(0), g,3(0) are given by relations (14) of Part I, recalled here for the sake of
completeness:

£nl0) = ~£a(0) = 5, £2(0) =0 (1)

Finally, the derivatives g/ (0) are given by g/ (0) =i ff;o zgm(z)dz. For (m,n) = (2, 3), this integral is
given by Eq. (18) of Part I. For (m,n) = (2,2),(3,3), it is zero since g,,, is even. In conclusion,

glzz(o) = §g3(0) =0, gl23(0) =1

2(1—v) (42)

4.3. Asymptotic behavior of Fy(p), Fs3(p), Fo3(p), & (p), &:(p), &:3(p) for p — 0%

As a first approximation, the values of the E,, (P0)> &m(po) and g/ (po) may be taken equal to those of the
I?m,,(O), 8,,(0)and g/ (0). However, more refined values can be found by studying the asymptotic behavior
of the functions near 0. Such a study will also be needed to derive asymptotic formulae for the f,,,(z) and
gmi(z) for z — 400, which will nicely supplement the numerical values found over some necessary finite
interval.

Let us suppose that just as the function g,,(p) (Leblond et al., 1996), ,,(p), &1;(»), &;(p) admit, for
p — 0%, a development involving terms of the form p*In” p, «, f € N. With this hypothesis, it is shown in
Appendix C that:

galp) = 3+ P Inp+ O() 3)
. 1 l+v )

&up)=—7~ T Inp +O(p°) (44)
. v V(P —=2v+2) 3

$alp) =iy P gy e ow) )
-~ 1 —2v

Fu(p) = —TPIHIH‘O(P) (46)
Pulp) = =577 =3P+ O(p) (47)
= 2=y 3 (2-v) , 5

F23(P):12(1_v)+14(1_v)219 Inp +O(p7) (48)

for p — 0F.
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4.4. Asymptotic behavior of Fa(p), F33(p), F23(p), &(p), &53(p), &:3(p) for p — +o0

For p — +00, the set of Egs. (33)-(38) approximately reads as follows:

I~

Flo=0, g, -%m—0 (mn)=(22),(33),(23) (49)

mn mn 4

Eq. (49), strongly suggests that the Fon (p) tend toward some finite limits for p — +o00. The determination of
these limits, noted F°, is expounded in Appendix D. The results are as follows:

mn?

-~ 2 -3y - 2+ ~ _
Fy=-r" Fy=-1"" Fy=
2730y TP T 22—y BT

2—v (50)

Eq. (49), shows that the g,,(p) behave like e*% for p — +oo. However, the increasing component e is
obviously physically inadmissible, so that the g,,,(») must behave like e=*. Unfortunately, Eq. (49), fails to
provide the values of the pre-exponential factors here.

5. Determination of functions f5,, f33, f23, 2225 €335 €23

Prior to giving numerical results, we briefly discuss here how the functions f,,, and g,, can be obtained
from the F,, and g,,,.

5.1. Inverse Fourier transform

The g,., are readily deduced from the g,, through Fourier inversion:

1 +00 . o 1 +00 .

8m(2) =5 / Em(p)e " dp = — /0 & (p)cospzdp,  (m,n) = (2,2),(3,3) (51)
1 +00 A ) 1 +00o )

gn(2) =5 / &i(pe™dp = —— / ig23(p) sin pzdp (52)
T J T Jo

where parity properties of the g, have been used.
Also, f,,, = F, , so that:

1 too ) 1 too

fl® =5= [ B dp = [ B cosprdp. (mn) = (2,2).0.3) (5)
1 too ) 1 too )

@ =5 [ B o=~ [ i) sinprap (54)

where parity properties have again been used.
The functions f,,, and g,,, will be determined numerically from these formulae over some finite interval,
say for 0 <z <z, zo, > 1. For values of z > z,, one may use the asymptotic expressions given below.

5.2. Asymptotic behavior of f>, f33, f23, 822, 833, 823 for z — 400

The derivation of these behaviors is a little complex and hence relegated to Appendix E. Only the final
results are given below:
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1—2v 1+v 3v(v2 —2v +2)
gn(z) ~ T4 g3(z) ~ —m, g2(z) ~ W (55)
1—2v 1+v 3122 —v)

6. Numerical procedure and results
6.1. Calculation Ong, F;, B, 82 833 &3

As mentioned above, the set of differential equations (33)—(38) can be solved on any interval [py, p] with
0 < py < 1 and p,, > 1, by integrating “forwards”, from p, to p.,, or “backwards”, from p,, to py. Let us
compare these two methods:

o Integrating “forwards” seems, a priori, more suitable since the values of the E,. (20)s & (o), &, (po) are
known (Egs. (43)—(48)), in contrast to the precise asymptotic behavior of the g,,(p) and g, (p) for
p — +oo. However, due to the behavior in e*% of the g,,(p) at infinity, any (inevitable) numerical error
in the initial conditions or the integration method will yield a spurious component in €* in the g,,,(p)
that will quickly “blow up”, thus prohibiting to reach large values of p.

e Hence the only possibility is to integrate “backwards”. The values of the Fy(px), £ (Do) g (p~) are
then needed, but only these of the F,, (p~) are known (Eq. (50)). To determine those of the g,,,(p) and
g (P~), one can use a Newton method aimed at matching the values of the g,,,(p)) and g/ (p) given by
Eqgs. (43)—(45). (One can show that the values obtained for the Fon (po) necessarily then match conditions
(46)—(48).) This task is not straightforward because one must first find good “initial values” for the
8m(Px) and g (ps) in the Newton method, ensuring convergence of the algorithm. Indeed, for many
choices of these initial values, the functions diverge toward infinity when p approaches py, due to the sin-
gularity in 1/p of the differential equations.

In practice, the Runge-Kutta method of order four is used to integrate from p,, = 50 to py = 107° with
an accuracy of 10~°. The solutions obtained for v = 0.1 and v = 0.3 are given in Figs. 2-5.
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6.2. Calculation offgg, 1733

Functions f5,, f33 (in addition to g,,, g3; and g,;) were needed in Part I for the study of the bifurcation
and stability problems. They are defined by Eq. (23) of Part I. One can easily show that f,,(0) = 1/4,
f! = —Fyp, (m,n) = (2,2),(3,3). Thus f» and f3; can be obtained numerically through integration of F,
and Fy3. The results are given in Fig. 3 of Part I.

6.3. Calculation of operators f and g

It is recalled that the operators f and g are linked to the fundamental kernel Z by relations (1) and (2),
that their components 11 are given in Leblond et al. (1996) and that their components 12, 21, 13, 31 are
zero. The other components are obtained by using Egs. (51)-(54) and (4). In practice, the integration in-
terval [0, +o00) is replaced by the interval [10~, 50], and calculations are performed for z € [0, 50]. Functions
Jf2, f33, f3 are presented in Figs. 6 and 7 for z € [0,20], and functions gy, g33, g3 in Figs. 8 and 9 for
z € [0, 6]. Beyond these limits, the asymptotic expressions (55) and (56) are found to fit very well to the
numerical results.
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Fig. 7. Function f(z).
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One can observe that components 23 of operators f and g, which represent the coupling effect between
modes 2 and 3, are all the smaller as Poisson’s ratio v is low. Also, it is somewhat surprising that for v = 0.3,
g33(2), which is tied to the 3rd SIF at point z~ of the rear part of the front when point forces +&, are applied
close to the point 0" of the fore part of the front, is not maximum for z = 0. Note, however, that a similar
phenomenon is known to occur for the half-plane crack: the mode 3 SIF generated by point forces +é,
exerted on the crack faces is not maximum at that point of the crack front located closest to the points of
application of the forces. Also, this effect can be observed to vanish for sufficiently small Poisson’s ratios.

Appendix A. Justification of formulae (21), (22)

To calculate lim, fj;o g (Z — 2)((ku(1;27;x,0)) /(V1 — x))Z/dZ, split the integration domain
(—00,4+00) into (—oo, —n) U (1, +00) and [—n, ], n being a momentarily fixed arbitrary positive number.
Forz € (—oo,—n) U (n,+00), ((k.(1;2%;x,0))/(v1 —x)) has a finite limit for x — 1, equal to k,(1;z";0")
by definition, since the observation point z'* of the SIF differs from the limit-points (x = 1,y = 0¥,z = 0) of
application of the point forces. Hence
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. kyi(1;2%;x,0
lim g (2 —2) Mz’ dZ = / Zun(Z = 2)ku(1;27;07)7 d7 (A.1)
=1 S (o0 n Ui +oo) VI—x (=00, )U(1,+00)

To evaluate the limit, for x — 1, of the integral over [—#, 5], let us perform a first order Taylor expansion of
the quantity g,,(z' — z) around the point z/ = 0:

n . .St n
/ gmn(zl _Z)MZIdZ/ :gmn(_z)/ k””(lz— /dZ/ / O m 1 Z/ X, O) ’dz’
- Vi—x L Vox Tox
(A2)

The examples of the semi-infinite crack, the penny-shaped crack and the tunnel-crack in mode 1 strongly
suggest that (k,(1;2";x,0)/v/T —x) is bounded by Csz.Z~ for Z — 0. Therefore the integrand in the second
term of the right-hand side of Eq. (A.2) is O(1), so that this equation may be rewritten as:

" kni(l;zl+;x70) /’7 kni(l;z/+;xa 0)
(2 —2) " 2d = g,.(—z S 1 2474+ 0 A3
R =) | T ) (A-3)

The integral in the right-hand side of (A.3) is zero if k,(1;2/*;x,0) is even with respect to Z/, that is for
(n,i) = (2,x),(3,z). On the other hand, 1fkm(1 Z*;x,0) is odd, i.e. for (n,i) = (2,z), (3,x), one gets upon use
of the homogeneity property of ,;(1;2";x,0) and the change of variable z” = 2//(1 — x):

" kui(132%5x,0) /W(“*’ .
T ¥ ku(1/(1 = x);2" 3x/(1 = x),0) 2" dz"

The k,:(1/(1 —x);2" ;x/(1 — x),0) are the weight functions of the tunnel-crack of width 2/(1 — x) at point
Z"" when the forces are applied at a distance 1/(1 — x) — x/(1 —x) = 1 from the fore part of the front. Since
when x — 1, this width becomes infinity, the ,;(1/(1 —x);2" ;x/(1 — x),0) behave as the weight functions
of a half-plane crack when the forces are applied at a distance of unity from the front. Using the well-
known expressions of these weight functions (see for instance Gao and Rice (1986)), one then gets for

(i’l,i) = (272)7 (3,)6)2
n/(1-x) N T 4
lim ku(1/(1 —x);2" ;x/(1 = x),0)z"dz" = 5

=1 Sy m2—v

It follows from these elements that (A.3) finally reads, in the limit x — 1:

. n k(1523 %, 0) O(n) if (n,i) =(2,x) or (3,2)
lim (2 —z) 24 = . . . A4
e TS { Vo gun(-2) £ O() i (i) = 2.2) or B) A
Combination of Egs. (A.1) and (A.4), in the limit # — 0, finally yields relations (21) and (22).
Appendix B. Calculation of some Fourier transforms
By definition, the symbol FT denoting the Fourier transform:
~+00 / too Z/
FT [PV / Zon(z — z’)jl/z)dz'} (p) = lim e”dz / Zon(z — z')frs (/ ) dz
—00 z =0 J_ —00,—1)U(n,400) z
+00 /
(' =z=2)=lim [ g (")e" dz’" / f»(2) (,Z e g
170 ) s (=00, ~mU(ntoo) 2
+00
X &,..(p)PV frs—(z)eipz dz (B.1)
z

—0Q
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Now,

+o00 +o00 . R +00 )
dpy [ 16 iy, / f@ierdz =if. () = pv [ 12E) g,

dp oo z oo z
P +00
—i /0 Sul@dg+PV [ f”Z(Z) dz (B.2)
Now, for (r,s) = (2,2) or (3,3), f, is even. Egs. (B.1) and (B.2) then yield:
oo rs Z/ / N =

Fr{ev [ e - 20750z ) = 180 Pulo) (B3)
A~ p A
Fup)= | f.(9)dq (B.4)

for (r,s) = (2,2), (3,3).
Similarly, for (r,s) = (2,3), Egs. (B.1) and (B.2) yield:

FT| [ =20 0) = 0|1 [ fntwrag+ [P

!
oo z —0o0

But ff;f (f23(z)/z) dz is given by Eq. (17) of Part 1. Thus,

FT / N Zun(z — Z’)f23Z(IZ’) dz’- () = &,.,(p) [if'23(p) +3 i v] , (B.5)
Pulp) = [ fula)da+iga—s (B.6)

The choice of the additive constant i((2 — v)/(2(1 — v))) in the definition of Fb; here was made in order to
simplify the differential equations (33)—(38) as much as possible.

Appendix C. Determination of the asymptotic behavior of f‘zz(p), ?33@), Fa (P)s 822(P), 833(P), 823(p) for
p— 0"

It is assumed that g,,(p), &:;(p), &2 (p) admit, for p — 0%, expansions involving terms of the form p* In” p
(a, p € N). By Eqgs. (41) and (42), these expansions read

gn(p) =1/4+ ap’ lnﬂzp + O(P2 In">! j2) (C.1)
gu(p) = —1/4+asp*In" p+ O(p’ In” "' p) (C2)
N . v _

g23(p) = lmp+a4p3 lnﬁ4p+0(p3 lnﬁ4 lp) (C3)

The absence of a term of the form p?In” p in g,,(p) here can be checked to be compatible with the dif-
ferential equations (33)—(38).

Inserting these equations into the set of differential equations (33)—(38) and identifying principal terms,
one first gets

Br=By=Bi=1 (C4)
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To next determine the constants a», a3, a4, one must consider the terms proportional to p? in the expansions
of g5, (p) and g;(p), since the derivatives of both expressions p* In p and p* involve terms of the same order
p. Thus, let us write these expansions in the form

&»(p) = 1/4+ a;p* Inp + byp* + O(p’ In™ p)

&x(p) = —1/4+a3p21np+b3p2 +O(p3 In” p)

Eqgs. (33)—(35) then yield, account being taken of (39):

2

Fyn(p) = —2a;plnp — (2[72 —a + 1= v)P +O(p*In” p) (C.5)
N 2

Fy3(p) = 2asplnp + (21?3 R V>P+ O(p* In” p) (C.6)

Fn(p) =ire i (ay+ay)plnp + O(p) (C.7)
13p) = 20— 201 a +az)p-inp :

Inserting these expressions into (36)—(38), we finally get, after a long but straightforward calculation, by
identifying terms of identical order:

1—2v 14 V(2 —2v+2)
— — _ - = = C38
ar 4 ,  as 4(1 V) , Qg 1 4(1 v)z ( )

Although the introduction of coefficients b,, b3 in the reasoning was necessary for the reason explained
above, they are found to finally cancel out in the calculation, which therefore fails to yield their values.
Egs. (C.1)~(C.4) and (C.8) justify Egs. (43)—(45) of the text, and Eqgs. (C.5)—(C.38) justify Eqgs. (46)—(48).

Appendix D. Determination of constants F > F o f’;;

Egs. (B.2) and (B.4) yield, since f», is an even function:

20 sin pz

f22 (Z) dZ

p—+o0 z

Ey = lim Fy(p) = lim 2 /
p—+00 0

p—+oo

. ¢ sin
P fim 2 / 0 falu/p) du = 7£(0)
0

It then follows from Eq. (7) of Part I that:

~ 2—3y
FX == D.1
27202 —v) (D.1)
A similar reasoning for 17“33 yields:
-~ 2+
FX=—" D.2
B T202-v) (D.2)

Finally, Egs. (B.2), (B.6) and (17) of Part I yield, since f»; is odd:

R R 400 2
Fy = lim Fy(p) =— lim 2i/ ](23—(Z)COSpZdZ—|—iﬁ
0 z -

p—+0o0 p—+00
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Now Riemann-Lebesgue’s theorem, applied to the function (f23(z)/z) (which is regular at z = 0 since f33 is
odd), implies that the limit here is 0. The value of F;} follows:

Appendix E. Determination of the asymptotic behavior of f5(z), f3(z), f33(2), £22(2), £23(z), g33(z) for
7 — +00

These asymptotic behaviors can be deduced from those of Fy (p), Fia(p), Faa(p), 82 (p), 81(p), &2(p) for
p — 07. Indeed, with regard to g,,(p) for instance, repeated integration by parts of Eq. (51) yields:

gn(z) = I:gzz (p) Slnpz} 0 - _1 /O+ &, (p) 0P Slnpz

T
A cospz] ™™ . cospz
[22(19) ] __/ & —z dp
1. sinpz] ™1 [t sin Pz,
=-— [glzlz )7} +E ) & )7 — / &n(u/z)sinudu  (pz =u)
0

The bracketed terms here vanish because of the behavior of g,, near 0™ and +oco (see Sections 4.2 and 4.4).
Now Eq. (43) implies that for p — 07,

1 —2v
2p

&hip) ~

Insertion of this result into the preceding expression yields:
1—2v

Z

for z — 400

gn(z) ~
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Abstract. Fatigue and brittle fracture propagation paths of arbitrary plane cracks, loaded in mode I, embedded
in an infinite isotropic elastic body, are investigated. The crack advance is supposed to be governed by the stress
intensity factor, for instance through Paris’ law in fatigue or Irwin’s criterion in brittle fracture. The method used
is based on successive iterations of the three-dimensional weight-function theory of Bueckner-Rice, that gives the
variation of the stress intensity factor along the crack front arising from some small arbitrary coplanar perturbation
of the front. Its main advantage is that only one dimensional integrals along the crack front are involved so that only
the one dimensional meshing of the crack front is needed, and not the 3D meshing of the whole body as in the finite-
element method. It is closely linked to previous works of Bower and Ortiz (1990, 1991, 1993). The differences
lie on the one hand, in the simplified numerical implementation; on the other hand, in the simplified treatment
of brittle fracture, Irwin’s criterion being regularized by Paris’ law by a procedure analogous to the ‘viscoplastic
regularization’ in plasticity; and finally in the applications studied: propagation paths of an initially elliptical,
rectangular or heart shaped crack in an homogeneous media and of a penny shape crack in an heterogeneous one.

Key words: Linear elasticity, stress intensity factor, mode I crack, tridimensional, weight function, plane/flat
crack, perturbation method, angular point, fatigue, brittle fracture, propagation path, hydraulic fracturing.

1. Introduction

Let us consider a plane crack, such as the one depicted in Figure 1, contained in plane (O, x, z)
with arbitrary contour ¥, embedded in an infinite isotropic elastic body. The aim of this paper
is to study the in-plane propagation path of this crack when it is subjected to mode I loading
by uniform tensile stress o, at infinity in both fatigue and brittle fracture. For instance, this
model may be of practical interest for the study of hydraulic fracturing problems. In fatigue,
the crack propagation rate is supposed to be given by Paris’ law; in brittle fracture, by Irwin’s
criterion. Hence the determination of the stress intensity factor along the front for all the stages
of propagation is necessary. A classical method would be to use the finite element method but
then a three-dimensional meshing of the body at each step of propagation is necessary. This
may be very tedious if the propagation is studied over a long distance. Nevertheless, recently
Sukumar et al. (2000), Stolarska et al. (2001), Sukumar et al. (2003) by coupling the level
set method and the eXtended FEM for three-dimensional crack problems have limited the
meshing operations to that of the initial three dimensional geometry. An other possibility is to
use surface integral formulations as in Fares (1989) or Xu and Ortiz (1993). Two dimensional
meshings of the crack surfaces are then necessary. Here an alternative method is used whose
further advantage is to restrict the meshing operations to that of the one-dimensional initial
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Figure 1. Arbitrary plane tensile crack and small (magnified on the figure for the sake of visibility) inplane
perturbation of its crack front £ .

crack front. It is based on the three-dimensional weight-function theory derived by Rice (1985,
1989) and first adapted for numerical purposes by Bower and Ortiz (1990).

This three-dimensional theory is the extension of the bidimensional weight-function theory
introduced by Bueckner (1970) and Rice (1972). The variation of the stress intensity factor
along the crack front arising from some small arbitrary coplanar perturbation of the front is
given by an integral along the initial front involving among other simple geometrical quantit-
ies, a function W linked to the weight-function. This variation was first derived by Rice (1985)
for the half-plane crack, then by Gao and Rice (1987a) for the circular connection and Gao
and Rice (1987b) for the penny-shaped crack. In all these papers, the weight-function of the
initial crack was known and thus function W appears in the variation of the SIF in an explicit
form. Finally Rice (1989) generalized these works to the case of any planar crack; in addition
to the variation of the SIF, he gave the variation of the function W arising from the same
coplanar perturbation, also in the form of an integral along the initial front.

In the previous mentioned papers, Gao and Rice applied the theory to small perturbations
of the crack front. Bower and Ortiz (1990) extended the method to the study of arbitrary large
perturbations of the front leading the way to the numerical resolution of some complex three-
dimensional crack problems. It consists in applying numerically the three-dimensional weight-
function theory to a succession of small perturbations arising in arbitrary large ones. As
applications, they studied several problems involving half plane cracks propagating through
heterogeneous media: fatigue crack propagating through a particle, crack trapped by an array
of particles in brittle fracture, and crack growing through a material of decreasing toughness.
Bower and Ortiz (1991) performed a more precise study of crack trapping and bridging by
tough particles based on the same method. Bower and Ortiz (1993) extended the method to
cracks loaded by non uniform remote stresses.

The aim of this paper is to study fatigue and brittle propagation paths under uniform remote
loading by using the same method as Bower and Ortiz (1990). However, the originality of
our work lies in three facets. First, the numerical implementation is different and notably
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simplified. Secondly, for brittle fracture, a formulation is proposed that gives the advance
of the crack front in explicit form once the stress intensity factor is known and so avoids
the inversion of heavily implicit systems of equations as the ones used in Bower and Ortiz
(1990, 1991, 1993). And finally, the originality lies in the applications studied: the asymptotic
behavior of the SIF near an angular point of the front, the fatigue and brittle propagation paths
of some special crack shapes (elliptical, rectangular, heart shaped ones) in an homogeneous
material, brittle fracture of a penny shaped crack in a material with heterogeneous toughness.
In homogeneous materials, it appears that in all the cases studied, the crack becomes circular
after a certain time and that it advances slightly faster in fatigue and for a slightly lower loading
in brittle fracture, than the penny-shaped one. In materials of heterogeneous toughness, the
circular crack first propagates at points where the tenacity is lower. Then either, the SIF at the
other points increases to attain themselves the threshold so that the crack front shape reaches
a stable configuration for which the SIF equals the tenacity along all the front, or there exists
some points of the front where the SIF decreases so that the tenacity is never attained and the
crack front propagates by changing continuously its shape. It appears in the examples studied,
that a stable crack front shape configuration is always reached.

2. Principle of the method

2.1. BUECKNER-RICE WEIGHT FUNCTION THEORY

Let us denote K # (M) the SIF at point M of the crack front ¥ when the body is subjected to
uniform tensile stress o at infinity and write, to separate the contributions of the loading and
of the geometry:

Kz (M) = 00 K5 (M). (1)

Then, by linearity, K5 (M) corresponds to the SIF with loading unity at infinity and hence
depends only on the geometry of the crack front ¥ .

Let us suppose now that the crack geometry is slightly perturbed in its plane, that is that
the crack front advances, by a small distance §a(M) in the direction perpendicular to the front
F like in Figure 1. Rice (1989) has shown that to first order in §a, the SIF K #/(Np) at point
Ny of the new front ¥ defined by

H N
MyNo = sa(Mo)n(Mp), (2)
is given by I/(\g.‘ (My) + 81/(\;: (My) where
~ 1 We (M, My) ~
§Ky(Mp) = =PV Ky (M)[da(M) — é,a(M)]ds(M). (3)

2 + DX(M, My)

In this expression, s(M) is some curvilinear abscissa along the crack front, D(M, M) is the
distance between the points M and My, W (M, My) is a two-variable function linked to the
weight function of the crack ¥, more exactly to the SIF at the point M of ¥ induced by unit
point forces exerted on the point M’ of the crack lips in the direction &y, when M’ approaches
M (see Rice, 1989 for the exact definition). W depends only on the crack geometry & and
not on the loading. The quantity §,a (M) will be described further.

The function W along the new crack front &' can be itself updated as W/ (Ny, Ni) =
We(My, My) + §Wg (Mg, M) where the variation of W¢ is given, also to first order in da,
by:
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D*(My, M We (M, My) We(M, M
SWe (Mo, M) = (2701 D py DZEM MZ; Df( Ew Mll)) [8a(M) — 8,a(M)]ds(M).
g ’ ’ €5

Formulae (3) and (4) are legitimate for special normal advances é.a(M) and §,.a(M) that
preserve the shape of the front and such that §,.a(My) = da(My), d..a(My) = da(My) and
dwa(My) = Sa(M;) so as to ensure the existence of the integrals in Principal Value (PV).
It can easily be shown, that one can always define a unique transformation, combination of
translation, rotation and scaling that verifies all these conditions. It yields:

8,a(M) = 8a(Mo) 7 (Mo). 7 (M) (5)
and

Sa(M) = % (@ =2z + @ — 7)) (6)
with,

S zo(z1 — 2) + 24 (z — 20)
21 — 20

: (7

where z, zo, z, are the affixes! of points M, My, M; z;, z}, the affixes of points Ny, Ni; z,
the affix of the normal vector 77 (M), Z the complex conjugate of z.

Suppose now that the SIF K and the function Wy are known for a given front ¥ . Since
the quantities in the right-hand side of Equations (3) and (4) concern only the front F, this
theory allows to calculate the SIF K¢ and function Wy along any crack front ¥’ close to ¥ .

Numerically, one can repeat this procedure to any succession of crack fronts very close to
each other. This can be applied to:

— the determination of the SIF and the function W along some arbitrary crack front (stage
denoted step I in the sequel), starting from some crack shape for which they are known,

— the determination of the propagation path of any arbitrary crack (stage denoted step II in
the sequel), the initial crack being that corresponding to the end of step L.

Instead of working on the couple of functions Kz and W¢, Bower and Ortiz (1990, 1991,
1993) have worked with the couple of functions K¢ and Wy /D. The expression replacing
Equation (4), giving §( W /D) is however a little more complicated since, in addition to the
PV integral term, a supplementary term due to the normal advance §,,.a(M) then appears.
This term is zero in Equation (4) since W« is homogeneous of degree 0, hence is not changed
by any scaling, that is by the composition of translation, rotation, scaling defining §,.a(M).
But this term is not zero for 6 (W /D) since D homogeneous of degree 2 is changed by any
scaling hence for the normal advance §,.a(M).

2.2. STEP I: DETERMINATION OF THE SIF K# AND OF THE FUNCTION W ALONG
SOME ARBITRARY CRACK FRONT ¥

Consider any crack front ¥ subjected to uniform remote loading o,. To determine the SIF
and the function W along this front, one may proceed as follows:
1. Take as starting point a crack front € for which functions I?@ (M) and We (M, M) are
known and as close as possible to the front ¥ studied.
2. Construct a succession of intermediate cracks very close to each other ¥, k = 0...n,
such that £, = C and ¥, = ¥, between C and F .
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3. Apply qulations (3) and (4) iteratively between F; and ¥y, for k = 0 to n — 1 to obtain
the SIF K¢ and the function Wy, for k = 1 to n hence finally along the desired front
Fo=F.

In practice, the SIF K and the function W are known in a simple form only for some simple
geometries: the half-plane crack (see for instance, Meade and Keer, 1984), the circular internal
(see for instance, Tada et al., 1973) and external cracks (see for instance, Stallybrass, 1981)
and the tunnel-crack (see Leblond et al., 1996). In the examples studied by Bower and Ortiz
(1990, 1991, 1993) the half plane crack has been taken as starting point. The examples studied
in the present paper can all be derived from circular internal ones C for which Ke M) =
2 /R/m and We (M, My) = 1 where R denotes the radius of the crack (see for instance, Rice,
1989). Examples derived from the tunnel-crack are left for further work.

2.3. STEP II: DETERMINATION OF THE PROPAGATION PATH OF ANY ARBITRARY CRACK

One can now study crack propagation from that configuration corresponding to the end of
step I. For numerical purposes, the crack advance is described stepwise each time that the
maximum of the crack advance equal a given small quantity day.x. Let us consider the crack
front in the position ¥ and denote das (M) the normal advance of the point M corresponding
to one such step.

Suppose that the crack advance is governed by the SIF hence that §a# (M) can be expressed
as a function of the SIF along the front by a law of the form:

Sag (M) = SamuLy (K#(N), N € F) with Ly (K5 (N), N € F) < 1 (8)

Then, once the SIF K ¢ and function W¢ are known for a given front ¥, one can determine
the propagation path of this crack by
1. applying law (8) to determine the displacement §az (M) of the front # and update its
position, R
2. using equations (3) and (4) to update the SIF K& and function W,
3. repeat, as many times as required, the two preceding operations to the new fronts obtained.
Examples of propagation laws (8) are given in Sections 2.4 for fatigue and 2.5 for brittle
fracture.

2.4. PROPAGATION LAW IN FATIGUE

The crack is now subjected to some uniform and constant cyclic loading of amplitude Ao.

Suppose that the crack propagation rate dfi(M ) 1, denoting the number of loading cycles, at

the point M of the front ¥ is given by Paris’ law, that is

da(M)
5 = CONTAK (DY, )
where AK (M) is the amplitude of the SIF at the point M. By Equation (1),
AK (M) = Aoy K (M). (10)

C(M) and B(M) are material constants that depend on point M if the fracture properties of
the material are heterogenous.

Now, consider the front at a given position ¥ and suppose that during the advance daz (M)
defined in the previous Section 2.3, K (M) can be considered as constant equal to K F(M).
Then using (10) and integrating equation (9), one gets:
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Sag (M) = n, C(M)AcPM K¢ (M)PM, (11)
where n. is the number of cycles necessary to have jr‘l/llax dag (M) = Samax; by (11), this
eF
number is given by:

S max (12)
ne. = = .
max (C(M)Act™ Kz (M)PM)
MeF

Notice, that since C(M VAL Ky (M )P(M) depends on the front position ¥, n. may change
during propagation.

By introducing equation (12) into (11), it is easy to show that (11) can be written in the
generic form (8) with:

C(M)AcEM™ Ky (M)POD

(N) & (N)\*
glea;(C(N)Aof; Kz (NP

Ly (Ks(N),N € F) = (13)
IfC(M) = Cst. = C and B(M) = Cst. = B, this simplifies into:

_ i
K¢ (M)

max I?Jc(N)

Ne¥F

Ly (Ke(N),N € F) = (14)

2.5. PROPAGATION LAW IN BRITTLE FRACTURE

In brittle fracture, it is assumed that the propagation law is given by Irwin’s criterion:
Sag (M) =0if Kg(M) < K.(M)

15)
Sag (M) = 0if Ky (M) = K. (M),

where K.(M) is the fracture toughness at point M.

The crack is supposed to advance quasi-statically under remote loading o, varying in order
to have at each moment max;c¢ ',((f (%) = 1. This condition ensures that K¢ (M) < K.(M)
for all points M of the front and that there is always a part of the front that propagates. By
using Equation (1), this implies that the loading verifies:

1 (16)
O = ————,
- K (M)

max
Me¥ K. (M)

hence, changes during propagation. Increasing o, means that one should increase the loading
in order that the crack advances, in other word that the crack advances in a stable manner.
Decreasing o, means that the crack advances in an unstable manner.

It is easy to show that the criterion (15) is satisfied by:

Sag(M) =8 K ()" 17
ag (M) = T(IQ(M)) , B — 00, (17)
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where §t denotes the kinematical time increment corresponding to the advance daz(M).

B
Indeed, if K5 (M) < K.(M) then lims_, o (%) — 0 that is Saz (M) = 0, if K¢ (M) =

K.(M) then <’jf+’ﬁg’;)ﬁ — 1, that is Say (M) = 87 > 0 is undefined, and if K5 (M) > K.(M)
then daz (M) = 400 hence this case is not admissible. Same trick is used for writing per-
fect plastic constitutive laws as viscoplastic ones for FEM applications. An other possible
viscoplastic-type regularization was used by Gao and Rice (1989), but the advantage of ours
is that, as will be more detailed below, fatigue and brittle fracture can both be treated by a
Paris-type law.

Choosing the time increment §t to have maxycs §ag (M) = Sam.x implies by Equa-
tion (17):

damax
6T = ,
Ky (M)\’
max
Mex \ K.(M)
so that:
B
Ky (M)
Sag (M) = Samax = . B — oo. (18)
Kz (N)
K.(M) max
e K.(N)
Equation (18) can be identified to the law (8) by taking:
B
-~ - K (M)
Ly (Kr(N),N € F) = - , B — oo. (19)
Kz (N)
K.(M) max
NeF K.(N)
If the toughness K.(M) is independent of point M this simplifies into:
R B
Ly (Ke(N),N € F) = _ KD B — oo. (20)
11\1/1ax K#(N)
cF

One advantage of this formulation is that in fact, Irwin’ criterion can be formally seen as a
Paris-type law. Hence the fatigue law (9) and the brittle fracture law (15) can be described by
the same explicit law:

[ Re )]

max ([£ (M) Ry (1)) ")

dag (M) = Samax 21

with a(M) = B(M) and f(M) = C(M)'/PM Ao, in fatigue and, (M) = B > 1 and
f(M) =1/K.(M) in brittle fracture.

Bower and Ortiz (1990, 1991, 1993) proposed an other way to satisfy Irwin’s criterion
(15). They search by an iterative procedure the ‘active’ zone of the crack front where the crack
advance is not zero. On each postulated ‘active’ zone, the crack advance da (M) is obtained by
inversion of a linear equations system derived from the condition K (M)+5K (M) = K.(M)+

117
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Sa(MFY® (M})

Figure 2. Intermediate cracks between the reference front € and the final one ¥ .

8K .(M). This makes their procedure quiet heavy. In contrary, our formulation presents the
advantage to give explicitly dagz (M) along the front once the SIF are known, without any
iteration nor linear system inversion.

3. Numerical Procedure

3.1. MESHING OPERATIONS AND DETERMINATION OF THE NORMAL ADVANCE 8a (M)

3.1.1. During step I

The initial crack front F is meshed with N points P;,i = 0... N — 1. The N nodes P? of the
reference circle C of center O are constructed through intersection of C with the lines (O P;).
The segments [Pl-0 P;] are then cut into n subsegments to create n — 1 intermediate meshes
P¥._y y_ of the crack fronts F, k =1...n — 1.

_
As the vector P,.k Pl.kH is not in general, normal to the front ¥ (see Figure 2), the equa-
tions (3) and (4) don’t give the SIF and function W at points Pf;;lom ~—1 as a function of
their values on nodes Pj’f j=0..n—1 Of Fi. Therefore a second set of meshes My y_y of Fr,
k = 0...n, where the SIF and function W are computed, is constructed by recurrence, by
normal projection of the nodes M¥ of F; onto the front F; | with, as initialization, M? = P?,
i=0...N—-1
More precisely, suppose that the nodes M, l" are known for the crack front ;. At this stage,
the front %, is known only by its nodes P;‘“. Two alternatives, depicted in Figure 3, are
envisaged:
1. the linear one: the nodes P]kiol v are supposed to be linked by straight lines and for each
i, the node MikJrl is constructed by normal projection of the node Mik on these straight lines
(depicted by black arrows in Figure 3);
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k+1
Pih

da(M)

MF, MF ME, M

1 1
Figure 3. Computation of the normal advance.

2. the more precise quadratic one: the nodes PJI:OI._. ~— are supposed to be linked by arcs of

circle and the node Mik+1 (denoted M’ f“ in Figure 3) is constructed by projection of the
node M lk on these arcs of circle (depicted by white arrows in Figure 3);

_
The normal advance 8a(M¥) is then simply given by 8a(M¥) = ||MF M.

Linear approximation is of course simpler but unfortunately appears to be numerically
unstable so that in practice only the quadratic solution can be used. More precisely, the miss-
ing contribution in §a(M) arising from the linear approximation may generate some corners
even in smooth crack fronts, for instance at points Ml-" for which the projected point M,-]‘H
is at the middle of a segment [P;‘fll P]’.‘“] (see Figure 3, black arrows). Now Leblond and
Leguillon (1999) have shown that at these points, the SIF may become infinite giving rise
to numerical peaks in function K (M) which develop due to the incremental nature of the
calculations making any further computation impossible. Thus it is necessary to use the more
precise quadratic solution. Then, one verifies that irregularities just mentioned no more appear
(see for instance Figure 3, white arrows).

It should be noticed that the SIF and function W along front ¥ are not finally computed at
the nodes P; j—..n—1 constructed by the user but at the nodes M;',_, _,. Never mind, since
Ml.’fl.:O_._ ~—1 1s a meshing of the final front as acceptable than P; ;o _n_1.

For some simple crack shapes, one can construct a set of intermediate cracks analytically,
so that the normal crack advance can also be known analytically. It is the case for instance
for the elliptical crack. The results are then, of course, more precise. But in general, such
a construction is not possible and has to be done numerically. Also, in all the results given
below, except if the contrary is mentioned, it is always the numerical construction that is used,
even in the few cases where analytical determination would be possible.
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3.1.2. During step Il
For the calculation of the propagation path, da(M; k), k > n is given by the propagation law
(8). Nodes M; k —o. n—1 Of the further fronts ¥, k > n are then simply obtained by the relation

—_—
MkM 1 — g (M; k) n (Mk) Here a second set of meshes is not necessary since (3) and (4)
give K and W directly at the nodes M. k

During both step I and II, if the meshes become too distorted, re-meshing is done. Nev-
ertheless, it should be mentioned that re-meshing also introduces numerical errors. Hence, it
should not be done at each step of calculation, but only when the meshes become too distorted.

3.2. COMPUTATION OF THE LINEAR ABSCISSA AND OF THE NORMALS

Linear abscissa and normals are simply computed by assuming that the points M; k are linked
by straight lines. In particular, the normal 7 (M kY is constructed to be normed, dlrected toward
the exterior of the crack along the bisector of lines (MY, M) and (M}, M,)).

An alternative is to consider that the nodes are linked by arc of circles instead of straight
lines. But computations have then shown that the results are not significantly improved.

3.3. CALCULATION OF THE SIF K AND OF THE FUNCTION W

Let us recall that K and W are computed on the set of meshes M _o0. N—1- The process is
incremental. Suppose that for a given k, these functions are known at nodes M, i—o_nN—1- Then
the SIF at nodes Mi]f;;lo.../vq of crack front Fj, are given by K (M) = K(M¥) + 5K (MV)
where 5f<\(Mk) is derived from (3) with # = F;, My = MF. Besides, W(M ', Mf“) =
W (M, M%) + W (Mf, M%) where SW (M}, M%) is given by (4) with F = F, My = M
and M; = M k

To calculate each 6K (M), the PV part on segment [M}_ M}, ] around M} is extracted
from Equation (3). The quantity W (M, M")K (M)[6a(M) — §,a(M)] is approx1mated by a
quadratic function. Since Sa(Ml") ) a(Mlk) = 0 (see Equation (5)), this function is zero at
point M¥ hence takes the form a(s(M) — s(M}))(s(M) — b). In the neighborhood of M, the
distance D(M, M¥) ~ |s(M) — s(MF)| so that:

PV/ MK(M)[S (M) — 8,a(M)]ds(M) =
et uk, ) DA(M, M) ¢ ¢ ’

_ k —
PVf a(s(M) s(M;))(s(M) b)ds(M) _ (22)
(M

(s(M) = s(M}))?

k
IM[+1]

— k
G[S(M"k“) S )+ sy — by in ") S(M)}

s(Mf) —s(M}_))

Over the rest of the front, since D*(M, M k) does not become zero the integrand is regular.
DZ(M LR (M)16a(M) — 8,a(M)]

is approximated by quadratic interpolation on nodes M*, M* i and MY, the third node M ,’f

being either the previous one M f_l if it is different from M ,.k, either the next one M ’/‘ 42

On each intervals [MkMk it1ls J # i — 1,i the integrand

To calculate (SW(Ml-k, M f ), a similar procedure is employed. Nevertheless, attention must
be paid to the fact that the PV concerns both points M and M.
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Figure 5. Elliptical crack.

Linear interpolation on nodes M*, M* ., for the calculation of these integrals on each

jH1e
segment [M j‘ M f 1] 1s also possible, but then one verifies that one should increase the number
of nodes to obtain comparable errors.

The procedure is less sophisticated, hence less complicated than the one developed by
Bower and Ortiz (1990). For instance, no difference is made between collocation points (noted
t; in Bower and Ortiz (1990)) where K and 6 W are computed, and the nodes (noted s;)
used to evaluate the integrals. Besides, the procedure used to calculate the PV integrals is
clearly outlined. Moreover, the regular integrals are computed by quadratic interpolation of

all the integrand, no distinction is done in the choice of the interpolation functions between

ky o~
g((%’ﬂék))K (M) and [6a(M) — 6.a(M)] as in Bower and Ortiz (1990). Nevertheless, our

procedure gives comparable results, as will be shown below in Section 4.1.

3.4, MANAGEMENT OF THE END OF MESHES NODES PROBLEMS

The closed front & has no beginning and no end, but the meshes begins at node 0 and finishes
at node N — 1. This discrepancy involves heavy management of exceptions in the writing of
the loops i = 0 to N — 1 on the nodes Mik . To avoid them, the meshes are extended, as in
Figure 4, by the creation of double nodes in the neighborhood of nodes 0 and N — 1.

3.5. CPU TIMES

At each step, the integrals (3) and (4) have to be computed for each nodes of the meshing,
that is N 4+ N? times. Roughly the calculation of one of those integrals corresponds to N
operations. Hence the CPU time is approximately proportional to N3. For instance, with a
CELERON processor 333 MHz, this time is about proportional to 1075 N3 seconds. Hence a
step of calculation involving 100 nodes takes approximately 10 sec, time that shrinks to 1 sec
for 50 nodes. This makes the method very economical in time versus the FEM one.
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Figure 6. SIF along elliptical cracks (s(B) = 0, B defined in Figure 5).

4. Validation

4.1. ELLIPTICAL CRACK

For an elliptic crack with major axis b and minor axis a (see Figure 5), it is well known that
(see for instance Irwin, 1962):

Jra (sin2(9) +at cosz(Q))l/4

o =
e E(k) \sin’(6) + «? cos?(0)

(23)

where 0 is the polar angle of M, « = a/b < 1,k = +/1 — «? and E(k) denotes the complete
elliptic integral of the second kind. The numerical results obtained for different values of « are
shown in Figure 6. They are in good agreement with the analytical result (23). Nevertheless,
one should notice two obvious facts:
— the errors increase when o decreases, that is the crack studied is the more distant from
the circular starting circle of radius a;
— the error is the higher where the curvature of the front is the more important that is near
point B.
To compare our results to those of Bower and Ortiz (1990), the case « = 1/3 is considered.
Figure 7 shows the value of the error E, defined by :

L (o _ -~ 2
1 / (K (M) — Kipeo(M)) ds(M) 24)
0

E= |— —
L K§
as a function of the number of nodes N, a constant maximum step size of da,x = 0.005a
between the intermedig\te fronts ¥ and F; being used. In formula (24), L is the perimeter
of the crack front and Ky = 2+/a/m is the SIF for the initial circle of radius a. Figure 8 shows
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Figure 7. Error E obtained by different methods with §amax = 0.005a.
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Figure 8. Error E obtained by different methods with N = 72.

the same error E as a function of §an,,/a with N = 72. In Figures 7 and 8, the lines with key

‘Bower and Ortiz (1990)’ correspond to the results of Bower and Ortiz (1990) obtained by

giving the normal advance in analytical form. The others correspond to the results obtained

by ourselves: ‘Analytical a(M)’ means that a(M) has been given analytically by the same
formula as in Bower and Ortiz (1990) and ‘Numerical da(M)’ that a(M) has been computed

by the systematic method depicted in Section 3.1.1.

One may verify in Figures 7 and 8 that:

(1) when the advance of the front is given analytically like in the work of Bower and Ortiz
(1990), E is of the same order although our method is simpler. However, when the ad-
vance is computed numerically, the error is obviously slightly increased, but nevertheless
reasonable enough to allow us to study the propagation path of cracks with more complex
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1

0 0.2 0.4 s(0) 0.6 0.8 1
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Figure 10. SIF along the heart shaped cracks depicted in Figure 9.

shapes as the ones studied below for which analytical determination of da(M) is not
possible.

(2) the finer the discretization, that is the smaller da,.x/a is and the higher N is, the more
the error decreases. Nevertheless, one is limited by the CPU time that, as has been seen in
Section 3.5, may become very high for high N or number of steps, that is small dap,x/a.

One can also compare the results with some results obtained by other numerical methods.

For instance, for an elliptical crack of ratio b/a = 2, the error E obtained by Sukumar et al.

(2003) using the FEM is about of £ = 0.02 and the error E obtained by Xu et al. (1997) using

a self-similar crack expansion method is about of £ = 0.006. One can notice in Figures 7

and 8 that the error we obtained for a ratio b/a = 3 greater than theirs, is lower than 0.02

for relatively coarse discretization (for instance for N > 50 and §a.x = 0.005a) and can be

reduced to 0.006 for a sufficiently refined discretization (N = 100 and §a,x = 0.005a).
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Figure 11. Computed values of the exponent «.

4.2. SIF IN THE VICINITY OF CORNER POINTS

The stress intensity factor K along the front of several ‘heart shaped cracks’, like the ones
depicted in Figure 9 (a denotes the minor width of the crack), with different opening angles
® is given in Figure 10. It is normalized by the stress intensity factor Ko = /2a /7 along
the circle C of radius a/2 depicted in Figure 9. One can verify that in the vicinity of point A
(s = 0) where the crack shape is close to the circle C, K / I/(\O — 1 when & — 180°.

Leblond and Leguillon (1999) have shown that near the angular point O of the front, the
SIF behaves in the following manner:

K(M) « |s(M) — s(0)|"/*** when M — O, (25)

where o depends only on the opening angle ® and verifies « < —1/2 so that the SIF becomes
infinite at the notch point. The peak in Figure 10 is the numerical expression of this propriety.
The scalar o can be computed by fitting the behavior (25) with the results of Figure 10 around
the corner point O. The values obtained are given in Figure 11 for several angles ®. Errors are
due to the dependence of the results upon the points chosen for the fitting operations and to
the numerical errors in the computation of the SIF. They are all the greater as the shape of the
crack is more different from the initial circle G, i.e., as ® is smaller. Nevertheless, our values
are relatively close to the ones obtained by Leblond and Leguillon (1999) by a more precise
method in spite of the uncertainties linked to our method.

5. Some examples of propagation paths

Examples presented in Section 4.1, 4.2 have shown the efficiency of the method for com-
pute SIF along given crack fronts. Let us now apply the method to prediction of fatigue
(Section 5.1) and brittle fracture (Section 5.2) propagation paths of some particular cracks.

5.1. IN FATIGUE

Suppose now that the crack advance is governed by Paris’ law (9) described in Section 2.4,
fracture properties being homogeneous with C(M) = C and (M) = 8 = 2.
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Figure 12. Penny shaped crack.
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Figure 13. Elliptical crack.

Figures 12a, 13a, 14a, 15a show the propagation paths of a circular crack, an elliptical one
with b/a = 2.5, a rectangular with b/a = 1.5 and a heart shaped one with ® = 130°. In all
these figures, a denotes the minimum width of the crack. The crack is chosen to be depicted
until the initial area of the crack as been multiplied approximately by 10 since then the crack
is circular and remains so in all the cases.

In Figures 12b, 13b, 14b, 15b, the quantity N.C (Ao )Pa?/?>~! that is the number N, of
loading cycles between the initial and the actual configurations is given versus the advance of
some particular points. This quantity is derived by summation from Equation (12) that gives
the number of loading cycles between each numerical step. R
The penny shaped crack is shown as a numerical test. Indeed, then K (M) = 2./x(A)/x for
all the points M of the crack front. Hence Paris’ law (9) rises a uniform advance so that the
crack remains circular and explicit integration of this law can be done. For 8 = 2, one obtains

x(A)

a

N.C(Acy)PaP! = N.C(Aoy)? = %m (26)

One notices, in Figure 12, a very good adequacy between this theoretical result and the one
obtained numerically.

Several facts can be noticed in these figures:
(1) It appears, as could be anticipated, that the crack becomes and remains circular after a
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Figure 15. Heart shaped crack.

certain time. Hence one may conclude that it is a general feature of the fatigue propagation
of bounded mode I cracks embedded in an infinite body propagating through a material of
homogeneous fracture properties. Analogous results were reported by Sukumar et al. (2003)
for fatigue propagation simulations of the elliptical crack, based on extended finite element
method and the fast marching method.

(2) The curves 12b, 13b, 14b, 15b are concave. This means that the crack grows faster and
faster. It is normal since when the crack growths, the SIF and the crack advance rate are, on
average, also growing.

(3) Consider that the crack has undergone N.. loading cycles such as, for instance, N.C (Acs)?
aP/>~! = 1. Then one can verify that the crack is, in all the cases considered, circular and that
the ratio r = (Final Area)/(Initial Area) is r ~ 12.7 for the circular crack, r ~ 12.8 for the
elliptical crack, r ~ 12.6 for the rectangular one, r ~ 14 for the heart shaped one. Hence
the heart shaped crack has advanced slightly faster than the elliptical, the circular and the
rectangular ones. That means that 2D crack rate advance calculations on penny shaped cracks
instead of the real 3D shape may be not conservative. Nevertheless the value of r are very
similar so that if one takes into account the numerical errors, one may conclude that the initial
crack shape has no significant influence on the global crack advance rate. The differences
between the advance rates are probably due, for the heart shape crack to the infinite, that is the
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Figure 17. Elliptical crack.

high numerical value of the SIF at the corner point (see Section 4.2) generating a high crack
advance rate contribution; and oppositely, for the rectangular crack to the zero value of the
SIF at the corner points generating a very small crack advance rate contribution.

5.2. IN BRITTLE FRACTURE

The crack advances now in brittle fracture, in a material of homogeneous fracture toughness
K. under conditions (15) and (16) described in Section 2.5. In practice, numerically, (15) is
replaced by (18) with 8 = 50.

Figures 16a, 17a, 18a, 19a show the propagation paths respectively of the circular, ellipt-
ical, rectangular, heart shaped cracks already studied in fatigue in Section 5.1. The crack is
chosen to be depicted until the initial area of the crack as been multiplied approximately by 4,
since then the crack is circular and subsequently, remains circular.

In Figures 16b, 17b, 18b, 19b, the normalized quantity o./a/K,. giving the remote load-
ing o, is plotted versus the advance of some particular points. This quantity is derived from
Equation (16).

Again, the example of the penny-shaped crack is given as a numerical example since then
the crack remains circular, and the SIF along the crack front is given by K (M) = 2/x(A) /7
so that (16) gives:
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One observes, in Figure 16, a good adequacy between this value and the computed ones.
Several things can be noticed in these figures:
(1) During a first stage where the SIF along the crack front is not uniform, one can verify
that, in agreement with the criterion (15), the crack advances only where K is maximum and
equal to K, that is for the elliptical and rectangular cracks, in the vicinity of points B defined
in Figures 17a, 18a, for the heart shaped one in the vicinity of the corner point. Nevertheless,
several numerical trials have shown that this is achieved only if g is high enough. In particular,
one can verify that it is achieved for 8 = 50 but not for 8 = 20.
(2) During a second stage, the crack becomes circular hence the SIF is uniform along the crack
front. The criterion then predicts a uniform advance of the front so that the crack remains
circular.
(3) The elliptical, rectangular and heart shaped cracks advance first under increasing loading
that is in a stable manner, then in an unstable manner. The stable phase is due to decreasing
value of maxy ¢ K¢ (M) implying, according to (16), an increase in loading to have at each
moment maxyer Kg (M) = 0o Maxyeg K #(M) = K.. For the elliptical and rectangular
cracks, the decreasing value of maxyc# K (M) = K #(B) is due to the increase of curvature

27)
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around the point B that causes some screen effect. For the heart shaped crack, it is caused by
the progressive vanishing of the corner.

(4) Among the loadings, the loading 02 above which the propagation begins is of particular
interest. To compare these loadings, one may consider cracks with same initial areas that is
such as a(ellipse)/a(circle) ~ 0.63, a(rectangle)/a(circle) ~ 0.72, a(heart)/a(circle) ~
1.41. One founds

orgo (circle)/a(circle)
K.

0.89,

crgo(ellipse)«/a(circle) 0.82 ogo(rectangle)«/a(circle)
K. o K.

Hence, the rectangular crack begins to propagate for a lower loading than the elliptical and
circular ones. Again, predictions made on circular cracks instead of the real crack shape may
be slightly not conservative. For the heart shape crack, it has no real significance to read such a
value since the value obtained numerically for the maximum SIF corresponds to a theoretical
infinite value of the SIF at the corner point (see Section 4.2) which means that the crack starts
to propagate theoretically instantaneously, that is with oo, = 0, so that in practice, the corner
never exists because it is instantaneously wiped out.

(5) The loading o above which the crack starts to propagate in an unstable manner is also of
practical interest. Again for cracks with same initial areas, one obtains:

ol (circle)/a(circle) ol (ellipse)/a(circle)

0.78

0.89, 0.83,
K, K.
ol (rectangle)+/a(circle) 0.80 ol (heart)/a(circle) 0.82
KC . 9 KC M b

Again values are very close to each other showing a small effect of the initial crack shapes.
Nevertheless, the small effect is such that predictions made on circular cracks instead of the
real 3D shape may be not conservative. Indeed, it appears that if the body is loaded by an
increasing remote loading starting from zero, the crack begins to propagate unstably, that is
the body breaks, for a loading slightly smaller for the elliptical, rectangular, heart shaped
cracks than for the circular crack.

5.3. BRITTLE FRACTURE IN AN HETEROGENEOUS MEDIA

To illustrate the capacity of the regularized form of Irwin’s criterion to perform calculations
of propagation paths into heterogenous medias, let us consider a penny shaped crack of radius
a with a periodical toughness such as:

K.(M) =K. [1+ Acos (kO(M))], (28)

where 6 (M) denotes the polar angle of any point M.

Figures 20, 21, 22 show the propagation paths and the corresponding loading for k = 2,
k = 3, k = 6 respectively, A being equal to 0.2.
One can distinguish several stages in the propagation paths: R
(1) At the beginning of the propagation, the crack is circular hence K is constant along the
crack front, so that only the points where K. is minimum propagate (points denoted B in the
figures).



4.2. Sélection de publications/Selected publications

Propagation Paths of 3D Plane Cracks under Uniform Tensile Loading 43

a. Propagation path

2t ]
I L -
<
> 0r ]
Ak ]
2 -
L Ly | | "
3 2 4 0 1 2
z/a
a. Propagation path
2

y/a

a. Propagation path

078

0.76 £ ¢

0.74
072

M 07

~—
S 068

088 !

8
g 064
062
06

058 £

0.56

of point B — 1
of point A -~ E

L L L L L ) Il L

112 14 16 18 2 22 24 26 28 3 32
Normalized normal crack advances

b. Applied loading versus crack advance
Figure 20. Case k = 2.

05t

vvvvvvvv ABRAARRERNRRRRARRRS]

~of point A —
of point B - ]

1 12 14 16 18 2
Normalized normal crack advances

b. Applied loading versus crack advance
Figure 21. Case k = 3.

0.85

0.6

i T S S
» o of point A —
of point B -

1 1.2 14 16 18 2
Normalized normal crack advances

b. Applied loading versus crack advance
Figure 22. Case k = 6.

131



132 Mes publications/My publications

44 Véronique Lazarus

(2) Then, more and more points reach the critical threshold that is more and more points
propagate at the same time.

(3) Finally, the crack front attains a shape for which all of its points satisfy Irwin’s criterion.
From this stage, the crack propagates uniformly, hence the shape stays the same.

After stage 1, the same screen effect still mentioned in Sections 5.2, was susceptible to
produce around points A, a shrinking of the SIF so that propagation around these points may
have not occured. Hence, stage 2 was not obvious, a priori.

During the final stage 3, one can verify that the polar equation of the crack front is ap-
proximatively of the form r(0) = ay + Acos(kf + m) and the SIF of the form K @) =
Ko + B?cos(kf)), which imply in particular that the SIF at the more advanced points of the
fronts is lower than at the less advanced ones. These results agree with Gao and Rice (1987).

For k = 3, 6, one remarks that until the points A propagate, the loading has to be increased

for crack propagation to occur. This means, by Equation (16), that Y = Ke(B)
maxyesr wo Kz (B)
Kc(M)

increases, that is, since K.(B) is constant during propagation that K #(B) decreases. This
effect is probably due to a shielding effect, the opening displacement at points B being
screened by the surrounding crack front. Then, once the crack front around the points B
becomes ‘open enough’ to see the average growing of the front, K#(B) increases, hence
the loading decreases. The same effect exists for k = 2, but the loading begins to decrease
before the point A begins to propagate. One can also notice that the higher the value of k, that
is the more heterogeneous the fracture toughness is, the more the screen effect is present, the
more the loading has to be increased to reach the instable phase. This means that the more
the material has irregular fracture properties, the more it resists to fracture. One may wonder
whether this a general rule?

6. Conclusion

Since only the meshing of the initial front is needed, the procedure depicted above is an
efficient tool for solving problems concerning a flat crack subjected to mode I loading.
Several properties, some of common knowledge, have been noticed on the cases studied:
(1) For closed cracks (that can be derived from the penny shaped one through continuous de-
formation) propagating in a material of homogeneous fracture properties, the crack propagates
to become circular.
(2) In material of heterogenous toughness, the crack appears to propagate to ensure the con-
dition K = K, along the whole front.
(3) The influence of the initial crack shape on the loading seems to be small. Nevertheless,
it is outlined that calculations make on 2D penny shaped cracks instead of the real 3D shape
may be not conservative.
(4) In brittle fracture in the simple case studied, it appears that the more heterogenous the
toughness is, the more the loading has to be increased to reach unstable crack propagation.
One may ask if these properties applied to any crack shape, hence are universal properties?
One can reasonably answer yes for the two first ones even if no rigorous demonstration or
experimental result are known. To answer yes for the two last properties would be more
hazardous since it relies to some very particular examples that are moreover subjected to
numerical errors.
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Endnotes

Ithe affix z of a point M of the plane (0, X, 7) is the complex number x); + iz) where
(xp1, 0, zpr) are the cartesian coordinates of M and i the square root of —1.
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Abstract

Bower and Ortiz, recently followed by Lazarus, developed a powerful method, based on a theoretical work of Rice,
for numerical simulation of planar propagation paths of mode 1 cracks in infinite isotropic elastic bodies. The efficiency
of this method arose from the need for the sole 1D meshing of the crack front. This paper presents an extension of
Rice’s theoretical work and the associated numerical scheme to mixed-mode (2 + 3) shear loadings. Propagation is sup-
posed to be channeled along some weak planar layer and to remain therefore coplanar, as in the case of a geological
fault for instance. The capabilities of the method are illustrated by computing the propagation paths of cracks with
various initial contours (circular, elliptic, rectangular, heart-shaped) in both fatigue and brittle fracture. The crack
quickly reaches a stable, almost elliptic shape in all cases. An approximate but accurate analytic formula for the ratio
of the axes of this stable shape is derived.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There are several more or less efficient methods for numerical simulation of propagation paths of
3D cracks in elastic media. The most classical and general one is the finite element method (FEM). A
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non-trivial example involving a complex, non-planar crack shape is provided in the work of Xu et al.
(1994). But the FEM requires meshing the whole 3D cracked body at each step of the crack propagation,
and it is difficult to do this automatically. A recent and efficient variant of the FEM consists of coupling the
level set method and the extended finite element method (XFEM); see for instance, Sukumar et al. (2003),
Moes et al. (2002), Gravouil et al. (2002).

The sole meshing of the initial geometry is then required. Another alternative consists of using the
boundary element method (BEM), which requires only 2D meshing of the crack surface and the outer
boundary. Several examples of such an approach are provided in Chapter 5 of Bonnet (1994)’s book. Meth-
ods based on integral equations are especially attractive for infinite bodies since the sole meshing of the
crack surface is then necessary; see for instance the examples provided by Fares (1989) and Xu and Ortiz
(1993). If, in addition, the crack propagates along a plane, compelling methods requiring the sole 1D mesh-
ing of the crack front are envisageable. Using an earlier theoretical work of Rice (1989) and Bower and
Ortiz (1990, 1991, 1993) proposed such an approach and applied it to various problems of practical interest.
Lazarus (2003) later defined a simplified variant of this method which resulted in no significant loss of
numerical accuracy.

More specifically, the basis of Bower and Ortiz’ method and Lazarus’ variant was Bueckner—Rice’s
weight function theory. The 2D version of this theory was expounded by Bueckner (1970) and Rice
(1972), and its extension to the 3D case by Rice (1972) (in the appendix of this reference) and Bueckner
(1973). It was applied by Rice (1989) to planar cracks with arbitrary contours loaded in mode 1. The theory
yielded, to first order, the variation of the mode 1 stress intensity factor (SIF) along the crack front arising
from some small but otherwise arbitrary coplanar perturbation of this front, under conditions of constant
prescribed loading. This variation was expressed as a line integral over the unperturbed front which in-
volved, in addition to the perturbation, some geometry-dependent “kernel” linked to the mode 1 weight
function. The theory also provided the variation of this kernel, again to first order, in a similar form. Bower
and Ortiz (1990, 1991, 1993)’s method consisted of applying Rice’s two formulae to some sequence of small
perturbations of the front resulting in arbitrary deformation of its initial shape. They applied it to the study
of the propagation paths of semi-infinite tensile cracks in heterogeneous media, in both fatigue and brittle
fracture.

In Lazarus (2003)’s variant, the numerical procedure was greatly simplified by using linear instead of
quadratic elements, calculating the crack advance and the various integrals at the same discretization
points instead of distinguishing between nodes and collocation points, etc. Validation tests based on
numerical calculation of SIFs for crack geometries for which some analytical solution existed showed that
such simplifications did not affect the overall numerical accuracy. In fact, the only point that was found to
really require special care was accurate evaluation of some integrals in principal value. Also, Lazarus re-
placed the Irwin—Griffith propagation law for brittle fracture used by Bower and Ortiz by that of Paris.
Nothing was lost by doing so since as noted by Lazarus, in addition to being a good propagation law for
fatigue, Paris’ law “‘simulates” Irwin—Griffith’s law in the limit of very large Paris exponent. The advan-
tage of using Paris’ law was that the crack advance at all time steps and discretization points was directly
provided by some explicit formula. In contrast, deducing the crack advance at the discretization points
from the Irwin—Griffith criterion, as was done by Bower and Ortiz, was more difficult in two respects.
First, iterations were required to determine the ““active” part of the front, that is that portion which effec-
tively propagates at the instant considered. Second, for each iteration, it was necessary to solve a large
system of linear equations on the unknown values of the crack front advance at the discretization points
of this active part. Lazarus applied her method to the study of the propagation paths, in fatigue and brit-
tle fracture, of initially elliptic, rectangular and heart-shaped cracks loaded through some uniform remote
tensile stress. She found that for all of these initial configurations, the crack quickly reached a stable,
circular shape.
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Bower and Ortiz’ method and Lazarus’ variant were developed only for mode 1 cracks. The aim of this
paper is to extend Lazarus’ method to mixed-mode (2 + 3) loadings, and to illustrate it through several
examples of simulation of propagation of shear mode cracks with simple initial shapes, in both fatigue
and brittle fracture. Propagation will be assumed to be coplanar; this is reasonable provided that the crack
is channeled along a weak planar layer, which is the case, for instance, for a geological fault.

The first step consists of extending Rice (1989)’s results to planar cracks with arbitrary contour loaded in
mode 2 + 3. This is done in Section 2. Our starting point here is Rice (1985)’s general formula (applicable to
all modes) for the first-order variation of the displacement discontinuity across the crack plane resulting
from some small coplanar advance of the front, under conditions of constant prescribed loading. The
first-order variation of the SIFs is deduced from there by letting the observation point of this discontinuity
tend toward the crack front. The treatment here extends both that of Rice (1989), which applied to planar
mode 1 cracks with arbitrary contour, and those of Gao and Rice (1986) and Gao (1988), which applied to
planar shear mode cracks with straight or circular contour. The first-order variation of the relevant kernels
is also derived in a similar way, using their relation to the weight functions. Section 3 then briefly presents
the extension of Lazarus (2003)’s numerical method to shear loadings. This extension is straightforward in
principle, but the extended method is notably heavier than the original one for mode 1, because of the inev-
itable coupling of modes 2 and 3. Section 4 expounds validation tests based on numerical calculation of the
distribution of SIFs along the front of elliptic cracks loaded in shear. Finally, Section 5 presents applica-
tions in the form of computation of planar propagation paths of shear mode cracks with simple (circular,
elliptic, rectangular and heart-shaped) initial contours, in fatigue and brittle fracture. It is found that the
crack front quickly reaches some stable, almost elliptic shape in all cases. An approximate but accurate ana-
lytic formula for the ratio of the axes of this stable shape is derived.

2. Extension of Rice’s formulae to modes 2 and 3
2.1. Definitions and notations—Elementary properties of weight functions
2.1.1. Stress intensity factors

Consider a plane crack of arbitrary shape embedded in some infinite isotropic elastic medium subjected
to some arbitrary loading (Fig. 1). Let # denote the crack front and s some curvilinear abscissa along it. At
each point s of #, define a local basis of vectors (&;(s),&,(s),&3(s)) in the following way:

(1) &s(s) is tangent to # and oriented in the same direction as the curvilinear abscissa s;

(2) é,(s) is in the crack plane, orthogonal to # and oriented in the direction of propagation;

F €1

S1

52(81)

Fig. 1. Notations for a planar crack with arbitrary contour.
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(3) é(s) = €, is orthogonal to the crack plane and oriented in such a way that the basis (&,(s), &, é;(s)) is
direct.!

The SIFs Ks), j=1,2,3 at point s are then defined by the following formula, where Einstein’s summa-
tion convention is employed:

lim \/?[[Zi(s,r)] = 84K (s)é(s) (1)

r—0
In this expression [i(s,r)] denotes the displacement discontinuity across the crack plane, oriented by the

vector ¢€;, at the distance r behind the point s of Z, in the direction of the vector —é,(s). Also,
(A;)1<i<3,1<j<3 = A 1s the diagonal matrix defined by

. 1 -2 0 0
AEE 0 1-v 0 (2)
0 0 l1+v

where E denotes Young’s modulus and v, Poisson’s ratio.’

2.1.2. Crack face weight functions and fundamental kernels

Let k;;(7;5';s,r) denote the ith SIF at the point 5" of the crack front # resulting from application of a
pair of opposite unit point forces equal to £¢;(s) on the upper (+) and lower (—) crack surfaces at a dis-
tance r behind the point s of the crack front. These nine scalar functions are called the crack face weight
functions (CFWFs).

The functions k;;(#;s';s,r)/+/r are known to have a well-defined limit for r — 0 (see for instance,
Leblond et al. (1999)). We then define the matrix (W(s',s))1<i<3.1</<3 = W(s',5) by the formula

778
W(s,s) = n\/gDz(s,S') lim kf(/—\/s;”) (3)
where D(s,s’) denotes the cartesian distance between points s and s’. The functions W;(s’,s) in fact depend
on the crack front shape, just like the CFWFs, but the argument % is omitted here for conciseness. They
will be called the fundamental kernels or more shortly the kernels.

The CFWFs are positively homogeneous of degree —3/2; that is, if all distances are multiplied by some
positive factor 4, the CFWFs are multiplied by 2”2, The definition (3) of the functions W(s',s) then im-
plies that they are positively homogeneous of degree 0.

Since tensile and shear problems are uncoupled for a planar crack in an infinite body, whatever the shape
of the crack front, the components ki,, k13, k>, and k3, of the CFWFs are zero, so that by Eq. (3):

Wia(s',s) = Wis(s',s) = Wy (s'ys) = Wy (s',s) = 0. 4)

Finally, considering two problems, one with point forces equal to +¢; exerted on the crack faces at (s,r) and
one with point forces equal to +é; exerted on the crack faces at (s',7’), applying Betti’s theorem, and using
Egs. (1) and (3), one sees that the kernels obey the following ‘“‘symmetry” property:

AinWj(5,8") = A Wi (s’ 5) (5)

! This choice differs from the usual one but coincides with that made by Rice (1989). Its advantage is that the basis vectors are
labelled to agree with mode number designations for the SIFs, and this simplifies the reasoning below leading to the expressions of the
variations of these SIFs when the crack front is perturbed.

2 A similar formula holds for an arbitrary anisotropic medium but the matrix A is then no longer diagonal.
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2.2. Principle of the derivation of the variations of the stress intensity factors and fundamental kernels

Let us now assume that the crack advances, under constant loading, by a small distance da(s) within its
plane in the direction perpendicular to its front. The variation of the displacement discontinuity J[ (s, 7)]
at point (sg,7) is given, to first order in the perturbation, by the following formula Rice (1985):

5T (50,7)] = 24,1 (s0) / (55 50, 1)Ko (5)a(s) ds. (6)
7
The variations of the SIFs will be obtained from there by taking the limit » — 0 in this expression, using
their relation to the variation of the displacement discontinuity. In fact, the formula for 6K;(sy) was given
by Rice (1989) for a planar crack with arbitrary contour, and those for dK5(so) and § K3(sg), which are of
more interest here, by Leblond et al. (1999) for arbitrary, not necessarily planar initial crack geometries,
and arbitrary, even possibly kinked, small crack extensions. (Leblond et al. (1999)’s formula in fact ex-
tended previous formulae of Gao and Rice (1986) and Gao (1988) which applied to planar shear mode
cracks with coplanar extension and straight or circular contour.) However we shall re-derive Leblond
et al. (1999)’s formulae here, for two reasons.

(1) The hypothesis of coplanar crack extension makes it possible to greatly simplify Leblond et al.
(1999)’s intricate reasoning. Presenting the simple® reasoning proposed below offers the advantage
that the paper is self-contained at little additional cost.

(2) It will also be necessary to calculate the variations of the kernels since these kernels appear in the for-
mulae for the variations of the SIFs. The derivation of these additional formulae will use a similar,
albeit somewhat more complex reasoning, based on the fact that the kernels are related to the CFWFs
and thus to some SIFs generated by special loadings. The presentation of the derivation of the for-
mulae for the variations of the SIFs will serve as a useful introduction there.

The formulae for ¢ Was(sg,s1), 0 W33(s0,51), 0 Was(so,s1) and 6 Wss(sg,s1) provided below are new. In con-
trast, it has already been mentioned in Section 1 that the formula for 6 W7(sg,s1) was provided by Rice
(1989). We shall however re-derive it at no additional cost, since the reasoning presented below applies
indifferently to all modes.

2.3. Variation of the stress intensity factors

In a first step, we assume that da is zero at that point s, where the 0K; are to be evaluated (Fig. 2). The
basis (&) (so) = &1,&,(s0),€5(s0)) “adapted” to the perturbed crack front at this point is obtained, to first
order in the perturbation, through rotation of the old one (é;(so) = &, é(s0), €3(s0)) by an angle dda(so)/
ds = o0a'(sg) about the vector &;. Hence

&;(so) = &:(s0) + dd'(s9)€é x & so) (7)

where the symbol x denotes the vector product. (Note that since the basis (€, é,(so), é3(so)) is left-handed,
51 X 52(.5‘0) = —53(.5‘0) and 51 X 53(.5‘0) = 52(5‘0)).

Let [#" (s, 7*)] denote the displacement discontinuity across the crack plane in the perturbed crack con-
figuration, at a small distance r* behind the point s, in the direction of the vector —&(sy) (Fig. 2). By Eq. (1),

lim \/i:f[ﬁ* (s0,7)] = 84;[K;(s0) + 0K i(50)]€; (s0) (8)

r*—0

? In principle, less so in details.
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€5 (s0)
53(80)

Fig. 2. Motion of the crack front around the immobile point sp.

Now, by definition,

oli(so, )] = [ (s0,7) ] = [ii(s0,7)] ©)
where [[#"(so,7)] is the displacement discontinuity in the perturbed crack configuration at a distance r be-
hind the point s, in the direction of the vector —é,(s¢), not — &,(sy) (Fig. 2). However the vector —&,(s,) here
may be replaced by —&,(s,) because the resulting displacement of the observation point is of second order in
the perturbation, as is obvious from Fig. 2. Using Eqgs. (7) and (8), one then gets

. 2n . , .
lim | /==0[ii(s0,7)] = 8 A4,0K ;(50) + 154K (50)9d’ (50)] €;(50) (10)
where the ¢;;,, denote the permutation symbols.*

We shall now use Eq. (6) in the limit » — 0. It is shown in Appendix A that in this limit, the asymptotic
behaviour of the integrals in the right-hand side is given by the following formula:

V2rn . 1
e }11)13 7 /qk,»,-(gff;s;so,r)l(m(s)éa(s) ds

o , 1 Wii(s,s0)
=5 (072013 + 0,301)K,(50)0d (s0) + > PV/y D (s0.5) K,.(s)oa(s)ds (11)

where the 6; denote Kronecker’s symbols and the integral in the right-hand side is to be understood as a
Cauchy principal value (PV). Dividing then Eq. (6) by 1/r and taking the limit » — 0 using Egs. (10) and
(11), one obtains after some algebraic manipulations the following formula:

5K (s0) :N~K(so)5a'(s0)+%PV /j VZEZ‘;S) “K(s)da(s)ds (12)

D*(s0, s)

The quantities K(s) = (K; (5))1<i<3 and 0K(s) = (0K, (5))1<i<3 here are the column vectors of initial SIFs and
variations of these SIFs, and N = (/N;);<;<3.1<<3 1s the matrix defined by

4 &;m = 0 if two indices are equal, 1 if {i,j,m} is a positive permutation of {1,2,3}, —1 if it is a negative permutation.
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5 0 0 0
N= 0 0 —1 13
7 (13)
0 1—-v O
Eq. (12) is identical to Leblond et al. (1999)’s general equation (30)’ (with the notation ;- ZZ((?’S;)) instead of

Z(s0,5)), in the special case of a planar crack with coplanar extension (and zero crack advance at the point
S()).

The restriction da(sy) = 0 will now be removed by using a trick of Rice (1989). This trick consists of
decomposing an arbitrary motion of the crack front defined by the normal advance da(s) into two steps:

(1) A translatory motion of displacement vector da(sg)é>(so). This motion brings the point s, to its correct
final position while leaving the crack front shape unchanged. The corresponding normal advance
d.a(s) is given, to first order in da(s), by
0.a(s) = da(sy)éx(so) - €x(s) (14)
The associated variation of K(s) will be denoted 4.K(s).

(2) A motion with normal advance given by da(s) — d.a(s). This advance is zero at point s, so that the
corresponding variation of K(sg) is given by Eq. (12), with 0a'(sg) — d.a'(so) = da’(sy) since
0.a'(sg) = 0 by Eq. (14).

Adding up the contributions from these two motions, one gets the final expression of the variation of the
SIFs under constant loading in the general case:
W(so,s)
D*(s0,5)

0K (s9) = 0.K(s0) + N - K(s9)0d'(s9) + %PV/? -K(s)[oa(s) — d.a(s)]ds (15)

2.4. Variation of the fundamental kernels

The method of derivation of the first-order formula for §W(sy,s1) consists of applying Eq. (12) to those
special loadings defining the kernels, that is, pairs of opposite, unit point forces exerted on the crack faces
close to the crack front.

We first make the assumption that the crack advance da is zero at points sy and s;. We also define the
following CFWFs pertaining to the perturbed crack configuration:

(1) k(77503 51,77) s the ith SIF at point 5o on the perturbed crack front #* when point forces equal to
+¢;(s1) are applied at a distance r" behind point s, on this front in the direction of the vector —&;(s;);

(2) k;,(F7;50;51,7) is defined in the same way except that the forces are exerted at a distance r behind
point s; in the direction of the vector —&,(s;) instead of —&,(s;);

(3) kij(F ;503 51,7) is defined in the same way as k;,(F"; so; 51, 7) except that the forces are equal to +¢;(s1)
instead of £¢;(s1).

Suppose that forces equal to £¢;(s;) are applied at a distance r behind point s, in the direction of the
vector —&,(s;), and compare the ith resulting SIFs at point s, in the initial and perturbed configurations
of the crack. Eq. (12) yields, in this specific case:

kif(F 7505 81,7) — kij(F ;505 81,7)
(S()’S)

1 Wim
= Ninlkm_/(g;So;Sl,r)(Sa/(So) +EPV/5; W

ki (F ;5581,7)da(s)ds (16)
S0,5)
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Now, by definition,

ki (F 75 50381,77) kij(?;so;sl,r)> (17)

Y
IWii(s0,51) = 7y [=D?(s0,51) | lim — lim
(50,81 \/; (s0 1)<ru0 Jr lim 7
In the first limit here, k;(ﬁ" "3 5081, 7°) may be replaced by k;(ﬁ’ *; 50381, 1) since the error thus introduced on
the position of the point of application of the forces is of second order in the perturbation; thus
k(T s0381,7) — kif(F 5503 81,7)

n :
oW ij(s0, 1) = TC\/;Dz(SOvsl)lrli% N (18)

Using now linearity with respect to the loading and Eq. (7) to express the k(% *;50;s1,7) in terms of the
ki;(Z";s0;81,7), one gets after some manipulations
kij(g*;so;slar) - kij(f;so;Slai’)

n .
OW ij(s0,51) = n\/;DZ(SOaSl)lrIL% 7
+ [5_/3 Win(s0,81) — 00 W,g(so,sl)]éa’(sl) (19)

Inserting Eq. (16) in this result and taking the limit » — 0 in the same way as in Section 2.3, using in par-
ticular equation (11), one then obtains

OW (s0,51) = N - W(sp,s1)0d (s0) — W(so,s1) - Nod'(s1)

D*(s0,51) W(so,s) - W(s,s1)
+ B PV /7 Dz(SO,S)Dz(Sl,S) a(s)ds (20)

In order to finally get rid of the hypothesis da(sy) = da(s;) = 0, we use another trick of Rice (1989). This
trick consists of now decomposing an arbitrary motion of the crack front, defined by the normal advance
oa(s), into a motion corresponding to some advance J..a(s) and bringing points sy and s; to their correct
final positions while leaving the kernels unchanged, plus a motion corresponding to the advance
oa(s) — d..a(s), which is zero at sy and s,. More specifically, one can always find a combination of a trans-
latory motion, a rotation and a homothetical transformation bringing two distinct points sy, s; from any
initial positions to any final positions. (This is obvious using a complex variable formalism and noting that
such transformations are of the form f{z) = az + b, where a and b are arbitrary complex parameters.) Such
a combination does leave the kernels unaffected because they are independent of the position of the crack in
its plane, its orientation and its size. Application of Eq. (20) to the second motion then yields the final
expression of the variation of the kernels under constant loading in the general case:

OW (s0,51) = N - W(sg,s1)[0d (s0) — 0..a'(s0)] — W(s0,51) - N[0d'(s1) — J..d'(s1)]

n D*(s0,51) PV Wz(so,s) -VzV(s,sl)
2n 7 D7(so,5)D(s1,5)

[0a(s) — O..a(s)]ds (21)

Note that quantities d..a’(sg) and d..a’(s;) here are nonzero, unlike quantity d.a'(so) in Eq. (15). The for-
mula for the component 6 W7(so,s1) is identical to that derived by Rice (1989).

3. Numerical procedure

3.1. General hypotheses

Formula (15) provides the first-order variation 6K(sq) of K(so) arising from some small coplanar pertur-
bation of the crack front under conditions of constant prescribed loading, provided that the variation
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0.K(so) of K(sp) for a translatory motion of the crack front is known. Such is notably the case for a loading
consisting of uniform stresses applied at infinity; indeed §.K(sg) = 0 then. Attention is focused on this case
in the sequel, and more specifically on shear loadings, since tensile ones have already been considered by
Lazarus (2003).

Crack propagation is assumed to be coplanar, which is reasonable (for the shear loadings envisaged) if it
is channeled along some weak planar layer. Such is the case for geological faults and certain cracks in com-
posite materials. Propagation is assumed to be governed by the following Paris-type law:

0
a_‘t’ (s,1) = C[%(s, 1)) (22)
In this expression da(s, 7)/0t denotes the normal velocity of the crack front and %(s, ) the local energy re-

lease rate, related to the SIFs through Irwin’s formula
g(s,t) = Al'jKi(S,t)Kj(S, t) (23)

Also, C and f are material parameters called the Paris constant and the Paris exponent, respectively. Paris’
law is adequate for sub-critical crack growth and fatigue, “¢” being re-interpreted as “number of cycles”
and “%” as “A%” in the latter case. Following a remark of Lazarus (2003), it may also be considered, in
the case of very large Paris exponent, as a kind of “regularization” of Griffith’s propagation law for brittle
fracture, just as, for instance, Norton’s viscoplastic flow rule may be considered as a ‘““viscoplastic regular-
ization” of the Prandtl-Reuss plastic flow rule in the case of very large Norton exponent.

3.2. Lazarus’ numerical procedure and its adaptation to shear mode cracks

If K(so) and W(sp,s1) are known for all points s, s; of some crack front, formula (15) (with J.K(s¢) = 0)
and (21) provide their values on any nearby front. Iterating the process, one can calculate them numerically
for any arbitrarily deformed crack front. This is the common basis of Bower and Ortiz (1990)’s method for
computation of the evolution of tensile cracks, of Lazarus (2003)’s variant of this method, and of the pres-
ent extension to shear mode cracks.

Each simulation consists of two successive steps:

(1) Determination of the SIFs and kernels for the initial crack front considered. This is done using the
incremental procedure just sketched, starting from a “reference” penny-shaped crack, for which they
are known (see Section 3.3 below), and using a systematic automatic procedure to generate a sequence
of successive crack front shapes ending up with that desired.

(2) Determination of the subsequent propagation path. The procedure is basically the same. However
successive crack front shapes are no longer arbitrary but deduced sequentially from one another
by using the propagation law (22) in the following time-discretized form:

B G(s,1,)\""
oa(s,t;) = 0max (m) (24)

The quantity day,.x here denotes the maximum crack advance imposed between consecutive steps, and
Y max (1;) the maximum instantaneous value of the energy release rate along the crack front.” (Inciden-
tally, Eq. (24) makes it clear why Paris’ propagation law ‘“‘simulates’ that of Griffith in the case of
very large exponent f; indeed in such a case da(s, t;) is nonzero only if ¥(s,¢;) is equal to Z.x (1))

5> Some information is lost in Eq. (24) with respect to Eq. (22), namely the instants corresponding to the successive configurations of
the crack front. It is of course possible to calculate these instants, as was done by Lazarus (2003) in the case of tensile loadings, but we
shall concentrate here on the sole sequence of successive crack front configurations and forget about the corresponding instants.
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Details of the numerical procedure for shear loadings are quite similar to those of the procedure for ten-
sile loadings, as expounded by Lazarus (2003), and will not be repeated here. The only significant difference
is that the procedure for shear loadings is notably heavier, due to the inevitable coupling of modes 2 and 3.
Advantage is however taken of the symmetry property (5), which relates W5s(s,s’) to Wis(s’,s) and thus
allows to compute and store only Ws.

3.3. Initialization: stress intensity factors and fundamental kernels for a penny-shaped crack

The SIFs and kernels for a penny-shaped crack are needed as initial conditions for the numerical pro-
cedure just explained. Fig. 3 shows a top view of such a crack, of radius a. (An elliptic crack is also repre-
sented for future purposes.) We consider a global right-handed frame Oxyz with origin O at the centre of
the crack and axis Oz perpendicular to its plane, together with the associated polar angle 6 in the Oxy
plane. The curvilinear abscissa s = af along the crack front is oriented in the same way as the polar angle
0. Fig. 3 also shows the local left-handed basis of vectors (€, é,(s), €;(s)) (on the elliptic crack front for leg-
ibility), as defined in Section 2.1.1. Note that with the convention adopted, the normal vectors €}, €, to the
crack plane are not equal but opposite, so that [i](x,y) = i(x,y,z = 07) — ii(x,y,z = 07). The loading con-
sists of some uniform shear stress o,. = v imposed at infinity.

The SIFs and CFWFs for this geometry and loading were given by Tada et al. (1973) and Bueckner
(1987), respectively. With the sign conventions adopted, they read as follows:

K:(0) = 3 i vr\/%cosﬂ
(25)
K0 = 4(21__VV) T\/%sine
W(01,05) = 2cos((912: (32) 3y
W1, 80) = ﬁ Woa(0s,0,) = 25000 — 02)

-V

Fig. 3. Top views of penny-shaped and elliptic cracks.
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4. Validation: calculation of shear mode stress intensity factors for an elliptic crack

In order to assess the accuracy of the numerical procedure proposed, we shall apply it to the calculation
of the SIFs along the front of some elliptic crack obtained through gradual deformation of an initially pen-
ny-shaped crack, and compare the results with the known analytic solution. This solution was provided by
Kassir and Sih (1966). For an elliptic crack of minor axis «a, parallel to the Oy axis, and major axis b, par-
allel to the Ox axis (see Fig. 3), loaded through some uniform remote shear stress o,. =1, it reads as
follows:

K>(0) = —

o f (k,v)cosO
(sin®0 + o*cos?0)'* (sin®0 + a2cos20)
1 —v)f(k,v)sinf
K0 - (1= )k ) v

(sin®0 + acos?0)'/* (sin?0 + o2cos?0)

1/ ©/na
(27)

In these expressions 6 denotes the polar angle as above (not the angle of the classical parametric equations
of the ellipse, x = bcos ¢, y = asin ¢); also, a, k and f{k,v) are defined by

a K
o= kzm; k,v) = 28

b S k) (k= v)E(k) +v(1 — KK (k) (28)
where K(k) and E(k) are the complete elliptic integrals of the first and second kinds (Gradsteyn and Ryzhik,
1965).

Fig. 4 shows theoretical and numerical results for elliptic cracks of various shapes, for a Poisson’s ratio
of 0.25. The origin of the curvilinear abscissa here is taken at the right endpoint of the major axis. In the
numerical calculations, each ellipse is discretized with 200 points, and the maximum stepsize for each incre-
ment of deformation of the crack front is dama = 2.5 x 10~ %a.

Table 1 also displays the mean errors E,, E5 defined as

L num theor 2 172
E,:{l/O (K" () — K*(s)) ds} (i=2,3) (29)

L 4v%a/n

where L is the perimeter of the ellipse.
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Fig. 4. Shear mode SIFs along the front of various elliptic cracks—Lines: analytical formulae (27); discrete points: numerical results.
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Table 1
Mean errors made in the numerical calculation of shear mode SIFs for elliptic cracks

al=15 a =3 wl=5
E, 57x107* 8.7x 1073 4.6x1072
E; 33x107* 43x1073 32x1072

Fig. 4 and Table 1 exhibit a good agreement between numerical and theoretical results, even though the
errors of course increase with the eccentricity of the ellipse. Also, these errors are larger than those found by
Lazarus (2003) when performing similar calculations in mode 1. This can rationalized by the fact that more
calculations, introducing more inaccuracies, are required in mode 2 + 3: indeed for mode 1 two integrals
must be evaluated at each step (one for dK; plus one for 6 W), versus ten for mode 2 + 3 (two for each
0K;, i = 2,3, plus two for each 6 Wy, (i,j) =(2,2),(3,3),(2,3)).

The errors in Fig. 4 and Table 1 are comparable to those made using the FEM for ellipses with large
eccentricities, and notably smaller for ellipses with moderate eccentricities. For instance Sukumar et al.
(2003), using the level set method coupled with the XFEM, reported a relative error of 2 x 10”2 in the cal-
culation of K, for an elliptic crack with o' = 2. This is notably larger than the error reported in Table 1 for
mode 2 + 3, which is itself larger than that reported by Lazarus (2003) for mode 1.

5. Application to simulation of propagation of shear mode cracks

5.1. Propagation of initially circular, elliptic, rectangular and heart-shaped cracks in fatigue and brittle
fracture

We have computed the successive shapes of initially circular, elliptic, rectangular and heart-shaped
cracks obeying the propagation law (22). The value of Poisson’s ratio used was v = 0.25, and that of Paris’
exponent was f§ = 2 for fatigue and f§ = 50 (=~+o0) for brittle fracture. The simulations were stopped when
the crack reached a stable shape. Figs. 5 and 6 show the successive crack configurations obtained. The
quantity a here denotes a typical dimension of the initial crack shape, the precise definition of which de-
pends on this shape and is conspicuous on the figures.

The difference between successive crack fronts in fatigue and brittle fracture clearly appears in these fig-
ures. In fatigue, all points of the crack front move simultaneously. In brittle fracture, propagation occurs
only on some “‘active’ part of the front. This active part starts from those points where the energy release
rate is initially maximum, and gradually extends over the crack front. The stable crack shape is reached as
soon as the whole front has become active.

The stable shape can be observed to be approximately elliptic in all cases; this question will be examined
in more detail in the next section. However, in the cases of initially rectangular and heart-shaped cracks,
which are numerically tricky because of the presence of angular points on the crack front, one can observe
some slight perturbation of the regular shape of the front in the vicinity of these points. This perturbation is
due to numerical errors, and therefore provides an appreciation of the accuracy of the method. It clearly
appears here that numerical errors accumulate and cannot be corrected for once they are made. This un-
happy feature of the numerical procedure of course arises from its incremental nature, and is in clear con-
trast with those of more classical procedures such as the FEM. It is a counterpart of the simplicity and
efficiency of the method.

It is also interesting to note that in the case of propagation of an initially heart-shaped crack in brittle
fracture (last diagram of Fig. 6), even when the crack front has reached its stable shape, it does not move
symmetrically with respect to its vertical axis of symmetry; the propagation rate is larger on its right part
than on its left one. The explanation of this apparent paradox is that in brittle fracture, the motion of the
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Fig. 5. Successive crack fronts of shear mode cracks in fatigue (f = 2).

crack front is not defined in a unique way, because the distribution of the energy release rate along the crack
front is insensitive to global translational motions of this front; the simulation thus “selects’” some possible
solution among the very many envisageable, in which the left and right parts of the crack front happen to
propagate at different rates. The selection of this specific solution is governed by the initial crack front
shape, which is itself not symmetric. A subtle difference appears here between Griffith’s original propaga-
tion law and its “regularized” variant used here, that is Paris’ law with a very large exponent: Griffith’s law
implies some bifurcation, but this bifurcation is erased by the regularization, just as bifurcations occurring
in plasticity are erased by viscoplastic regularizations of the flow rule.

5.2. Theoretical study of the stable shape of the crack front

The aim of this section is to show that the stable shape of the crack front is only approximately elliptic,
and also to derive an approximate, but accurate analytical formula for the ratio of the axes of this stable
shape based on the approximation that it is elliptic.

Let 0+ ro(0) denote the polar representation of the stable shape. Since this shape is preserved in time,
the polar representation of the crack front is of the form 0+ r(0, 1) = A(?)ro(0) at each instant. For such a
propagation path, the normal velocity of the crack front is given by

Oa or - - 2/ V%(Q)
~, (07 t) =, (07 t)er(ev t) : 62(6, t) =4 (t)
oo 2(0) + 73(0)

(30)
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Fig. 6. Successive crack fronts of shear mode cracks in brittle fracture (f = 50).

Paris’ propagation law (22) then implies that
2/B

9(0,t) x
ro’(0) +r3(0)

Now, for an elliptic crack,
a

r(0) = (32)

V/sin0 + a2cos20
and, by Egs. (23) and (27)

% = [f (k,v)?

a*cos?0 + (1 — v)sin’0
(sin®6 + o*cos?6)'/* (sin®6 + a2cos26)'/?

Eq. (31), with ro(0) given by an expression of type (32), and Eq. (33) stipulate different types of dependence
of % upon 6, whatever the value of Paris’ exponent . Hence the stable shape cannot be elliptic.

However, it has already been noted upon inspection of Figs. 5 and 6 that the elliptic shape is a good
approximation to the true stable shape. Accepting this approximation, one can derive an again approxi-
mate but accurate formula for the ratio of the axes of the stable shape. Indeed, since this ratio does not
vary in time,

(0a/0t)(0 = m/2,1)
(0a/0t)(0 = 0,1t

(33)

) b

(34)
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Fig. 7. Evolution of the ratio of the axes of the crack in fatigue (f = 2).

Also, Paris’ propagation law (22) implies that

(0a/ot)(0 = m/2,t) (9(0=m/2,t) b/2
(0a/ot)(0 =0,1) ( 4(0=0,1) ) (35)

Now if the crack is nearly elliptic,

$O0=m/2) . b

m ~(1-v) p (36)
by Eq. (33). Combining Egs. (34)—(36), one gets

% ~(1- v)ﬁ% (37)

The special case where f§ = +oo (brittle fracture) was considered by Gao (1988), using a first-order pertur-
bation approach based on the assumption of a nearly circular stable shape. He found that for this stable
shape,

v(2—v)
2(2 —2v —1?)
The deviation from a circular shape in this formula is proportional to 4 and therefore to v. Thus the per-

turbation approach is valid only provided that Poisson’s ratio is much smaller than unity, and only zeroth-
and first-order terms in v must in fact be retained in formula (38).° This formula then reduces to

gzl—ZL A= (38)

%zl—v (39)

and this agrees with Eq. (37) for f = +oc.
Figs. 7 and 8 show the evolution of the ratio a/b as a function of Aay.,/a, Adma, denoting the maximum
crack advance, for the various initial crack shapes envisaged, in both fatigue and brittle fracture. This ratio

% This point seems to have been overlooked by Gao (1988).
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Fig. 8. Evolution of the ratio of the axes of the crack in brittle fracture (f = 50).

Table 2
b —(a/b)y| . . .
Values of 1(4/5) num = (@/5) | in fatigue and brittle fracture
(@/b)m
p=2 (%) B =150 (%)

Circular 0.3 0.7
Elliptic 4 2.8
Rectangular 1.3 4.8
Heart-shaped 6.8 11.6

can be observed to tend toward some limit independent of the initial crack shape and in acceptable agree-
ment with the theoretical value provided by Eq. (37).

Table 2 allows to better appreciate the convergence of numerical values of a/b toward their theoretical
limit given by Eq. (37). It shows the relative gap between this theoretical limit value and that obtained
numerically after an maximum advance of 5« in the case of fatigue, and 4a in the case of brittle fracture.
It can be observed that convergence is slowest for the initially heart-shaped crack in both fatigue and brittle
fracture. The obvious explanation is that this is the initial crack shape that differs most markedly from the
stable, quasi-elliptic crack shape. Also, the agreement between numerical and theoretical limit values of a/b
is better for =2 than for f = 50. This is again no surprise because for very large values of f, the local
propagation rate is very sensitive to the local value of the energy release rate, and this enhances the impact
of numerical errors.

6. Summary and conclusion

This paper was devoted to numerical simulation of coplanar propagation (channeled along some weak
planar layer) of shear mode cracks with arbitrary contour. The crack was assumed to be embedded in some
infinite body loaded through uniform remote stresses. Propagation laws pertaining to both brittle fracture
and fatigue were envisaged.
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We first derived formulae providing, to first order, the variations of the three stress intensity fac-
tors resulting from a small but otherwise arbitrary coplanar perturbation of the crack front, under
conditions of constant prescribed loading. The expressions of these variations consisted of integrals
along the crack front involving some matrix “kernel” linked to the crack face weight functions, plus some
“local” terms. The first-order expressions of the variations of the components of this kernel were also
derived.

These results were then used to extend Lazarus (2003)’s simplified variant of Bower and Ortiz (1990,
1991, 1993)’s method for numerical simulation of coplanar propagation of mode 1 cracks to mixed-mode
(2 + 3) cracks. The propagation paths of initially circular, elliptic, rectangular and heart-shaped shear mode
cracks were studied in both fatigue and brittle fracture. These simulations evidenced the existence of some
almost elliptic stable crack front shape, toward which all the crack fronts considered were observed to
evolve. An approximate but accurate formula providing the ratio of the axes of this stable shape as a func-
tion of Poisson’s ratio and Paris’ exponent was finally derived.

Appendix A. Justification of formula (11)

The aim of this appendix is to calculate the limit in the left-hand side of Eq. (11) of the text.

It is recalled that the crack advance da in this formula is assumed to be zero at the point so. Without any
loss of generality, we can assume that so=0. Also, we split the integration domain (—oc,+o0) into
[(—o0,—1) U (1,+00)]U [—1n, 7], n being an arbitrary positive number. This number is fixed for the moment
but will go to zero at the end of the reasoning.

Consider the integral over (—oo,—#)U (y,+o0) first. For any fixed s in this domain, the quantity
k(7 s;50,7)/\/r = kji(F;5;0,r)/+/r has a finite limit for r — 0 given by Eq. (3). Hence

I 1 ,
lim —— / (73550, 1)K n(5)3a(s) ds = —\ﬁ / Wis.9) o sa(s)ds (A1)
r—0 \/; (—00,—)U(1,400) TyVTm (—00,—1)U(1,400) D (S, 0)

Note that the term D%(s,0) in the denominator here does not raise any problem of convergence of the inte-
gral since it never becomes zero in the domain (—oo, —#) U (1, +00).

Taking the limit of the integral over [—#, 7] is more difficult because D?(s,0) vanishes on this interval at
the point s = 0. Performing a first-order Taylor expansion of the quantity K,,(s)da(s) around this point in
this integral, one gets

1 ”
7 /’1 ki(7;s;0,r)K,,(s)oa(s)ds

" ki(75;0,7) " ki(75;0,r)
=K,,(0)6d' (0 / "sds—l—/ ST 22 0(s) ds A2
Oa(0) [ [ AR 0() (A2)

Now in the special cases where the CFWFs are known explicitly, that is for a semi-infinite crack (Gao and
Rice, 1986), a penny-shaped crack (Gao, 1988) and an external circular crack loaded in mode 1 (Gao and
Rice, 1987), the quantities k;(F;s;0,r)/,/r are bounded by a constant times s> for s — 0. Making the
reasonable assumption that this is true in general, we conclude that the integrand in the second term of
the right-hand side of Eq. (A.2) is O(1) for s — 0, so that this equation may be rewritten as

Ly 735;,0,r s)da(s)ds = a " ki(75,0,7)
W/_nkﬁﬁfﬁ 0, 7)Kn(s)da(s) ds = K,(0)d (0)/

y W sds 4+ O(n) (A.3)
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In order to calculate the limit of the integral in the right-hand side of Eq. (A.3), let us use the property of
positive homogeneity of degree —3/2 of the CFWFs and the change of variable s’ = s/r; we thus get

N (G g n/r
/ Msds — / ki(F [r:50,1)s' ds’ (A.4)
L ”

The k;(F /r;s';0,1) here represent the CFWFs at the observation point s, when unit point forces are ex-
erted on the crack faces at a distance of unity from the point sy = 0 of the crack front %, this front being
“dilated” by a factor of 1/r. In the limit r — 0, the curvature of this dilated front becomes zero, so that the
k(7 [r;s';0,1) become identical to the CFWFs of a half-plane crack. Also, the lower and upper bounds
+n/r of the integral go to +oo. Using the well-known expressions of the CFWFs for a half-plane crack
(Gao and Rice, 1986), one then gets

0 if (7,i) =(2,2) or (3,3)
n AT o
im [ B TE800) qo L, (A.5)

r—0 | f - . N
n f 2n2_v lf (J?l) (2? 3) or (3? 2)

Combination of Egs. (A.3) and (A.5) then yields

1 4y

0y (0,263 + 6;362)K,,(0)da' (0) + O(n) (A.6)

r—0

1 n
lim \/;/_ﬂk,z(./f,s, 0,7)K,,(s)da(s)ds

Combining Egs. (A.1) and (A.6), and then letting n go to zero, one finally gets Eq. (11) of the text (with
N O)
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Abstract

One studies the evolution in time of the deformation of the front of a semi-infinite 3D interface crack propagating
quasistatically in an infinite heterogeneous elastic body. The fracture properties are assumed to be lower on the interface
than in the materials so that crack propagation is channelled along the interface, and to vary randomly within the crack
plane. The work is based on earlier formulae which provide the first-order change of the stress intensity factors along the
front of a semi-infinite interface crack arising from some small but otherwise arbitrary in-plane perturbation of this front.
The main object of study is the long-time behavior of various statistical measures of the deformation of the crack front.
Special attention is paid to the influences of the mismatch of elastic properties, the type of propagation law (fatigue or
brittle fracture) and the stable or unstable character of 2D crack propagation (depending on the loading) upon the
development of this deformation.
© 2007 Elsevier Ltd. All rights reserved.

Keywords.: Crack mechanics; Inhomogeneous material; Asymptotic analysis; 3D interface crack

1. Introduction

Three-dimensional interfacial fracture mechanics is not an easy subject, and the literature devoted to this
topic is still very scarce. The first contributions in this field were due to Willis (1971, 1972) and contained
solutions for internal and external circular interface cracks subjected to polynomial (not necessarily
axisymmetric) loads. Then almost 30 years elapsed before Lazarus and Leblond (1998a, b) considered the
problem of small coplanar perturbation of the front of a semi-infinite interface crack.

Lazarus and Leblond (1998a) first analyzed the variation of the stress intensity factors (SIFs) along the front
of such a crack. Their method of solution was, in Bueckner’s (1987) terminology, ‘“‘special” rather than
“general” since it did not yield the full solution of the elasticity problem implied but concentrated on the sole
distribution of the SIFs along the crack front, at the expense of completeness but with the advantage of
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(relative) simplicity and elegance. This method basically stood as an extension of that devised in the work of
Rice (1985), and used there and in the work of Gao and Rice (1986) to analyze the same problem but for an
ordinary crack in an elastically homogeneous medium. The basis of Rice’s (1985) method was a reformulation
of Bueckner’s weight function theory; Bueckner’s 3D weight functions for a semi-infinite ordinary crack in an
infinite body have been known for a long time, and this allowed Rice (1985) and Gao and Rice (1986) to derive
explicit formulae for the perturbation of the SIFs for such a crack. In contrast, the 3D weight functions for a
semi-infinite interface crack in an infinite body were unknown in 1998, and this prevented Lazarus and
Leblond (1998a) from deriving similar fully explicit formulae for this type of crack. They nevertheless
succeeded in establishing formulae containing only five unknown constants y_, y_, 7,7, 7., ¥ depending on the
elastic properties of the materials, thus reducing the problem to the evaluation of these constants.

Lazarus and Leblond (1998b) then tried to calculate the ““y” constants, with mitigated success. The method
they used was similar to that already employed by Leblond et al. (1996) to evaluate the 3D weight function of
a tensile tunnel-crack embedded in an infinite body. The basic idea was to apply the formulae established
previously to special motions of the crack front preserving its shape while modifying its position and
orientation, namely translatory motions and rotations. The output of this procedure consisted of differential
equations on the Fourier transforms of the weight functions in the direction of the crack front which, in
theory, allowed to evaluate these functions, together with the ““y”’ constants. Unfortunately, these differential
equations were too complex to be solvable analytically in general. As a consequence, analytical expressions of
the weight functions and the ““y”” constants could be found only for small values of the “‘bielastic constant™ ¢,
to first order in this constant. For arbitrary values of ¢, the weight functions and the ““y”” constants could only
be calculated numerically.

A few years later, the problem of the semi-infinite interface crack with a slightly wavy front was re-
investigated completely independently by Bercial-Velez et al. (2005), using some techniques devised by Willis
(1971, 1972), Willis and Movchan (1995) and Antipov (1999). Their elaborate method of solution was
“general” in Bueckner’s (1987) terminology since it yielded, in principle, the full solution of the elasticity
problem implied, and in particular did not involve any unknown quantities analogous to Lazarus and
Leblond’s “y”” constants. Unfortunately the format in which the solution was expressed was not very explicit
and did not allow for a comparison with Lazarus and Leblond’s (1998a, b) results.

Very recently, the problem was again revisited by Piccolroaz et al. (2007) with the idea of filling this gap.
The new work was inspired by that of Bercial-Velez et al. (2005), but rather than concentrating again on the
perturbed crack problem, Piccolroaz et al. directly calculated the 3D weight functions of a semi-infinite
interface crack. The formulae they obtained were sufficiently explicit to yield the exact analytic expressions of
all “y” constants, for arbitrary values of the bielastic constant ¢. Detailed comparison with the numerical
values of these constants obtained by Lazarus and Leblond (1998b) revealed an excellent agreement, thus
validating the results obtained in both works.

It is therefore now possible to supplement Lazarus and Leblond’s (1998a) formulae for the SIFs of a slightly
perturbed semi-infinite interface crack with Piccolroaz et al.’s (2007) expressions of the ““y” constants
appearing in these formulae. One thus gets fully explicit, analytic formulae for these SIFs, which be called the
LLPMM formulae' in the sequel.

The aim of the present paper is to apply the LLPMM formulae to the study of the evolution in time of the
deformation of the front of a semi-infinite interface crack propagating quasistatically in a medium whose
fracture properties are random functions of position. These properties will be assumed to be lower on the
interface than in the materials, thereby channelling crack propagation along the interface. Two types of
propagation laws will be envisaged: fatigue governed by a Paris-type law and brittle fracture governed by a
Griffith-type law. Several types of loadings will also be considered.

This work comes as a natural complement to a number of papers published in the past 15 years, which
were devoted to similar studies of the deformation of the front of a crack propagating in a material
with spatially variable fracture properties, but with different geometrical and mechanical hypotheses.
All of these papers bore potential applications in the context of propagation of geological faults and cracks
in composites.

'LLPMM: Lazarus—Leblond-Piccolroaz—Mishuris—Movchan.
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Perrin and Rice (1994) and Wolfries and Willis (1999) first considered the case of a semi-infinite mode 1
crack propagating dynamically in a homogeneous elastic solid obeying a model scalar wave equation.
Propagation was assumed to be governed by some Griffith-type law with a spatially variable fracture
toughness. Using a previous work of Rice et al. (1994), Perrin and Rice (1994) studied several statistical
measures of the deformation of the crack front. These measures were found to grow without bound at a
moderate rate proportional to the logarithm of time. The emphasis of Wolfries and Willis’s (1999) subsequent
work was on the effect of the “next” term (proportional to the square root of the distance to the crack front) in
the expansion of the tensile stress ahead of the crack front, which had been disregarded in the previous work.
The conclusion was that this term has a major influence upon the rate of development of the “wavyness” of
the crack front.

Perrin and Rice’s (1994) work was also extended to true elastic solids obeying the vectorial equations of
elastodynamics by Morrissey and Rice (1998, 2000), using Willis and Movchan’s (1995) recent discovery of the
exact expression of the 3D mode I dynamic weight function for a semi-infinite crack. They found that the
deformation of the crack front increased proportionally to time. This implied a larger rate of growth of this
deformation for the true equations of elastodynamics than for the model scalar equation, which was
interpreted as being due to the existence of persistent “‘crack front waves”.

The same problem but for quasistatic crack propagation was studied by Schmittbuhl et al. (1995) and
Katzav and Adda-Bedia (2006), using some results of Rice (1985). The focus of these two works was on self-
affine properties of the crack front.

One shortcoming of the semi-infinite crack geometry considered in all of these works was the lack of any
characteristic lengthscale. This was the motivation for Favier et al.’s (2006) study of the same problem but for
a tunnel-crack of finite width. This work was based on Leblond et al.’s (1996) earlier study of coplanar
perturbation of such a crack. For technical reasons, propagation had to be assumed to be quasistatic and the
problem could only be treated in the case of fatigue, using a Paris-type propagation law. The “‘wavyness” of
the crack front was found to increase much more quickly than in the case of a semi-infinite crack. This
phenomenon was interpreted as being due to an effect of instability of sinusoidal perturbations of the front of
large wavelength typical of such finite crack geometries.

In the present work, the focus will again be on the development of the “wavyness” of the crack front, with
special emphasis on the influences of the following factors:

e The mismatch of elastic properties between the two materials, for an interface crack. This factor was not
envisaged at all in previous studies which considered only ordinary cracks in elastically homogeneous
materials.

e The type of loading. We shall consider a typical class of loadings depending on a parameter whose sign will
govern the stable or unstable character of 2D crack propagation® under constant loading. There will be a
strong connection here with the work of Wolfries and Willis (1999) in spite of the differences in the
hypotheses made.

e The type of propagation law (fatigue versus brittle fracture). Previous works did consider different
propagation laws, but there were other differences in the hypotheses made so that it was difficult to separate
the influences of the various factors.

The paper is organized as follows. Section 2 is devoted to preliminaries and notations for 3D interface cracks.
Section 3 provides the LLPMM formulae for the variation of the SIFs arising from some slight coplanar
perturbation of a semi-infinite interface crack. These formulae are used in Section 4 to determine the
distribution of the energy release rate along the perturbed front for the class of loadings considered. From
there, Section 5 studies the statistical evolution in time of the deformation of the front of a semi-infinite crack
propagating in fatigue along some heterogeneous interface. Section 6 re-considers the same problem but in
brittle fracture. Finally Section 7 provides a synthesis of the results obtained.

That is, propagation within a medium with uniform fracture properties. In this case the crack front remains straight at all instants so
that the problem is 2D in the perpendicular plane.
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2. Preliminaries and notations

The notations adopted are similar to those in the work of Hutchinson et al. (1987). We consider an infinite
heterogencous body made of two isotropic elastic materials bonded together on their planar interface.
Materials “+”” and “—", with shear moduli x, and u_ and Poisson ratios v, and v_, occupy the half-spaces
y>0 and y <0 respectively. The “bielastic constant” ¢ and the “equivalent Poisson ratio” v are defined by

G—4dv)/u+1/u

G—dv)/pu_+1/u’

_(=vo/i+ (=) O
~ (1/py +1/p)cosh*(ne)

The definition of the bielastic constant is classical. That of the equivalent Poisson ratio, which was introduced
by Lazarus and Leblond (1998a), is less standard but will reveal very convenient for the problem considered
here. The notation v is logical in the sense that for a homogeneous body (u, = u_, vy =v_, ¢ =0), this
quantity is identical to the common Poisson ratios of the materials. Also, it is shown in Appendix A that it
satisfies the inequalities (which will be needed in the sequel)

0<v<i, (2

——1

analogous to those satisfied by the individual Poisson ratios.

Now consider, within the interface, a crack with arbitrary smooth contour and some arbitrary point M on
this contour (Fig. 1). Define a frame Mxyz with origin at this point and axes Mx, My, Mz parallel to the
direction of crack propagation, perpendicular to the crack plane and coincident with the local tangent to the
crack front, respectively.

The SIFs at the point M are defined via the local expressions of the displacement discontinuity across the
crack faces and the stresses on the interface ahead of the crack front. The displacement discontinuity [u] =
u, — u_ across the crack faces, in the plane Mxy locally perpendicular to the crack front and near the point M,
is given by the following asymptotic formulae:

[y + e [ (x <0,z = 0)~2(1 — )C;’S_i’(zm)( >K(M)\/7 x|,

3)
[u-](x<0,z = 0)~2 (i + i) KO 2
My Ho 2n

In these expressions,
K(M) = K;(M)+ 1K (M) “4)

is the local complex SIF (K;(M) and K (M) are the local mode I and mode II SIFs), and K;;;(M) is the local
mode III SIF. The asymptotic expressions of the stress components gy, 7y, and ¢,. on the interface ahead of

e+, v

=, V=

Fig. 1. Planar interface crack with arbitrary contour in an infinite body.
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the crack front, in the plane Mxy and near the point M, are given by

K(M) xi¢
(ny + iayx)(x>0,y =0,z= O)Ng,
2nx 5

0y:(x>0,y =0,z =0)~ 5
X

Finally the energy release rate G(M) at the point M is given by Irwin’s formula:

G0 = (1 )10 = KON + KOO, ©
T

3. The LLPMM formulae

We now envisage, within some infinite heterogeneous elastic body, a semi-infinite interface crack lying in the
O:zx plane, with a straight front parallel to the Oz axis (Fig. 2). Let a denote the distance from the reference Oz
axis to the crack front. Let the crack be loaded through some arbitrary system of forces exerted anywhere
in the body and/or on the crack faces. This loading generates a distribution of SIFs K(M)= K(z) =
K;(z) + 1K (2), Kyp(M) = Ky(z) along the crack front.

Consider first translatory motions of the crack front in the direction x under constant loading (Fig. 2). For
such motions, let %—5(2) = %(z) + i%(z) and %(z) denote the derivatives of the SIFs at the point z with
respect to the position of the front.

Consider now small, non-uniform motions of the crack front in the direction x under constant loading;

let da(z) denote the local distance from the original front to the new one at the point z (Fig. 3). Then, to first

s v+

pi=s v=

Fig. 2. Semi-infinite interface crack with straight front.

v

=, V=

Fig. 3. Semi-infinite interface crack with slightly perturbed front.
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order in the perturbation, the variations of the SIFs 6K(z), 6K ;(z) are given by the following formulae
(Lazarus and Leblond, 1998a):

_dK 14 2ie . / / M /
0K(z) = (2)0a(2) —I——h(m){PVf_oo {WK(Z)JF - K(z )} . dz
fVul FP f+oo sgn(z’ — z)K ’)Mﬁ?dz’},
)= )
0K m(z) = 111( )oa(z )+—PV 72 Kz /)5"((%5)‘2’(2)(12/
+¥ Re [VZFP [ sgn(z’ — ) K(z )50(2)——'53(2) Z} _

In these expressions the symbols PV [ and FP [ denote the Cauchy principal value and Hadamard finite part
of the integral considered, respectively, and y_, y_, v, 7., y are quantities which depend only on the bielastic
constant ¢ and the equivalent Poisson ratio v. Note that for a translatory motion of the front
(0a(z) = Cst. = oa), 0K(z) and K y(z) reduce to %—Ij(z)éa and %(z)éa, as desired.

The values of the ““y’ constants, as provided by Piccolroaz et al. (2007), are

( 4 I(1+1ie)
Yy = JRT(/2+10) cosh(me)
8 coshz(ma)
n(1 + 2ig) cosh(me) + 1/(1 —v)
227 g(1 +ig) I'(1/2 — ie) cosh?(ne)
= T T 2ie T(1 —ie) cosh(ne/2)[cosh(ne) + 1/(1 — )]
B 1+ 2ie
2= (I —=v) cosh(ne)ym’
2 cosh(ne) — 3/(1 —v)
ncosh(ne) + 1/(1 — v)’

cosh(me) — 1/(1 —v)
cosh(me) + 1 /(1 —vY

’y_:

®)

where the notation v introduced in Eq. (1), is used and I" is the gamma function.

4. Distribution of the energy release rate along the crack front
4.1. Class of loadings considered

For simplicity, we shall only consider distributions of forces invariant in the direction z. For such
loadings and a straight crack front, the distributions of the SIFs and the energy release rate are uniform along
the front. Thus, if the fracture properties are uniform and the crack front is initially straight, it remains
straight at all instants. We shall then speak of 2D crack propagation (in the plane perpendicular to the
crack front). This kind of propagation is said to be “‘stable” or ‘“unstable”, under constant loading,
according to whether the energy release rate is a decreasing or an increasing function of the distance of
propagation.’

The loading being invariant in the direction z and the crack front being straight and located at the distance a
from the reference Oz axis, let the (uniform) SIFs be denoted K(a) and K (), or simply K and K. Similarly,
let the (uniform) energy release rate be denoted G(a) or simply G. For definiteness, we introduce the extra

3This terminology makes an implicit reference to Griffith’s propagation law for which crack propagation occurs when the energy release
rate reaches some critical value. For such a law and under constant loading, after the onset of crack propagation, the velocity of the crack
goes immediately down to zero if the energy release rate decreases with distance, but continuously increases in the opposite case; hence the
expressions ‘‘stable propagation”, “unstable propagation”.
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assumption that K(«) and K;(a) vary according to the formulae

K =k ocfis’
{ (a) = ka o)

Ki(a) = kipa®,

where k& and kj; are constants independent of ¢ and o some real exponent. Such dependences can be
achieved, for various values of the exponent o, through suitable distributions of forces exerted on the
crack faces:

e The value o = —% is obtained by exerting uniform line tractions £P on the lines x = 0, y = 0% (Fig. 4).

Indeed the SIFs are then given by (Hutchinson et al., 1987)

. [2 .
K(a) = (P, +1P,)cosh(ne) Ea‘“,

3 (10)
Ki(a) = P. \/:
na

e The value o = % is obtained by exerting uniform surface tractions &p on the regions 0 <x<a, y = 0 of the
crack faces (Fig. 5). Indeed integration of formulae (10), immediately shows that the SIFs are then given by

cosh(ne) [2a

K(a) = 2(py + lpx)l—izlg ;a_is,

3 (11)
Kipi(a) =2p, \/%’

e More generally, all values of o larger than —% can be obtained by exerting surface tractions of the form

+p(x) = £Cx*"!/2 on the regions 0 <x<a, y = 0% of the crack faces. Indeed use of formulae (10) and the
Y

P

Y—P

a

Fig. 4. Semi-infinite interface crack with uniform line tractions (the picture is 2D in the plane Oxy and the tractions are drawn parallel to
the direction y).

Fig. 5. Semi-infinite interface crack with uniform surface tractions (the picture is 2D in the plane Oxy and the tractions are drawn parallel
to the direction y).
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change of variable u = x/a then yields

K(Cl) = foa(cy + icx)xt%—l/z COSh(TCS)\/%(a _ x)fis dx

2 y
= (Cy +1Cy) cosh(ns)\/;a“w fol w21 — )V dy,
2 (12)

= [YC. oa—1/2
K]][(a) fO C.x TE(CZ — x) dx

2 _
= C.+/Zg* a=1/201 — l/2d )
-\ fo u (1 —u) u

The practical realization of the majority of loadings belonging to the class considered would obviously
be problematic, but this is of little importance since they only serve as typical examples. One advantage
of this class is that it encompasses loadings leading to stable propagation (for a<0) as well as unstable
propagation (for a>0) of the crack. Note also that although the semi-infinite crack geometry considered
does not involve any characteristic lengthscale, such a lengthscale comes into play via the loading, as
clearly appears in Eq. (9) (except for o =0). The importance of introduction of some characteristic
lengthscale in studies of the development of the deformation of crack fronts has been underlined by
Leblond et al. (1996).

4.2. Calculation of the energy release rate

We shallAuse Fourier transforms of various functions in the direction z of the crack front. The Fourier
transform ¢(k) of an arbitrary function ¢(z) is defined by

Y “+o00 “+o00

(k) = bz dz = ¢(z)=— o(k)e ™ dk. (13)
oo 27 J_ oo
A few double Fourier transforms, denoted with a tilde instead of a hat, will also be encountered.

As a prerequisite to the discussion of crack propagation, one must calculate the distribution of the local
energy release rate along the perturbed crack front for an arbitrary perturbation da(z), —oo <z< + oco. The
first task consists of taking the Fourier transforms of Eq. (7). The elements required to do so have been
provided by Lazarus and Leblond (1998a) and will not be repeated here. The final expressions of the Fourier
transforms 0K (k), 0K (k) of the perturbations of the SIFs 0K(z), 0K y(z) are

— . [dK 1+ 2ie sinh(re) N
oKk = { da  8cosh(ne) [h fa 218)1 + ZiSK kK
4 hre /2 1+ie —
7 cosh(me/ )F(l — ig) sgn(/’c)|k| —K | ¢oa(k),
l—v € I'+1e

(14)
— dK
0K (k) = { d;H -
—I—il — vcosh(ne/2)
2 €

my
—k|IK
4| |K 111

. |k|1+i£_ .
sgn(k) Im {yzf(l — 18)1 n isK] }5a(k).

The next step consists of evaluating the Fourier transform 5/(\}(k) of the perturbation of the energy release rate
0G(z) from Egs. (6) and (14). The calculation is lengthy but straightforward. Using Eqgs. (8) and (9) and
formulae (8.332.3) and (8.335.1) of Gradshteyn and Ryzhik (1980), one gets

3G(k) 2

g = S kanoat). (15)
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where G is recalled to denote the energy release rate for a straight front and f'is the function defined by

f(p) = Alp| + Re(B|p|'*); (16)

in this expression 4 and B are constants given by

2

A=H"' {(1 — v) cosh(ne)|k|? +1[1

%v - cosh(ns)} k?,,},

B=H'[l-(1- v)cosh(ns)]F(l/2 —io) k- (7
N (172 +ie) 212
where,
2
H =[1+ (1 — v)cosh(ne)] <|k|2 + %) (18)

It is shown in Appendix B that the constants 4 and B defined by Eq. (17) satisfy the inequality (will be
needed in the sequel)

A>|B(1 + 2ie)| = |B| V1 + 4¢2. (19)

5. Deformation of the crack front in fatigue
5.1. Paris-type propagation law

Let a(z, t) denote the distance from the Oz axis to the perturbed crack front at location z along this axis
and time ¢. Also, let G(z, ¢) denote the energy release rate at the point (x = a(z, ?),y = 0, z) of the perturbed
crack front at time 7. In this section, propagation of this front is assumed to be governed by the following
Paris-type law™:

e, = C0IGE 01 0)

where C(z, t) (the Paris constant) and N (the Paris exponent) are material parameters. The inhomogeneity of
the interface is modelled by assuming the Paris constant to be a function of position, the Paris exponent being
considered as uniform for simplicity. The simple notation C(z,¢) in fact represents the value of the Paris
constant at the position (x = a(z, ¢),y = 0, z); it is assumed to vary only slightly so that it can be written as

CCz, 1) = C[l +dc(z, )], [0c(z, 1) <1, 1)

where C represents its mean value and dc(z, ¢) its “‘normalized”, dimensionless fluctuation.
The fluctuations of the position of the crack front and the energy release rate arising from the fluctuations of
the Paris constant are also naturally assumed to be small at each instant, so that

{ a(z, 1) = a(t) + Sa(z, 1),  |da(z, 1) <a(?),

Gz, 1) = G(1) + 0G(z,1), 10G(z,1)| < G(2), (22)

where the quantities a(f) and G(¢) denote the mean position of the crack and the mean energy release rate at
time ¢.

5.2. Evolution of the perturbation of the crack front

The evolution of the perturbation da(z, ) of the crack front will now be obtained by combining the
expression (15) of the perturbed energy release rate and the propagation law (20).

“Eq. (20) is written formally as a propagation law for subcritical crack growth. In the case of fatigue “s” must be re-interpreted as
“number of cycles” and “G” as “‘amplitude of variation of the energy release rate during one cycle”.
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Expanding first the propagation law to first order in da(z, 1), dc(z, t), G(z, t) and identifying terms of order 0
and 1, one gets

da _ N2
S = 6,

0da _ N2 [N 0G(z, 1)
E(Z’ t) = C[G(1)] 27 G0 + dc(z, 1) .

Eliminating then df between these expressions and considering henceforward all perturbations as functions of
the mean position a(¢) = a of the crack instead of time, one gets

0da NOG(z,a)

S =1

Oa 2 G(a)
Upon use of the Fourier decompositions of da(z,a), 6G(z,a), oc(z,a) and Eq. (15), this yields the evolution
equation of the Fourier transform da(k, @) of the perturbation of the crack front:

doa N —~ ~

Sk, @) = =z — f(ka)oa(k, @) + Se(k, a). (23)

+ dc(z, a).

Assuming the crack to be initially straight and integrating the linear, inhomogeneous, first-order differential
Eq. (23) by standard methods, one gets

o [CrayVe k] e
Salk, a) = / 0 (a) [ D) Ok dd (24)
where ao denotes the initial value of ¢ and y the function defined by
y4 dn’ 142ie
W(p) = exp [—/ f(p’)li} = exp [—A|p| - Re(B|p| . )] (25)
0 p 1 + 2ie

(where Eq. (16) has been used).
5.3. Statistical hypotheses

Using Eq. (24) for the perturbation of the crack front, we shall now study some features of this perturbation
for a statistical ensemble of possible ‘“‘realizations” of the heterogeneous interface. Basic elements of the
mathematical description of such an ensemble are provided in Appendix C. These elements include precise
definitions of the mathematical expectation E[F(z)] of any observable F(z) defined on the crack front
(Eq. (C.1)) and of its two-point autocorrelation function E[F(z1)F(z3)] (Eq. (C.2)).

If the observable is statistically invariant in the direction z of the crack front, its two-point autocorrelation
function depends only on the relative distance between points z; and z:

E[F(z)F(z)] = (22 — 21). (26)

The function & here is obviously even and is called the autocorrelation function of F. It is shown in
Appendix C that the following relations then hold:

E[F\Fs] (k1. k2) = E[F(k1)E (k2)] = 200k + ko) 7 (k»), 27)

where 6 is Dirac’s function and E[Fl/F »](k1, k») the double Fourier transform of the function E[F(z;)F(z)].
The function # in Eq. (27); is called the power spectrum of the observable and is the Fourier transform of its
autocorrelation function.

We shall make the hypothesis of statistical homogeneity and isotropy of the distribution of the Paris
constant within the interface. This implies that its two-point autocorrelation function is of the form

E[oc(z1,a1)0¢(z2, ar)] = €(22 — 21, a2 — ). (28)

The function 4(z> — z1,a> — a;) here depends only on the distance \/ (zo — 21)2 + (ap — a1)2, which notably
implies that it is even in its first argument. It is assumed to decrease down to zero over some characteristic
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distance b (the “fluctuation distance” of the Paris constant) much smaller than the characteristic lengthscale a
introduced by the loading.

Since the perturbation of the crack front arises from the fluctuations of the Paris constant, hypothesis (28)
implies that is also statistically invariant in the direction of this front, which means that

E[da(zy,a)da(zy,a)] = A4 (25 — z1,a). (29)

The function .o/ here is obviously even in its first argument.

5.4. General formula for the power spectrum of the perturbation of the crack front

The first task is to derive the general expression, valid for all times, of the power spectrum :J(k, a) of the
perturbation of the crack front. By the expression (24) of da(k,a) and the definition (C.2) of the two-point
autocorrelation function,

Elba(k,, a) da(ks, a)]

e @ N vkt 1Yo o
_ / / <a1a2> { AT (kzaz)] E[Se(ky, ar) deler, ar)] day das

a a 2 No 2 NA
= 210(ky + ko) / / <;—az> <%) @k, ar — ay)da; das.

Use has been made here of Eq. (27), for the observable dc. Also, since the right-hand side is nonzero only for
ki +k, =0 and the function ¥ defined by Eq. (25) is even, we have safely replaced y/(kia)/y(kia)) by

Y(—koa)/Y(—krar) = Y(kra) [ (kaay).
On the other hand, Eq. (27), for the observable da implies that

E[da(ky, a)dalks, a)] = 2rd(ky + ko) </ (ka, a).

Comparison between these two expressions of E[gg(kl,a)gc;(kz,a)] reveals that

. a a 2 No 2 NA
Tkoa) = / / (aj’a) ( w(l[{‘flf’)‘%mz)> 2k, ar — a) day das, (30)

which is the expression looked for.

5.5. Asymptotic expression of the power spectrum of the perturbation of the crack front

We shall now derive the asymptotic expression of the power spectrum ZJ(k, a) of the perturbation of the
crack front for large times, that is for > ay. Just like in the works of Perrin and Rice (1994) and Favier et al.
(2006), the treatment will basically rely on some argument of domination of the diagonal a; =a; in
integration over the square [ag, @] X [ag, a].

Use of the change of variables defined by

r= %(al +ta), s=a—a (31)
in Eq. (30) yields

- SN W (ka)p "2

e = | [/U +=5m) Gro=smieearm) @eos) o >

where —s,,(r) and s,(r) are the minimum and maximum values of s allowed by the inequalities ag<a; =
r—s/2<a, ay<a, = r+ s/2<a. Now the function %(k,s) takes non-negligible values only when |s| <b. On
the other hand r>ay>b. Therefore, the integrand in Eq. (32) takes non-negligible values only when |s|<r
(domination of the diagonal). One may therefore safely replace r* — % /4, Y[k(r — s/2)], Ylk(r + s/2)] by 72,
Y (kr), y(kr) in the integral. Also, if a> ay, s,,(r)~a> b for almost every r € [ag, a], so that |s| <s,,(r) for those
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values of s for which the integrand is non-negligible; hence the integral over the interval [—s,,(r), su(r)] may
safely be extended to the entire real line. The integral of ‘g(k s) then becomes identical to %(k 0) where %is the
double Fourier transform of the function %, so that, Eq. (32) becomes

Ak, a)~C(k, 0N [ ka)N S (a), I(a) = / ’ 2N (k)] dr. (33)

It now becomes necessary to distinguish between the cases k = 0 and k#0.

e Special case: k = 0.
Then y(kr) = y(0) = 1 so that
a172Noc _ a(1)72No<

SO =" 3N,
Therefore, there are two sub-cases according to whether the exponent 1 — 2N« here is negative or
positive:
o If a> 25\,,
—~ %0,0) [a\*
(0, a)~——"—ag| — . 34
(e 1ao<a0> (34)
o Ifu< ﬁ,
—~ %(0,0)
(0, a)~——7—— 35
0,0 ~—>1a (39)

e General case: k#0.
It is clear, by Eq. (25) and inequality (19), that the function y(p) goes to zero for |p| — +o00 not less quickly
than exp(—C|p|) where C = 4 — |B|/|1 + 2ig| > 0. Therefore [W(kr)] 2" goes to infinity for r — +o0 not less
quickly than exp(2NC|k|r). Since r~>¥* varies much less quickly, it may safely be replaced by a—>"* in the
expression (33), of .#(a) which thus becomes

a a 1+2ie
I(ay~a=*N* / W) 2N dr = a2V / exp [2NA|k|r+2NRe<B|kr| . )} dr
@ @ 1+ 2ie

Integration by parts of this integral now yields

142ie
f(a)Na’zN“ {—exp(2NA IKla) exp [2NRe <B [kal ) ]

INA|K| 1+ 2ie
“ exp(2NA|k|r) |k|”2"3 142ie 2
_ [ SxplENAIRID o NR Re(B|k|!+2iep2ie
/ao Ak P 2NRe| B ) | Re(BIK] yary.

2He % since it varies much less quickly than the

Replacing the term r“* in the expression Re(...) here by «

exponentials, one gets

|ka| 1+2ie

1+ 2ie )] Re(B|k|! T2 a7
2NA|k| Alk|

exp [2NA|k|a + 2NRe (

I(a)y~a N H(a),

which implies that

exp [2NA|k|a + 2NR B'k“|1+2i8
p a NPT 2 a N (kay] N

N[Ak| + Re(BIk|'"*a2s)]  ~ 2NIKI[A + Re(Blkal™®)]

j(a),va—2Noc
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Insertion of this result into Eq. (33), finally yields
%(k,0)

Ak, a)~ —
2N |k|[A + Re(Blka|?)]

(k#0). (36)
Note that the denominator here does not vanish, since 4 + Re(B|ka|*¢)>A — |B|>0 by inequality (19).

Eqgs. (34)and (35) show that in the limit of large times, :J(O, a) goes to infinity in all cases; the larger the
value of «, the quicker the divergence. In contrast, Eq. (36) shows that for £#0, .</(k,a) asymptotically
oscillates indefinitely between finite values (except if ¢ = 0, in which case it tends toward a constant), and
therefore remains bounded. This means that Fourier components of the perturbation of the crack front with
small wavenumbers (large wavelengths) gradually develop in time at the expense of Fourier components with
large wavenumbers (small wavelengths); the higher the value of «, the larger the effect. This phenomenon
will be referred to as the gradual selection of Fourier components of the perturbation of large wavelength in
the sequel.

5.6. Comments

Some useful qualitative understanding of the phenomenon just evidenced can be gained by considering the
evolution Eq. (23) of da(k, a).

o Assume first that 2D crack propagation is unstable, that is, o> 0.
The function f'defined by Eq. (16) is even and its derivative is given, for positive values of its argument, by
f(p) = A+ Re[B(1 + 2ie)p*¢]= A4 — |B(1 + 2ie)| >0 by inequality (19). Therefore f'is an increasing function
over the interval [0, +00). Also, f(0) = 0 and lim,_, ;o f(p) = 400 since f” is bounded from below by a
positive constant. Therefore the equation f(p) = « has a unique solution p, over the interval (0, +00).” The
quantity o« — f(ka) is positive for |k|<py/a and negative for |k|>p,/a. In the first case, that is if the
wavelength A = 2n/|k| is larger than Ay = 2ma/p,, the Fourier component da(k,a) tends to “explode”
because of the term %[oc — f(ka)]oa(k,a) in its evolution equation (23). In the second case, that is if 4 is
smaller than Ag, this term tends to reduce the value of da(k, a), which therefore remains bounded. In other
words, there is a effect of unstable growth of Fourier components of the perturbation of wavelength greater
than the “critical” wavelength Ag.
However, the picture is made a bit more complex by the fact that for any given k#0, the wavelength A is
fixed and finite, and thus always ultimately becomes smaller than 4y which increases proportionally to a.
The implication is that if k%0, unstable growth of da(k, a) always stops after a certain time. This is why
oa(k, a) diverges only for k = 0.

o Assume now that 2D crack propagation is stable, that is, 0 <0.
Then the equation f(p) = « has no solution. The quantity « — f(ka) is negative for all values of k, and does
not generate any dramatic “‘explosion” of oa(k, @). In other words, there is no effect of unstable growth of
Fourier components of the perturbation of wavelength greater than the critical wavelength, because such a
critical wavelength no longer exists. However the phenomenon of gradual selection of Fourier components
of large wavelength is still present, although less spectacular. Indeed the term %[oc — f(ka)]oa(k,a) in
Eq. (23) tends to reduce the value of da(k,a), and the effect is maximum for large |k| (small 1) since
o — f(ka) goes to —oo then; hence Fourier components of the perturbation of small wavelength are more
attenuated in time than components of large wavelength.

The conclusion is that the selection of Fourier components of the perturbation of large wavelength occurs for
all values of the coefficient & characterizing the stability or instability of 2D crack propagation. However it is
more dramatic in the unstable case, because it is enhanced then by an effect of “explosion” of Fourier
components of wavelength greater than some critical value proportional to the characteristic lengthscale a.

SThis solution is connected to the existence of a bifurcated solution in brittle fracture, as will be seen in Section 6 below.
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Similar phenomena have been reported at least twice in the literature. Favier et al. (2006) recently performed
a similar study of the deformation of the front of a tensile tunnel-crack propagating in some elastically
homogeneous medium with random fracture properties. This study evidenced both gradual selection of
Fourier components of the perturbation of large wavelength and unstable development of components of
wavelength greater than some critical value. However, a single loading consisting of uniform stresses at infinity
was considered; the value of o, namely % (implying unstable 2D crack propagation) was fixed, and this
precluded any study of the influence of this parameter.

There is also a strong connection with the work of Wolfries and Willis (1999), in spite of the fact that the
situation considered by these authors (dynamic crack propagation of an ordinary crack governed by a
Griffith-type law) was somewhat different from that studied here (quasistatic propagation of an interface
crack governed by a Paris-type law). Wolfries and Willis’s (1999) major conclusion was that the sign of the
quantity M appearing in the “next” term (proportional to the square root of the distance to the crack front) in
the expansion of the tensile stress ahead of the front had a paramount influence on the evolution of Fourier
components of the perturbation of large wavelength. This is in line with our own observations on the influence
of the exponent «, since for an ordinary mode I crack, as considered by Wolfries and Willis (1999), the
parameter M is directly related to the derivative dK;/da of the SIF for a uniform advance of the crack front®
and hence to the exponent o.

The strong influence of the sign of M or o, which governs the stable or unstable character of 2D crack
propagation, upon the possible “explosion” of Fourier components of the perturbation of sufficiently large
wavelength, obviously arises from the fact that when this wavelength goes to infinity, the perturbation
ultimately becomes uniform along the front so that the problem becomes 2D in the perpendicular plane.

In contrast, the fact that the gradual selection of Fourier components of the perturbation of large
wavelength has been found to occur for both the tensile tunnel-crack and the semi-infinite interface crack for
all values of o, even in the absence of dramatic “explosion” of such components, strongly suggests that it must
be a pretty general phenomenon. This conclusion is confirmed by the following qualitative reasoning.
Consider Fourier components of the perturbation of the crack front of small wavelength. For such
components, the front oscillates over distances much smaller than the characteristic lengthscales of the
geometry and the loading. Therefore, the distributions of the SIFs and the energy release rate along the
perturbed front, which govern the evolution in time of the Fourier component considered, are determined
by the local geometry of the front and do not depend much on the details of the far geometry and the
loading. A simple argument presented in Appendix D confirms that independently of the far geometry
and loading, for sinusoidal undulations of the crack front of short wavelength, the energy release rate is
larger at these points where the crack advance is minimum than at those points where it is maximum,;
the smaller the wavelength, the larger the difference. The implication is that such undulations tend to
disappear in time at a rate which increases when the wavelength decreases, independently of the far geometry
and loading.

5.7. Asymptotic expression of the autocorrelation function of the perturbation

We shall now derive the asymptotic expression of the autocorrelation function ./(z, @) of the perturbation of
the crack front for large times. This will be done by taking the inverse Fourier transform of the power
spectrum .o/ (k, a). Unfortunately it does not suffice here to simply replace .<7(k, a) by its asymptotic expression
(36) for a — +o00. Indeed the fact that this expression goes to infinity when k goes to 0 makes it clear that the
convergence of .</(k, a) toward its asymptotic expression is non-uniform with respect to k. It is thus necessary
to come back to the original form (30) of .2Z(k,a). Following then the same steps as at the beginning of
Section 5.5, based on the inequalities b <y <a, one gets

e ) { [0y [pear® dr} .

0

SThis relation was evidenced by Amestoy and Leblond (1992). For a semi-infinite crack in an infinite body, as considered here, dK; /da is
simply proportional to M.
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This expression is readily transformed, upon use of the change of variables defined by
u=", p=ka (37)
a

and change of the order of integration, into

1 : —2No M P —ipz/a w(l’) N
Az a) //u 2N { / ) (g(;,o)e p L//(pu)] dp b du. (38)

Detailed inspection of the integral on u here reveals that both its lower and upper bounds can generate
divergent behaviors, depending on the value of , in the limit ¢ — 4-o00. It is thus necessary to express .2Z(z, a)
in the form

A (z,a)~ 7 (a) + 75(a), (39)

where’

2N
s L el o) 101" g L.

1 " (40)
ﬁ@zﬂmﬂ”{ﬁﬁﬁmfwﬂﬂﬁ @%m

W (pu)

and to study the behavior of the integrals #,(a) and #,(a) separately.

o Study of the integral ¢ (a).
This integral may or may not, depending on the value of «, go to infinity in the limit @ — +oo because
of its lower bound on u. Indeed, replacing 4(p/a,0) by %(0,0) and e 7?/* by unity in the limit
a — +o0 and using the fact that the function y(p) is even, one gets

%0,0) [ o e T 1Y
S %M“N{A i oy

There are again two cases here according to whether the exponent —2Na of u is larger or smaller than

—1:

o If a>ﬁ, considering the integral as a function of the small parameter ¢ = ay/a instead of ¢ and
differentiating it, one gets

oy 00 2N & 00
d]l _ (5(0, 0) —2Nua /0+ |:lp(p):| de . (6(07 0)5—2Na( /0+ [lp(p)]ZN dp

d¢ noC Y (pé)
(since ¥(0) = 1), which yields upon integration
%0,0) [(a\NT ot
S 1(0)“m <a_0> /0 [ ()]~ dp. (41)

Therefore #,(a) goes to infinity in this case.
o If a<s%, #1(a) goes to a finite limit:

0,00 [V L [ Tee ™
Si(a) — /0 u /0 [ ] dp » du. (42)

m W (pu)

e Study of the integral ¢,(a).
We shall see, at the expense of a somewhat elaborate reasoning, that this integral goes to infinity in all
cases in the limit ¢« — +o0 because of its upper bound on u.

"The “intermediary”” bound of % here is arbitrary, and could be replaced by any number in the interval (0, 1).
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One difficulty is that % (p/a,0) cannot simply be replaced by % (0,0) in Eq. (40),. Indeed it is easy to check,
using the definition (25) of the function s, that what is obtained then is a divergent (infinite) integral on u,
because of the upper bound of unity. It becomes necessary here to account for the fact that it is the
decrease of the function %(k, 0) down to zero at infinity which ensures the convergence of the integral on u
in Eq. (40),. It will be assumed more precisely, for definiteness, that this function is of the form
%(k,0) = €(0,0)e "k, (43)

where b is recalled to denote the “fluctuation distance” of the Paris constant. Inserting this expression into
Eq. (40), and using the fact that the function y is even, one gets

(f(o 0o e | [T aavie < Y(p) >2N
So(a) = {//2 [/0 e 1P o dp|du,,

where

b z
= 0= b
Note that n is a small parameter whereas 0 is fixed and finite. To study the singular behavior of this
integral in the limit y — 0T due to the upper bound of unity on u, one may safely replace x~>V* by unity,
define v =1 —u and expand Y(pu) = Y[p(1 — v)] to first order in v using the definition (25) of the

function . This leads to

1/2 +oo . i
/2( )y~ %(O 0) {/ |:/ e—;7(1+19)[7 exp[—2NvAp — 2Nv Re(BpH_ZIS)] dp:| dl)}
0 0

(g(o 0) {/ﬂo efn(lJriH)p — exp[—NAp — N Re(Bp' 2] p}
2nN 0 Ap + Re(Bpl+21£) .

(44)

Considering now _#,(a) as a function of the small parameter 5, differentiating it, and using the change of
variable g = np, one gets

dg, %(0,0) T asiog®Pl—NAg/n — N Re(B(g/n)' )] — 1dg
dn 2N Re{/o (1+16)e A+ Re(Blg/m™) n [

The exponential in the ratio here can be discarded in the limit  — 07, so that

dz, %(O,O)Re[/ﬂ” (L+igeih T s)
0

dn - 2nNny A+Re(B(q/17)2i8) 1

To study the behavior of the integral here in the limit 7 — 07, let us define the function (depending upon
the parameter 0)

9 (1 4 if)e (1400
Foh) = / (1 +16) 46)
0

A+RC(B€ 2iel 216)

This function is periodic of period n/|e|. It may therefore be written in the form Fy(4) = F+ f’vg(i) where
F denotes its mean value and the function Fy(1) is periodic with zero mean value. The calculation of F is
presented in Appendix E, and the result is

1

L ifg=0
| 4+ReB T
F= X (47)

— if ¢#0.
/AZ_ |B|2

Note that F is real and independent of the parameter 0. We also denote 0(/1) some indefinite integral of
the function F 9(/1) Since Fy(4) is periodic and its mean value is zero, g(/l) is periodic.
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With these notations, Eq. (45) yields

d7,  %(0,0)
dn 2nNn

Re[Fo(Inn)]

L dgm (g(o 0)

{F + Re[Fy(Iny)]} d(In )
%(0, 0) 7 =
= Ir(a)~ — N {FInn + Re[Z o(Inn)]} + Cst.

Since the function 9':/9(&) is periodic, the term Re[%(ln n)] here is bounded, like the constant, and
therefore both are negligible compared to the term F In# which goes to infinity in the limit  — 0. It
follows that

a

Sola)y~ —

(g(o 0)F In (b) (g(o O)Fl (48)
2nN i

Combining Egs. (39), (41), (42) and (48), we see that there are two cases:

o If 0>55, the integral #,(a) is negligible compared to the integral #,(a), so that

oI
%0,0) (a\N ey
of ~ ~—— | — dp. 49
Gar et s (9 [ e “9)
o If a<2N, the integral #,(a) is negligible compared to the integral #,(a), so that

fg(o 0)

A (z,a)~ frla)~——F In (50)

where the quantity F is recalled to be given by Eq. (47).

Several comments are in order here. The first observation is that the autocorrelation function ./(z,a) of
the perturbation of the crack front goes to infinity in the limit ¢ — 400 in all cases; the larger the value of the
parameter o, the quicker the divergence. These effects obviously arise from similar features apparent in the
behavior of the Fourier component .<7(0, @) (see Eqs. (34) and (35)). The role of the other Fourier components
< (k,a), k+#0, is less important since they remain bounded (see Eq. (36)).

It is also worth noting in this context that the decomposition of ./(z,a) into #,(a) + #,(a) followed by
separate study of the behavior of these integrals in the limit ¢ — 400, far from being a mere mathematical
procedure, possesses a nice physical interpretation. Indeed we have noted that the divergence of .<Z(z, a) in the
limit @ — +o0 arises from the lower bound of @y /a in the expression (40); of #,(«a) for large values of «, but
from the upper bound of unity in the expression (40), of #,(a) for small values of «. This means that this
divergence is due to the far past (r >~ ay, see Eq. (37);) if « is large, but from the near past (r >~ a) if « is small.
In other words, quite naturally, the influence of the far past upon the development of the perturbation of the
crack front is more important when 2D crack propagation is unstable (« large) than when it is stable (« small).

Another observation is that .o7(z,a) becomes independent of z in the limit ¢ — +o00. Thus correlations
between values of da at different points of the crack front ultimately become independent of the distance
between these points, that is exactly as strong as if they coincided. The explanation lies in the gradual selection
of Fourier components of da of large wavelength evidenced in Section 5.6, which implies that long-range
correlations develop in time at the expense of short-range ones.

5.8. Asymptotic expression of the autocorrelation function of the slope of the perturbation

Although the autocorrelation function of da does provide informations about the geometric evolution of the
crack front, it is not a good measure of its “wavyness”, because it depends on all Fourier components of da,
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including that corresponding to k& = 0 which represents a mere translatory motion of the front. It is thus
interesting to study the autocorrelation function of the “slope” 0da/0z, which is independent of this particular

Fourier component.
By Egs. (27); and (29),

0da 0da | R
E [E(Zlaa)g(22>a):| = m/ /

+oo  pHo0
/ kiky E[daky, a)da(ks, a)] e *1=1-k2 qje) di,

@@mbm Mmai-%ﬂ“%@deh

47‘[2
+oo .
= / /&Q/(k, a) e ke d
21 ) _ o

From this point, the reasoning is basically similar to that made in Section 5.7 for the autocorrela-
tion function of da, so that a mere sketch of the procedure will be sufficient. One first gets, in the limit

(1)

a— +oo,
| e |~ @ + . (52)
where
A \(a) = 5 alo//za u2Noc{fj‘§§p2 %(g’ 0) —ip(z2—z1)/a |:l;j//((’i3):| dp} du,
(53)
L /- DTy 1/,
HA@) = 5 iy {f_t,o P E (L 0)evmnone M0 dp} du.
Detailed study of the integral /| (a) reveals that
o If > 2N’
O B0,0)  (a T , oy
H1(a) m(;{)) /o @] dp. (54)
o Ifu< 2N’
Lo 60,0) (12, Y(p)
H1(a) @ ), u /0 LD(P )} dp » du. (55)

The study of the integral #",(a) is again based on hypothesis (43) on the function %(k, 0). It is similar
to that of the integral #,(a) except that no derivation with respect to the parameter n = b/a is needed.

The result is

%(0, O) a 2ie . too qc —(1+i0)g _Ix— I
s 9@ ]) e0= [ e 0= o

Combinating Egs. (52), (54)—(56), one sees that there are again two cases:

3
(] Ifoﬂ>ﬁ,

= 2No—3 00
#0,0) (3) / e ap. (57)
ap 0

00
E {a—a(zl,a) (227 a)} “’«%/1(0)’”(2]\,“—_1)6{%
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o If O(<2N,
dda 3da (g(o 0)p 2ie
E|Zana) e a) |~ {Ge [(b) ] } (58)

Note that the term Re{Gy[(a/ b)m]} here is a periodic function of In a of period n/|¢|. It cannot be expressed

1—0? _ b2 b —(z3—21)
077~ AR [+ ()T

in a simple analytical form except if ¢ = 0, in which case its value is +1{e(B) (

Thus, for large values of a, E[a"“(zl,a) af"‘(zz, a)] goes to infinity in the limit ¢ — +o0, but the divergence is less
quick than that of .2/(z, @) (compare Eqs. (49) and (57)). For small values of o, E[24(z,,a)%%(z,, a)] oscillates
indefinitely between finite values for a — +o0o (except if ¢ = 0, in which case it tends toward a finite limit),
whereas .2/(z, a) goes to infinity (compare Eqs. (50) and (58)). Thus E[2%(z;, a) %4(z»,a)] evolves less quickly
than </(z, a) in all cases. The obvious explanation is that as noted in Section 5.7, the divergence of </(z, a) for
a — +oo essentially arises from that of the Fourier component </(0,a), and E[a‘sa(zl,a) 94(z,,a)] does not
depend upon this particular component.

Another observation is that in the limit ¢ — 400, E[$4z1,a) 522, a)] depends upon the distance z; — z;
between the points of observation of the slope for small values of o, but not for large ones. The explanation is
that as noted in Section 5.7, the phenomenon responsible for the disappearance of the dependence upon this
distance is the selection of Fourier components of da of large wavelength, which is maximum for large
values of «, as was explained in Section 5.6. The fact that for small values of «, E[%%(zy,a)%4(z,,a)]
depends on z; — z; whereas «/(z,a) is independent of z (compare Egs. (50) and (58)) can be rationalized
in a similar way: .2/(z,a) is more sensitive than E[%%4z,,a) %%z, a)] to the selection of Fourier components
of da of large wavelength, since the former quantity depends upon the Fourier component ,sz/(O a) contrary
to the latter.

0da 0da

5.9. Asymptotic expression of the distance of correlation of the perturbation

The “distance of correlation” L of the perturbation of the crack front characterizes the distance over which
correlations between values of da at different points of this front can be felt. It can be given several definitions,
the simplest being

L [P dkaydk (0, a) 59)
N\ PR Ak aydk | E([(Rda/dz)(z a)f )
There are three cases here in the limit a — +o00:
o If oc>2N, by Egs. (49) and (57),
W@ dp (60)
P dp
° If <oc<ﬁ, by Egs. (49) and (58),
n(2) et WO (61)
o 2No — 1 Re{Go[(a/by* 1}
o If oc<2N, by Egs. (50) and (58),

wa\/ Flna — (62)
Re{Go[(a/b)™]}
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In Egs. (61) and (62), Gy is the function defined by Eq. (56), with 6 = 0.

Egs. (60)—(62) show that the correlation distance of the perturbation goes to infinity in the limit ¢ — 400 in
all cases (with superimposed oscillations if ¢#0 and oc<%); the larger the value of «, the quicker the
divergence. This again illustrates the selection of Fourier components of the perturbation of large wavelength
and the dependence of this phenomenon upon the value of «.

6. Deformation of the crack front in brittle fracture
6.1. Generalities

In this section, we assume that crack propagation is governed by Griffith’s law:
G(z,a) = Ge(z,a) = G [l + 0g.(z,a)l, 10g.(z, @)l <1. (63)

In this equation the x-coordinate of the point of the crack front considered is denoted a as above, and dg.(z, a)
represents the ‘“‘normalized”, dimensionless fluctuation of the critical energy release rate G.(z,a). The
distribution of this fluctuation is assumed to be statistically homogeneous and isotropic within the interface, so
that its two-point autocorrelation function is given by

E[0g.(z1,a) 0g(22, )] = G (22 — 21), (64)

where %, is an even function. The fluctuations of the crack advance resulting from those of the critical energy
release rate are also statistically invariant in the direction of the crack front, so that Eq. (29) still applies.
Taking the Fourier transform of Eq. (63) and identifying terms of order 0 and 1 in the perturbation, one gets

G(a) = G,
0G(k,a)  —~ (65)
@) og.(k,a).

Note that Eq. (65); implies that G(«) must remain invariable, which requires a continuous adjustment in time
of the quantities k& and kj; of Eq. (9), that is of the loading. This condition being assumed to be fulfilled,
combination of Egs. (15) and (65), yields

= % og.(k, a)
oalk,a) = I (ka = oda(z,a) = n/—oo o [ ka)
Unfortunately, if «>0, the expression (66), of da(z, a) is meaningless because the integral is divergent. Indeed,
referring to Section 5.6 above, one sees that for such values of o, the denominator has simple poles at the points
k = £p,/a. This means that the problem is intractable in brittle fracture in the case of unstable 2D crack propagation.

The origin of the problem can be best understood by considering the special case of a uniform distribution
of the critical energy release rate within the interface. The condition of uniformity of G is then obviously met
by a straight front. But if >0, this is not the sole solution, because by Eq. (15), a sinusoidal perturbation of
the front having k = £p,/a, that is of wavelength iy = 27na/p,, generates a zero perturbation of G. The
implication is existence of a bifurcation. Worse, new bifurcations continuously appear, since the reasoning just
made applies at every instant. The consequence is that the problem is ill-posed, resulting in the divergent
integral of Eq. (66),.

We shall therefore consider the sole case of stable 2D crack propagation (x<0) henceforward. Eq. (66) then
takes the form

e % dk. (66)

—~ _a 5/\gc(k,a) a7 5/\gc(k,a) e
oalk,a) = 2ol + / (ka) = Jda(z,a) = 47T/—oo ] +f(ka)e dk, (67)

where the integral is convergent. It is important to note that there is no integral from qq to a here, that is, the
values of da(k, a) and da(z, a) depend on the distribution of dg, at the sole position x = a. In other words, the
shape of the crack front is entirely determined by the instantaneous distribution of the critical energy release
rate; there is no memory of its past distributions or the past shapes of the crack front. This characteristic
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feature of Griffith’s propagation law will considerably simplify the mathematical treatment and bear
important physical consequences, as will be seen.

6.2. Asymptotic expression of the power spectrum of the perturbation of the crack front

By the expression (67); of gc?(k, a), the definition (C.2) of the two-point autocorrelation function, Eq. (27),
for the observable dg, and the fact that the function f(p) is even,

~ @ E[og.(ki,a)dg.(ks,a)]  a?2mb(k + k2)%.(k»)
Eloatkr. a)oatka. all = 4 o e il + /)~ 4 [lal + /(o)

Comparison with Eq. (27), for the observable da then reveals that

— @ Gk
D= L o+ f kP (©9

Now consider the limit ¢ — +o00. There are again two cases:

o If £ =0, since f(0) = 0, Eq. (68) reduces to

9.0
4o

4(0,a) = (69)

o If £+#0, using Eq. (16) and the fact that the term |«| in Eq. (68) is negligible compared to the term f(ka)
which goes to infinity, one gets
Go(k)

oAk, a)~ —
e A T ReBlkal™ )T

(k#0). (70)

Egs. (69) and (70) show that in the limit of large times, ZJ(O, a) goes to infinity, whereas ?j(k, a) remains bounded
for k#0. These features are analogous to those found in Section 5.5 in the case of fatigue, and again symptomatic
of a gradual selection in time of Fourier components of the perturbation of the crack front of large wavelength.

However the divergence of .«/(0,a) for @ — +o0 is quicker in brittle fracture than in fatigue (compare
Egs. (35) and (69)), and similarly the asymptotic formula for .«/(k, a), k#0 goes to infinity in the limit £ — 0
more quickly in brittle fracture (compare Eqs. (36) and (70)).® This means that the selection of Fourier
components of da of large wavelength is stronger in brittle fracture. The explanation lies in the presence, in
fatigue, of an effect of memory of previous configurations of the crack front, which is absent in brittle fracture, as
was noted above. Such a memory effect delays the elimination of Fourier components of da of short wavelength.

6.3. Asymptotic expression of the autocorrelation function of the perturbation

Fourier inversion of Eq. (68) and use of the change of variable p = ka yields

_a e é\f(p/a) —ipz/a
YED=5 /-oo I

It follows that in the limit a — +o0,
G(0) [F dp
A (z,a)~ a/ T+ 2iey12° (71)
4n Jo  [lal + Ap + Re(Bp' )]

where use has been made of Eq. (16).

dp.

8Since the problem is tractable in brittle fracture only if <0, the comparison with fatigue can be made only in this case. The formulae
for fatigue used here are therefore those pertaining to small values of a.
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Comparison of Egs. (50) and (71) shows that the divergence of .«7(z, a) for a — +o0 is quicker in brittle fracture
than in fatigue. This is obviously because it essentially arises from the divergence of the Fourier component o (0,a)
(other Fourier components remaining bounded), which was noted above to be stronger in brittle fracture.

6.4. Asymptotic expression of the autocorrelation function of the slope of the perturbation
By Egs. (51) and (68),

dda dda G GK) 2 ik
E[ (zl,a) (zz, )] _8n/—oo 7“0" +f(ka)]2k e dk.

Discarding the term |x| which becomes negligible compared to f(ka) in the limit @ — 400 and using Eq. (16),
one gets from there

dda LI B 705 B
|: (lea) (Z2aa):| 8T / [A + Re(BIka|2“)] dk. (72)

This expression cannot be simplified further, except if ¢ = 0, in which case it reduces to %

Thus in the limit ¢ — o0, E[G‘S“(zl, )aéa(zz, a)] oscillates indefinitely between finite values (except if ¢ = 0,
in which case it tends toward a constant). Also, it depends upon the distance z; — z; between the points of
observation of the slope, unlike .«7(z, @) which is independent of z. Both of these features are analogous to
those observed in fatigue for negative values of « (see Section 5.8).

6.5. Asymptotic expression of the distance of correlation of the perturbation

Using the definition (59) of the distance of correlation and Egs. (71) and (72), one gets, in the limit
a — —+00:

f+oo Ac(o) dp
I~ | g Ll + Ap + Re(Bp'* )1 73)
g.(k) dk

~+00
fO [A + Re(B(ka)zlS)]z

Thus L diverges for a — +o00 more quickly than in fatigue (compare to Eq. (62)). This is again connected to
the fact that the selection of Fourier components of the perturbation of large wavelength is stronger in brittle
fracture than in fatigue.

7. Synthesis
The main findings of this work can be summarized as follows:

e General observations:

o Although the mismatch of elastic properties between the materials introduces oscillations in the long-
time behavior of many of the quantities studied, its overall role is relatively minor. It never changes the
basic, bounded or divergent character of these quantities.

o The problem can be treated in fatigue for all values of the parameter o characterizing the stability or
instability of 2D crack propagation. In brittle fracture, however, it can be treated only if 2D crack
propagation is stable («<0), because some apparently intractable bifurcation problem arises in the case
of unstable 2D crack propagation (> 0).

e In fatigue:

o There is an effect of gradual selection in time of Fourier components of the perturbation of the crack
front of large wavelength. The effect is present for all values of «, but is enhanced for « >0 by a dramatic
“explosion” of Fourier components of large wavelength.
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o The “wavyness” of the crack front, as measured by the autocorrelation function of the slope (derivative
of the perturbation in the direction of the front), grows in time without bound for large values of o and
tends toward a constant or oscillates for small ones.

o The distance of correlation of the perturbation of the crack front increases in time without bound in all
cases.

o In brittle fracture:

o The gradual selection of Fourier components of the perturbation of the crack front of large wavelength
is stronger than in fatigue. This is because in fatigue, it is mitigated by an effect of ““‘memory’ of previous
configurations of the crack front which delays the elimination of Fourier components of short
wavelength.

o The autocorrelation function of the slope tends toward a constant or oscillates in time, like in fatigue.

o The distance of correlation of the perturbation of the crack front diverges in time more quickly than in
fatigue.
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Appendix A. Inequalities on the equivalent Poisson ratio

The aim of this Appendix is to establish inequalities (2) of the text on the constant v (the “equivalent
Poisson ratio”’) defined by Eq. (1),. Of course, the individual Poisson ratios v, v, will be assumed to verify the
inequalities 0<v, <4, 0<v_ <.

Inequality (2), is quite trivial; indeed, since v and v_ are positive, (1 —vy)/u, <1/u,, (1 —v_)/u_<1/u_
so that, by Eq. (1),,

1
1 — V<72<1 = V>0.
cosh”(me)

To establish inequality (2),, one needs an explicit expression of cosh(ne). By Eq. (1)1,

3—4v, L 1—v++1—v_

e™ = % = cosh(ne) =2 s s
ey 3—dv, 1\ /3-4v 1
R B )\ T
+ - - +

It then follows from Eq. (1), that

<3—4v+ 1><3—4v_ 1)
+— +—
Ly L\ My B U Py

4(1 1)<1—V+ 1—v>'
—+— +
Hy M- Ky -

Let us now write v, and v_ in the form

— 1 . — 1
V+=§—OC+, V_:z—OC_.
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Then oy >0, o >0 and

<1+4oc+ 1><1+4oc_ 1>
+— +—
1 — 1 Hy H_ Mo Hy

1 1 1/2 + 1/2 _
_+_>(/ L /2 o
My Mo Ky M

11 4oc+><l 1 4oc_>
—t—t+— )=+ —+—
Hy B By J\By B R

o

1 > ( 1 1 204 20
— /|t —F+—+—
ny  pHo) \My B Hy Ho

1 1\° 1 1 oy _ oy o
—+—) +4{—+— | —+— )+ 16——
e Hy B \Hy A Ky B

2 1 1)\? 11 _
(o) )
Hy K- Hy  H_/) \Hy H_

The big ratio here is obviously larger than unity, so that 1 — v>%, which implies that v<%.

Appendix B. Inequality on the constants 4 and B

The aim of this appendix is to establish inequality (19) of the text on the constants A and B defined by
Eqgs. (17). The proof will rely on inequalities (2) on the equivalent Poisson ratio v.
The following preliminary remark is in order: since 1 —v<1 /coshz(ng), as noted at the beginning of
Appendix A, and since 1 — v>0 by inequality (2)a,
(1 — v) cosh(ne) <(1 — v) cosh?(ne) < 1.
Now since 1 —v>0, the quantity H defined by Eq. (18) is positive. Also, 1%‘ — cosh(ne) = ﬁ[3 —(1—v)
cosh(me)] >ﬁ>0 by the preliminary remark. Eq. (17); then implies that
A= H "k>(1 — v)cosh(ne).
Also, Eq. (17),, combined with the preliminary remark, implies that

2
|B| = H™! %[1 — (1 — v) cosh(me)].

It follows from there that

2 2
A— BV +42=H " |k [(1 —) cosh(ns)(l L Vit > _Vi+42)

2 2

Since (1 — v)cosh(me)=1 — v>%, this implies that

2 / 2
A— BV +482>H_1%<1 —%).

The problem is reduced to proving that the term (...) here is non-negative, i.e. that |¢|<+/3/2.

To show that this is indeed true, write Eq. (1); defining ¢ in the form
3—dy, + 1
M

eZns —

G-dv )t
U

The denominator in the right-hand side here does not vanish since 3 — 4v_ >0, so that this right-hand side is a

monotone function of the ratio u, /u_. Hence its extremal values are 3 — 4v,, for u,/u_ =0, and ﬁ, for



178 Mes publications/My publications

N. Pindra et al. | J. Mech. Phys. Solids 56 (2008) 12691295 1293

[y /u_ = —+oo. Since 0<v; <4 and 0<v_<1/2, they are in the interval (}, 3). Hence {<e*™ <3, which implies
that |¢| <%<‘/7§. This concludes the proof.

Appendix C. Statistical description of an ensemble of cracked media

We consider a statistical ensemble of possible “realizations” of a medium made of two elastic half-spaces
bonded together except on a semi-infinite interface crack. The elastic properties are the same for all
realizations, but the fracture properties of the interface and the geometry of the crack front vary from one
realization to another. To each realization is attached a specific real number w, which is a random variable
spanning some domain Q of the real line. The density of probability of the variable w is denoted p(w). The
probability that this variable lie in some neighborhood of @ of measure dw is thus p(w)dw. The integral of
p(w) over Q is unity by definition.

The mathematical expectation E[F(z)] of any observable F(z; w) defined on the crack front (depending upon
the specific realization considered) is defined as

E[F(2)] = / F(z; ) p(w)dw. (C.1)
Q
Its two-point autocorrelation function E[F(z1)F(z;)] is similarly defined as
EIFGFG] = | Feio)Fiopo)do. (€2)
Q

Similar formulae hold for functions defined in Fourier’s space.
Let E[F|F3](k1, k>) denote the double Fourier transform of the function E[F(z1)F(z;)]. Then

o “+00 “+00 ) )
E[F1F21(k1,k2)s/ / E[F(z))F(z2)] 7 622 dz, dz

+00 +00
— / / g gikaz ( / F(z1; 0)F(z2; 0)p(w) dw> dz; dz»
—00 —00 Q

- /Q p(co)( /_ :O F(z1; ) e dzl> ( /_ :O F(z3; ) e*>> dzz) do

_ /Q Flky; 0)F(k; ) p(o) do

= E[F(k))F(k2)].

This establishes Eq. (27); of the text.
Moreover, if the observable is statistically invariant in the direction of the crack front, in which case its two-
point autocorrelation function is of the form (26), one also gets

—_— +w . .
HF PGk = [ 7= et o= dz d

o]

+Oo . .
— / F (27 — Zl)el(k1+k2)21 eika(z2=21) dz, dz,

+00 .
= / 21d(ky + k2) 7 (z) €7 dz

o0

—

= 2nd(ky + k2) F (k»),

where 0 denotes Dirac’s function. This establishes Eq. (27),.
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Fig. D.1. Planar interface crack with sinusoidal front.

Appendix D. Qualitative analysis of the evolution in time of a sinusoidal perturbation of the crack front of short
wavelength

Fig. D.1 shows a picture of an interface crack with a sinusoidal front, as seen from above. The hatched
region represents the still unbroken part of the interface. The crack advance is maximum at point 4 and
minimum at point B.

Now draw small circles centered at points 4 and B. Because the sign of the curvature of the crack
front is different at these two points, the relative proportion of the interior of the circle occupied by the
unbroken interface is larger at point 4 than at point B. Thus relative motions of the crack faces are
more hindered near point 4 than near point B. The implication is that the SIFs, and consequently the energy
release rate, tend to be larger at point B than at point 4. This phenomenon will be referred to as the
“curvature effect”.

The curvature effect is present whatever the value of the wavelength of the undulation. However,
when this wavelength is large, the crack front is only weakly curved so that the curvature effect is small and
bound to be overcome by other effects arising from the far geometry and loading. On the other hand,
when the wavelength of the undulation is small, the crack front is strongly curved so that the curvature
effect is important and must dominate over other ones. The implication is that for sinusoidal perturbations of
the crack front of short wavelength, these points of the front where the crack advance is minimum
will propagate more quickly than those where the crack advance is maximum. In other words, the
amplitude of the perturbation will decrease in time; the smaller the wavelength, the larger the difference
between the values of the energy release rate at points 4 and B, and therefore the faster the decay of the
perturbation.

Appendix E. Calculation of the mean value of the function Fy(1)

The purpose of this appendix is to establish Eq. (47) of the text, which provides the mean value F of the
function Fy(4) defined by Eq. (46).

e If ¢ = 0, the function Fy(/) is constant and therefore identical to F, and its value is

(1 + i0)e~ (1104 1
/0 A+Re(B) 1T A1 Re(B)

This establishes Eq. (47);.
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o If ¢#0, the function Fy(4) is periodic of period n/|¢|. Therefore,

. n/e 400 1 i0 —(1+i60)q
sz/ [/ (L+10)e ™ dq]d/l
mJo o A+ Re(Bge2it)
+oo ) n/e y)
:f/ (1 +i0)e=(1+i04 / d | dg.
TJo o A+ Re(Bgfe2i)

Instead of integrating on A from 0 to 7n/¢ here, one may integrate from Ay to Ayg + n/e where 4y is an
arbitrary number, and then use the change of variable u = 4 — Jy. The integral on / is then replaced by

n/e du
0o A+ Re(BQZise—Zisige—ﬁsu)'

Choose /g in such a way that Bg*%e=2%» — |B|. This integral then reduces to

\/71/5 du
o A+ |B|cosReu)
the value of which is readily shown by standard methods to be i Inserting this value into the

preceding expression of F and performing the integration on ¢, one gets Eq. (47), of the text.
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Abstract — Contraction due to drying or cooling of materials yields various self-organized crack
patterns. The junctions between the cracks are complex and form in some conditions, star-shaped
cracks with mostly 90 degrees or 120 degrees intersection angles. Any physical explanation of
the selection of the angle is lacking. Here, we report directional drying of colloids experiments in
capillary tubes allowing to obtain a reversible transition between 90 degrees and 120 degrees. We
show that the transition is governed by a linear elastic fracture mechanics energy minimization
principle hence by only one dimensionless parameter: the ratio between the Griffith length (balance
between the energy needed to create cracks and to deform the material elastically) and the cell
size. We give a straightforward characterization technique to estimate Griffith’s length by changing
the cell geometry. As a bonus, we deduce from it the toughness of drying colloidal suspensions. We
underline that the method may be applied to a broad area of materials, from suspensions (colloids,

paints or mud) to engineering (ceramics, coatings) and geological materials (basalt, sediments).

Copyright © EPLA, 2010

Introduction. — Giant’s Causeway [1,2], Port Arthur
tessellated pavement [3], Bimini Road [4], Mars poly-
gons [5,6], septarias [7,8], fracture networks in muds,
permafrost [9], paintings [10], gels [11], concrete [12],
coatings are some more or less known examples of
self-organized crack patterns that have intrigued people
throughout history. These patterns are formed by
constrained shrinking of the medium due, for instance, to
cooling or drying leading to fracture. The crack networks
form mostly 90° or 120° angles. Intersections at 90°
angles form T or + shaped connections. T intersections
are present in fracture networks formed in thin films due
to sequential formation of the cracks [13]. The horizontal
bar of the T is formed first and the vertical one later.
On the other hand, + shaped connections are necessarily
mostly formed simultaneously, since a crack cannot cross
the free surface formed by another. They can be observed
on Bimini Road formed by contraction of sedimentary
rocks [4] or Port Arthur tessellated pavement (Eaglehawk
Neck, Tasmania) (fig. 1(a)) whose formation is poorly

(8) E-mail: veronique.lazarus@upmc.fr

understood but may be due to evaporation or cooling
shrinkage of sedimentary rocks [3]. Intersections at 120°
can be observed during the cooling of basalt [2]. They
are formed simultaneously and appear as Y star-shaped
connections. The Giant’s Causeway, forming at some
places a regular hexagonal tessellation (fig. 1(b)), is an
example of such connections.

Intersections formed simultaneously, that is Y or +
intersections, can be reproduced experimentally in differ-
ent kinds of experiments. In experiments on drying of corn
starch [14-16] or on cooling of ice [17], the fracture network
is complex and forms a polygonal pattern with mainly
Y intersections. + intersections have been observed in
directional-drying experiments of colloidal suspensions in
capillary tubes [18]. But to date, no experiments exist that
allow to control the transition from Y to + intersections.
In the lack of such experiments, previous theoretical
predictions focused mainly on quasi-hexagonal crack
patterns, in particular on their scaling [19-21] or the
maturation of their shape [22-25]. In general, the hexag-
onal crack pattern is believed to be the solution of the
energy minimization principle as in foams [22,26].

26002-pl
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Fig. 1: (Colour on-line) Examples of polygonal patterns:
(a) Port Arthur rectangular tessellated pavement, Tasmania
(Courtesy of Wayne Bentley); (b) Giant’s Causeway hexagonal
tessellated pavement, Ireland (Courtesy of A. Davaille).

In this letter, we report directional-drying experiments
of colloidal suspensions in capillary tubes that allow to
control the transition from Y to + intersections. We show
that the transition is governed by a Linear Elastic Fracture
Mechanics (LEFM) energy minimization principle [27],
hence by only one dimensionless parameter: the ratio
between an internal length, the Griffith length, depending
on the loading and the material, and an external length,
the diameter of the tube. A straightforward method to
estimate this parameter is given. This method is applied
to the determination of the toughness of drying colloids
(it seems that to date, only one such data exists [28]).

Experiments. — Directional-drying experiments are
performed in circular capillary tubes [18], of length 12 cm
and inner radius R =0.5mm, with an aqueous colloidal

Fig. 2: The capillary tubes are filled with a colloidal suspen-
sion. The single bottom open edge allows for evaporation of the
solvent. Cracks appear following the compaction front (front of
the bottom-up growing gel). Their sectional shape depends on
the controlled drying rate: (a,c) + intersection (v~ 64nms™");
(b,d) Y intersection (vas31nms~'). (e,f) Pictures of the capil-
lary tube at different times showing the reversible transition
from Y to + configuration: (e) the transition from Y to +
observed when the drying rate changes from v~ 3lnms !
to v~ 64nms™!; (f) followed by the transition 4 to Y observed
when the drying rate changes from v~ 64nms ' to v~
31nms ™' again (on this picture, the first secondary cracks have
appeared explaining the finite observation scale).

suspension (cf. fig. 2); namely Ludox® SM30 which is
made of 30% in mass of silica spheroids particles of average
diameter 2r = 7nm (data given by the manufacturer Grace
Davison). To ensure an unidirectional drying, the top
extremity of each tube is closed. To balance the loss
of water volume, tubes are only partially filled (= 7cm
high) with suspension, so that the air trapped in the
tube expands during the drying. After filling, the tubes
dry in ambient condition for two hours, in order to form
a lcm plug at the drying extremity, and then put in
an airtight chamber. The drying rate is controlled either
by the relative humidity RH or by the temperature T
of the airtight chamber: changing T modifies the water
viscosity and, according to Darcy’s law, changes the water
velocity through the porous medium formed by the gel.
Experiments are performed at either 20°C or 3°C; the
humidity rate is fixed either smaller than 10% using

26002-p2
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desiccant or larger than 90% introducing water in the
chamber.

Above the plug, vertical cracks appear that
propagate following the compaction front (front of the
bottom-up growing gel). These cracks are organized
and clearly observable during a distance of propagation
smaller than 3cm. After this distance, the propaga-
tion becomes disordered and secondary cracks appear
(fig. 2(f)). Experiments performed at T'=20°C and
RH < 10% give rise to 4 crack surfaces (fig. 2(a)), while
drying at T=20°C and RH >90% or at T=3°C and
RH < 10% gives 3 crack surfaces. Changing the drying
conditions changes the average velocity v of the crack
tips. The velocities of the cracks tips are measured using a
digital camera and are almost constant during the obser-
vation scale of the cracks (< 3cm). Drying at T=20°C
and RH < 10% corresponds to v =644 10nms~!, while
drying at T=20°C and RH >90% or at T=3°C and
RH < 10% gives v =31+ 5nms~!. Errors on the velocity
correspond to the scattering during one experiment and
to the reproducibility on typically 10 experiments. Due to
symmetry, the four cracks form a + connection. To check
this point, the capillary tubes have been cut, at the crack
tips, along a plane perpendicular to the tube axis (see
fig. 2(c)). Similar cuts of tubes (fig. 2(d)) for slow-drying
conditions (v~ 31nms~!) reveal a Y shaped connection
(fig. 2(b)). Changing the drying rate from v~ 31nms~!
to v~ 64nms~! results in a reversible transition from +
to Y shape connections (fig. 2(e),(f)).

Fracture mechanics model. — From a mechanical
point of view, the stationary behavior of the crack pattern
in the crack tips reference frame allows to approximate
the problem by using 2D plane strain linear elastic
fracture mechanics. The medium is assumed to evolve
quasistatically and to be subjected to a uniform isotropic
tensile prestress og so that the Cauchy stress tensor o is
linked to the strain tensor € by

Ev tre 1 E
T -2t a5

g =

e+ool, (1)
where E denotes the Young modulus and v the Pois-
son ratio. The prestress oy arises from the contraction of
the medium due to capillary pore pressure in poro-elastic
media during the drying process [29,30] and from thermal
contraction during the cooling process [31]. Furthermore,
our model assumes purely radial cracks, a perfect adhe-
sion of the gel on the walls and traction-free boundary
conditions on the cracks.

Then the local strain energy density U(n) depends
on the number n of radial cracks and is given as a
function of the strain components e;; by (Einstein’s
implicit summation convention is employed for the indexes
i,7=1,2,3, see [31])

Ev 2
2(1+v)(1—2v) *

E
+ 5ij5ij +005ii- (2)

Uln) = 2(1+v)

The total energy £(n), corresponding to the sum of the
local strain energy and the crack energy, per unit height
is

3)

It depends on n, R, F, og and on (., which is the
energy needed to create one unit area of crack [32]. Let
us introduce the Griffith length L. defined as

E(n) :/SU(n)dS—i—nGCR.

G.E

5
)

Le=

(4)

The dimensionless form [21] of £(n) reads

En)E

2 R2
ogR

- / 0(n)dS +n2e, (5)
3 R

where S is a the cross-sectional surface with R=1 and
U(n) is the local strain energy density in the presence
of n radial cracks for a constraint elastic medium of
unitary prestress o9 =1, unitary Young’s modulus F =1
and radius R=1.

Now we search among the radial crack configurations,
the one that minimizes the total energy £(n) (some
theoretical considerations about the principle can be found
in [27,33]). Since the dimensionless form 50(231 I;f of £(n)
depends only on n and L./R (5), this minimi;ation yields
n. as a function of a single dimensionless parameter
L./R. L. gives the ratio between the energy needed to
create cracks (o< G.) and to deform the material elastically
(xo2/E). The larger the critical energy release rate G,
(i.e. large value of L.), the fewer the cracks. Hence the
minimization of £ in terms of n yields the critical number
n. as a decreasing function of L./R. This minimization is
done numerically. For each given value of n, the mechanical
stress and displacement fields, and then the strain energy
density [5U(n)dS corresponding to E=1, R=1 and
oo =1 are calculated by finite elements using CAST3M.
Minimization of (5) in terms of n yields n. as a function
of %. This function is plotted in fig. 3 for the typical value
v =0.3. It is a stairlike curve since the number of cracks
can only be an integer.

Comparison with the experiments. — To compare
numerical predictions with experiments, one needs to
estimate Griffith’s length L.. For this, we use directional-
drying experiments in flat (aspect ratio of w/e =20, w
being the width of the cell) Hele-Shaw cells [30,34], in the
same drying conditions as above (cf. inset of fig. 4). The
cells are 2cm long for the 50, 100 and 200 pm thick, and
4 cm long for the ones of thickness 300 and 400 pm. The
cells are half-filled with the suspension. During drying,
a parallel array of cracks appears, with a crack spacing
I which depends on the cell thickness e and the drying
conditions. Applying again the minimization principle on
these crack patterns, we obtain by 2D finite-elements
computations, [ =av/L.e with a=3.1 for v=0.3. The
linear fit of [ as a function of e gives the value of L.
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Fig. 3: (Colour on-line) Number of radial cracks in a capillary
tube n. as a function of Griffith’s length L. normalized with
the radius of the capillary tube R (n=1 is not present for
symmetry reasons) for v =0.3. The values are obtained by
finite-element simulations: for each value L./R, the pattern
with n. radial cracks corresponds to the minimum of the total
energy, which is the sum of the strain energy and the crack
energy. Adhesion of the gel on the wall is supposed. The
L./R and cross-section view of the experiments realized with
LudOX®SM3O are shown.

for each suspension and drying condition: L, =60+ 18 ym
for v~31lnms™! and L.=34410um for v~64nms1 .
Now reporting the corresponding values of L./R (0.12 and
0.068, respectively) on fig. 3 allows for the determination
of n. (3 and 4, respectively.) for the tube experiments.
The predicted values are in good agreement with the
experiments.

Moreover, the model predicts, for a fixed length L.,
that an increase of the radius R from 0.5 mm to 0.75 mm
is expected to give rise to 5 radial cracks in the case
v~ 64nms~!: this transition is indeed observed (L./R =
0.045 in fig. 3). The model also works for experiments

on Ludox® HS40 (2r ~12nm). The values of L. are
then L.~40 pm when drying rapidly and L.~45pm in
cases of slow drying, and yield by minimization n.,=4
(L./R=0.08-0.09 in fig. 3) for both drying rates, that
is a + shape intersection for R~0.5mm, in agreement
with the experiments. All these results allow to conclude
that the transition between Y and + (and also 5 cracks)
intersections is governed by energy minimization hence by
the ratio of Griffith’s length to the size of the cell.

Discussion. — Our study demonstrates that L.
depends on the drying rate. Several explanations can be
proposed. The first explanation is that the stress oy in
the area of the crack tips is dependent on v because of
diffusion effects [20]. The second explanation is that the
porous medium formed by agglomeration of particles on
the drying front has a different structure [35] as a function
of v that induces a change of the values of F and G.. The
precise determination of the dependence of oy, E and G,

1000 ———— .
I —e—1T=3C & 4
[ - 8 -1 7 =20 d
: I T=20C o g "-
—_ = | W 1
g_ i { i e‘;-“_) i
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Fig. 4: (Colour on-line) Distance between cracks as a function of
the thickness of the Hele-Shaw cell for drying of Lud0x®SM30
at T=3°C (o) and at 7=20°C (O). Griffith’s length L.
is obtained by interpolation (lines) with the solution of the
minimum-energy principle, that is | = av/Lce, a = 3.1 (obtained
by FE for »=0.3). The linear fit is done systematically, in
a least-square sense weighted by the error bars. The large
scattering in the data points is due to the high variations in the
crack spacing and the error bars correspond to the variability
of [ over more than 10 experiments.

on the drying rate raises fundamental difficulties that are
behind the scope of this article. We emphasize that by
estimating directly L., we overcome these difficulties.

To simply derive L. from Hele-Shaw experiments, the
dependence of og, that is L. on the cell geometry, in
particular on e, linked to 3D diffusion effects [25,36], has
been neglected. The thicker the cells, the more important
these effects are (fig. 4). Since [34], [ o< e?/?, L. varies
as e '/3 which explains that the the slopes appear to
be off in particular for larger values of e. But it can
been disregarded here, e ranging from 50 um to 400 pm,
especially in the absence of more rigorous methods. For
instance, the method consisting in translating measure
of GG, and E from film measurements into directional
drying is questionable, particularly since G. and E are
position and time dependent. Measuring L. in the same
kind of experiments overcomes these difficulties and allows
to show that the transition between + and Y intersections
is governed by the ratio of Griffith’s length to the size of
the cell.

The model can be used to estimate Griffith’s length
L.. Since L. depends on three parameters G., F and og
(or two if one considers the mode I toughness defined by
K32 = %GC), this gives a method to obtain one parame-
ter when the others are still known. For instance consid-

ering Ludox® SM30, assuming oo = —2v/r~40MPa,
where v~ 0.07N/m is the air-water surface tension [30]
and 2r =7nm the particles diameter, the value of K,
can be derived from the measure of L,: K. =09v/Le~
0.2-0.3 MPam'/2. This value seems reasonable compared
to fused silica [37] for which Kj.~1MPam!/2. It shall
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however be noticed that it is significantly higher than
the one often used in the literature for such mater-
ial (K.~10?Pam!/? [28]). The discrepancy may be
explained by the fact that the toughness seems to corre-
spond to the fracture of solid/liquid interfaces in their
experiments, and to the fracture of solid/solid ones in ours.
Further discussion of this point is devoted to another
article.

Conclusion. — We have observed a reversible transi-
tion Y and + during directional-drying experiments in
capillary tubes. We show that the selection between Y
and + intersections is controlled by the ratio of Griffith’s
length L. to the diameter of the cell. It corresponds to
a local minimum of the total energy, i.e. the sum of the
elastic and crack energies. This is an experimental dem-
onstration that the crack pattern satisfies the often used
[21,22] principle of energy minimization. Directional-
drying experiments in capillary tubes can be used to
estimate Griffith’s length L.. Since L. depends on three
parameters G., F and o (or two if one considers the
toughness defined by K%, = %GC), this gives a method
to obtain one parameter when the others are still known.
We applied it to estimate the toughness of consolidated

Ludox®SM30. Extension from bounded to unbounded
conditions is not straightforward and is the subject of fur-
ther developments to infer new information on tessellated
pavements formation on Earth or on other planets, as
Mars where polygons are widely studied.
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Basalt Columns and Crack Formation during Directional Dryi ng of
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Abstract: Formation of basalt columns during cooling of lava may be eted
by the drying of colloidal silica suspension confined in dapy cells (Allain and
Limat 1995, Gauthier et al. 2007). During the drying pro¢cgssticles aggre-
gate at the open edge forming a growing drained gelled paredium. High
negative capillary pressure in the draining fluid (Dufreshal., 2003) and adhe-
sion to the walls of the cells generates high tensile steeissthe gel leading to
crack formation. Depending on the experimental conditeoms the shape of the
cell (rectangular or circular), several crack morpholsgagpear. Here the aim
is to compare the experimental morphologies with the onedigted by fracture
mechanics. For this purpose, the drained gelled porousumedi modeled by a
linear elastic medium subjected to tensile prestressethenctacks by the varia-
tional approach to fracture of Bourdin, Francfort and Mari#998, 2000, 2008).

1 Introduction

The basalt columns are formed during the directional cgobh a lava flow.
Cooling can be simulated advantageously by experimentsyaigl cooling like
drying inducing similar fields of prestresses. Neverthetég pilot experiments
used until now, on nontransparent materials (cornstarphiticular, cf Goehring,
Morris al. [11]) do not make it possible to observe the dynamics of faioneof
the fractures. On the other hand, experiments of diredtidnang carried out
on transparent colloidal suspensions in circular capiltabes (Gauthieet al
[10]) allowed to reproduce and observe some of the stillypagplained aspects
of the columns: facies presenting a smooth and rough attemalynamics of
propagation by jumps [13]. In this paper, we will considectsdirectional dry-
ing experiments and study the influence of the capillary troes section shape
on the crack morphologies. The experimental morphologained in circu-
lar, square and rectangular tubes will be retrieved by twaetlisional non local
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damage model simulations. In the present paper, we will@oinate on a quali-
tative comparison. A more quantitative study is underwayrémains still to be
completed.

Experiments of directional drying of colloidal suspensiofiat rectangular capil-
lary tubes have been performed first by Allain and Limat [1 #ren by Dufresne
et al. [7, 8]. For thin cells, they observed an array of parallecksaperpendicu-
lar to the flat direction of the cell. In circular tubes, Gdatlet al [10] observed
the formation of two perpendicular cracks containing this ak the cylinder. In
both cases, the cracks grows along the drying directionhigngaper, some new
experiments on thick rectangular cells and on square onebavpresented. In
the thick ones, some cracks parallel to the flat directioreapm addition to the
array of parallel cracks; in the square ones, we observe tacks cutting the
cross-section along the diagonals.

For the numerical analysis, we will use the energetic apgrda brittle fracture
of Francfort and Marigo [9], which is able to approach thergraena of initia-
tion, multicracking and complex crack paths. In order totheetraditional finite
elements, our work will be based on a regularized versiomefenergetic for-
mulation, which may be mechanically interpreted as a naatlgradient damage
model [5]. Two dimensional simulations on the cross seabibiine tubes allow
us to retrieve qualitatively the experimental observedphologies.

2 Experiments

Experiments are carried out, at room temperature, us-
ing aqueous suspensions of mono disperse silica spher-
ical particles (Ludox HS 40) of radius = 15 + 2
€— suspension nm and volume fractiow ~ 0.2. To investigate uni-
directional drying, vertical glass capillary tubes are
used; the top of the tube is closed and the bottom one
is placed in a surrounding maintained at a constant
humidity rate using a desiccant. The tube is only par-

B . oonation surfae tially filled with the suspension so that the air and sol-
lN vent vapor, located above the suspension can expand

& rocs ston to compensate the loss of solvent during desiccation.

€— air sdurated by water

-— =

drying and cacking diection

«—fracturated gel

(view under micoscope) - A the sample loses solvent, particles aggregate at the
open edge forming a growing drained gelled porous
_ _ medium (fig. 1). High negative capillary pressure in
Figure 1: Experimental y,q graining fluid generates high tensile stresses in the
setup gel. This causes crack formation [7] following the
drying direction. Depending on the tube morphology, sevaexk morphologies
appear (see fig. 2):
e for circular cells (diameter 1 mm), two vertical perpendicular cracks;

e for square cells (diagonal 1 mm), two vertical perpendicular cracks along
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the diagonals of the square (see also picture of figure 1);

o for flat rectangular cells (thickness 100 um, aspect ratio- 20), an array
of parallel cracks perpendicular to the largest walls;

e for more thick rectangular cells (thickness200 um, aspect ratio> 20),
two sets of perpendicular cracks: as before, an array oflpbceacks and
some crack parallel to the large walls. For technical ressioims difficult
for the moment, to determine if this last crack correspondetamination
between the porous medium and the wall or to a crack that éeddddnside
the porous medium. Several clues indicates that the crdokased inside:
if delamination occurs at both sides, the medium under leesiesses be-
comes unloaded and cracks shall no more propagate, butsthigtithe
case; the dynamics of crack propagation is the same as ulanimr square
tubes where the cracks are inside the medium; the numeatallations
predicts the presence of a crack at mid wall (see below).

air saturated with water
" saiuid

]

e

bottom view

Figure 2: Different cells and cracks (in greyscale) morphas

The dynamics of crack propagation undergoes an intriguariyjcrack motion
described in [8, 10]. But the analysis of this interestingtiois not the aim
of this paper. In the sequel, we will focus on the two dimenalgroblem of
the crack morphologies in a cross section; hence we willamgtrieve the crack
patterns depicted on the bottom view of figure 2.
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3 A simplified model of drying during directional
drying

3.1 A simplified mechanical model of drying

For the present qualitative study, the two dimensionalzomtal cross sectiof
problem is considered (bottom of figure 2). We suppose themaatelastic and
isotropic. We replace the loading due to high negative pirethat appears at the
liquid meniscus formed by the particles at the bottom aitéwavaporation inter-
face [7] by a given tensile isotropic prestress> 0 or an equivalent mismatch
straineg > 0, so that:

1 1
i Yo~ —tro1— €0l ()

= Mrel+2 lse=
o rel +2ue+ oy € i3 i

where) andy are the material Lamé coefficients,is the Young modulus and
is the Poisson coefficient. The gel adheres to the wall, ddhiealisplacement is
zero at the boundary of the sectian= 0.

3.2 Variational approach to fracture

Following the energetic approach of Francfort and Marigotfge fracture prob-
lem consists in finding the displacement fieldsatisfying the boundary condi-
tions and the crack pattefhthat minimizes the total energy defined as the sum
of the potential energy of the system, €ayand the surface energy associated to
the crack, say,:

Ei(u,T) =Ey(u,T) + E(T) 2

where:

E(u, ) = /S/F B(tm(u))2 + pe(u) : e(u) +ogtre(u)| dS  (3)

E(() = G.length(l), (4)
G denoting the energy required to create a unit length crack.

The functional (2) should be minimized among all admissiliplacement fields
and crack surfaces. The associated minimization probleefésred to [2] as a
free discontinuity problem. To solve it numerically by using standard finite ele-
ments we used a regularization technique originally dgpedddfor analog prob-
lems in image segmentation [12] and adapted to fracture améch by Bourdin
et al. [4]. The energy functional (2) is approximated by tbkofving family of
elliptic functional depending on a regularized displacetrieeld « and an addi-
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tional scalar fieldv € [0, 1]:

&l (u,a) :/s [(1 - 04)2;\(tr6(u))2 + pe(u) : €(u) + optre(u)| dS+
2 ®)
+GC/S [Z‘—g +(Va- va} ds

For¢ — 0, the minimizers of (5) are characterized by bands witlose to 1 and
high displacement gradients. Those bands, whose thickane$she order of/,

are aregularized approximation of the cracks lines. Matterally, it is possible

to show (see [6]) that the global minimizers of (5) tends ®dlobal minimizers

of (2) when/ — 0. From the mechanical point of view, the functional (2) may be
interpreted as the energy functional of a non-local gradiamage model, where
« stays for the damage field addor the internal length.

For a given value of the loading parametgr we solved the regularized mini-
mization problem for (5) by using standard linear triangdilaite elements and
the alternate minimization strategy detailed in [3]. Thegbress, is assumed
to be constant; the damage fietds set equal to zero at the boundary to simulate
perfect bonding.

4 Qualitative comparison between experiments and
numerical simulations

oo
oo
o
| | o
R on
os o
" on
aor
N AS °
q

[

(a) Circular tube (b) Flat rectangular tube

3233 3
—
B - —
—_—
—

(c) Squared tube (d) More thick rectangular tube

Figure 3: Non local damage model with gradient. Elastic medwith tensile
prestresses.
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Figure 3 reports the results of the numerical simulatiomgHe cross sectional
shapes of figure 2. All the patterns observed experimengafiftom of figure
2) can be retrieved by the numerical model. In the case ok ttectangular
cells, a crack at mid distance of the largest walls appedtsisimulations. This
leads to interpret the secondary cracks that appears irxgiegiments as a crack
inside the medium and not a delamination crack. But this tpmierits further
investigations.

By the moment, we are able to report only qualitative agregrbetween the
numerical and experimental results. The challenge nowpgtfmrm more quan-
titative comparisons. This suppose a large amount of thieateexperimental
and numerical work. Experimentally, the control paramefethe experiments
have to be varied (temperature, hygrometry, particle eatmd size...) and the
material has to be characterized mechanically. Numeyidaié influence of the
small parametef, which may be interpreted as an internal length, has to be an-
alyzed in details. This will demand also a further theosdtgroundwork for the
analysis of the behavior of the underlying non-local danragéel. This study is
the subject of ongoing works.

5 Conclusion

By using the regularized formulation of the variational eggzh to fracture me-
chanics proposed by Bourdin, Francfort and Marigo and al#iegh2D mechan-
ical model of directional drying of colloidal suspensiong are able to retrieve,
at least qualitatively, the crack morphologies. This fitatly is encouraging and
will be completed by more quantitative experimental and euoal results. The
experiments shall shed some new light on the basalt colummaftions. The nu-
merical simulations may be complementary to the experimbypthighlighting
the pertinent experimental parameters.
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Abstract

The mechanical system considered is a bilayer cantile\aeplThe substrate and the film
are linear elastic. The film is subjected to isotropic unifoprestresses due for instance to
volume variation associated with cooling, heating or dgyinThis loading yields deflection
of the plate. We recall Stoney’s analytical formula linkitige total mechanical stresses to
this deflection. We also derive a relationship between tlestprsses and the deflection. We
relax Stoney assumption of very thin films. The analyticahidas are derived by assuming
that the stress and curvature states are uniform and biaxial quantify the validity of these
assumptions, finite element calculations of the three-d#ioaal elasticity problem are per-

formed for a wide range of plate geometries, Young's andséais moduli. One purpose is to
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help any user of the formulas to estimate their accuracy.dnigular, we show that for very
thin films, both formulas written either on the total mecltahistresses or on the prestresses,
are equivalent and accurate. Error associated with the tiefiween our theorical study and
numerical results are also presented. For thicker films,dhserved deflection is satisfactorily

reproduced by the expression involving the prestressashadotal mechanical stresses.

1 Introduction

Figure 1: Bilayer cantilever plate

Thin films coated on a plate are currently used to performra¢fenctions in thermal, tribo-
logical, mechanical or biological areas. Paintings or pyelectro-mechanical systems (MEMS)
are other interesting examples of bilayers. They appean tree nano to the macro scale. In all
these systems, undesirable consequences such as fotdsngrar delamination may occur due to
the internal residual stresses that appear during the digmgsrocess. It is thus crucial to evaluate
these stresses. The cornerstone methodology used tohefaris to measure the deformation of
a bilayer plate and to use Stoney'’s type [1] stress-defoomaglations. Two methodologies are
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currently used: the measure of tleeal curvature of a circular plate or the measure of ghabal
deflection of a cantilever. While the first method requireglssticated experimental set-up [2],
the second method is very simple thus extensively used Breift communities [3, 4, 5]. More-
over, the cantilever geometry often appears in MEMS and éaently be used in new nanoscale
testing machines [6]. Thus the precise knowledge of theteapsalinking the free end deflection
and the stresses in the film for this cantilever geometry [girant. The main goal of the current
work is to present such equations and to validate them byrgpthie 3D elasticity problem using
finite element computations. One purpose is to give a piaggideline to anyone that uses the
equation, so that one is able to answer questions such ad ‘@@arthe formula for my framework
and if yes, what is the accuracy of it?”

Several equations describing the relationship streseat&fh can be found in the literature.
Stoney [1] was the first to propose such a formula for the et setup. The underlying assump-
tions are that (i) the substrate is homogeneous, isotropldiaearly elastic (Young modulus,,
Poisson’s ratia,); (ii) the film and substrate thicknessgsandt, are small compared to the lateral
extent of the system; (iii); and¢, are uniform; (iv) the film thickness; is small relative to the
thickness, of the substrate; (v) the displacements are infinitesimabmparison with the plate
width W and lengthL; (vi) edge effects are inconsequential; (vii) the curvatigr uniform and
uniaxial around the-direction; (viii) the total stress state is uniform andaxialo = oy e, x e,.

It reads, using the notations of figure 1:

- SO'fth2

5
B2

where/ is the deflection at the free standing end= L of the plate. The uniaxial curvature

(vii) and stress state (viii) is however, are not verified ragtice as soon ag” > t, and shall
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be replaced by the assumption of (vii) uniform biaxial ctova and (viii) uniform stress states

o =05 (e, X e, + e, x e,). The formula then becomes (see for instance [7, 8]):

3(1 - l/S)thfL2
E,t2

§ = 1)

Numerous papers deal with extensions of this last formulads restrictive assumptions. A nice
overview can be found in [8] and [9]. All the points (i) to (w)ted above have been less or
more relaxed: see for instance [10] for nonuniform substifaictkness, [11, 12] for discontinuous
films, [13, 14] for large displacements, [15] for non-unifocurvature, and [16] for anisotropic
films. Points (vii) and (viii) of uniform biaxial curvaturend stress states in the film have been
relaxed keeping the assumption (iv) of thin films, for bilajr7, 18, 19] and multilayer systems
[20, 21]. The case of arbitrary film thickness (relaxationpoint (iv)) has been addressed by
[22, 23, 8], keeping the assumption (viii) of uniform biabg#ress state in the film, assumption that
can be anticipated to be no longer valid in general. Herd) ba assumptions (iv) of thin film
and (viii) of uniform stress state are relaxed by considgthre particular problem of an elastic
bilayer, the film being subjected to uniform isotropic pressesr, (e.g due to thermal or drying
processes.). It is worth noting here the distinction betwd® mechanical stressesand the
prestresses,1: the prestresses 1 corresponds to the loading and are imposed to be isotrodic an
uniform, whereag are the resulting stresses, hence are point dependant tgehsoally isotropic
or biaxial. In previous cited papers, the film is supposedteubjected to uniform biaxial stresses
o =05 (e, X e; + ¢, x e,) and the plate deformations are linked to the single parametsuch
defined. Here, we link the deflection to the given prestegssAnalytical equations are solved
for the assumption of a uniform biaxial stress state, thitheethe boundary conditions and nor

the stress inhomogeneities are taken into account. In the ahthin films as compared to the
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substrate, the stress inhomogeneities in the film can bectegl and the boundary conditions can
be taken into account using plate model finite element sinouns [14, 24]. For thicker films,
the plate approach is questionable since it consists imcam the stresses state through the plate
thickness by equivalent membrane forces and moments, spdhsible stress inhomogeneities in
the thickness due to the structural effect can not be studedetermine the full displacement and
stress fields in both the film and the substrate without anyrapton on the shape of these fields,
we solve the 3D complete elasticity problem, with perfedtesion conditions on the interface, by
Finite Element (FE) calculations. This approach permitssateration of the effect of boundary
conditions on the deflection profile. It is the first time, t@ thest of our knowledge, that the
Stoney formula is verified by 3D FE computations. Severaiepigeometries and layer materials
properties are considered. We show that for very thin filnash Bormulas written either on the
total mechanical stresses or on the prestresses, are leqiigad accurate; the error made on
the formulas are also given. For thicker films, we show thdy dime formula based upon the

prestresses is accurate.

2 Analytical approach

2.1 Material behavior

Let us suppose that the substrate and the film are linearyielaoth with Young’s modul¥,,
E; and Poisson’s ratios;, v, respectively. The film is loaded by uniform isotropic presges

oo = 0p1, so that the constitutive laws between the steessid the straim tensors is at any point
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of the film:
o =M\s(e) + o0l 2
and at any point of the substrate:
o = As(g) 3)
whereA;(e), i = f, s is defined by:

E,; (3 Ei
Ai(e) = - tre 1+ L 4)

2.2 Energy density

The infinitesimal internal work is in the film and in the sulasgr:

Af(e) :de+ 09 : de
dU =0 :de =

As(e) : de

so that, by integration, the strain energy density is at angtf the film (using (2)),
1 1
U= §Af(€):€+0'0:€: 5(0:5—1—00:5)
and at any point of the substrate (using (3)):

U:—As(s):s:%a:s

2.3 Boundary conditions

The elasticity problem with a clamped plate is, to our knalgke, not tractable analytically. In

particular, it is obvious that the curvature is uniaxial mebee clamped boundary but overall rather
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biaxial. We search for an approximate solution by assunfiagthe stress and curvature states are
uniform and biaxial around any direction in tle, z)-plane :o = oy (e, x e, + e, x e,) and

e=c(e, X e, +e, xe,)+e,e, X e, Thisimplies:

E 1-2
= L4 Vfa
1—l/f 1—Vf

0- ®)

a5

The strain energy density in the film then becomes (the cohstam proportional ter? has

been omitted since it disappears finally in the minimizapoocess):

E 1-2
U=—"1 29" "2, (6)
1 — I/f 1 — Vf
and in the substrate:
E,
1- Vs

2.4 Kinematic hypothesis and resolution

Now, supposing that the curvatutés uniform in the planéz, z), we search under the following
form:

E=¢co— YK (8)

and we determine the stationary point of the total poteeti@rgyl” towards, andx. Using the

relationd = 1xL?, it yields' for ¢:

5 . 3(1 — 21/f)0'0th2 1 —|—t (9)
B (ﬂ) g2 L+ 2M(2t + 32 + 2t3) + M2t
1—vsg 5%s
_ (=vs)E _
whereM = =755 andt = £ /t..

We choosey = 0 corresponding to the mid plane of the bilayer plate. Any pthmice, would change the value

of ¢ but not the value of andd which are of interest here.
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If £y < Esandty < tg, one has

3(1 - 2Vf)0‘0th2
(2)ee

And in this case, the paFf—J;fe of the stresses linked to the in-plane deformatiertsin be ne-

5:

(10)

1—2Z/f

glected in comparison with, so thato; ~ oo (equations (5), (8), (9)). Introducing this

1—Vf

relation in (9), yields the classical Stoney formula (1).
If Est;/Et, < 1 butnot necessarily; < t,, the following formula, sometimes used in the

literature (see [3]) holds:
3(1 = 2vp)oot L2 (1 + ty/ts)
(=)

One may also be tempted to make the assumption that the medallsitress is uniform and

5 = (11)

1-2

satisfieso; ~ 1_:ff oo in order to express the deflection as a function of the stri@ds.sThis

supposes that the tenﬁ%e in equation (5) can be neglected in comparisoatoEquation (9)

then becomes:

3(1 — vg)o sty L? L+t

§= f
Et? 14 2M (2t + 3t2 + 2t3) + M2t

(12)

which can also be found using the results derived in [22, &vben the curvature and the
mismatch strain,, using the relations = £xL* ande,, = o(1 — v;)/E;. The validity of this

formula is discussed in the next section.

3 3D Finite Element calculations

The 3D equilibrium elasticity problem, with perfect adlwson the interface between the substrate
and the film (zero displacemefit] = 0 and stress vectdi].n = 0 jumps), zero displacements
conditions for the clamped boundary (= 0) and traction free ones on the remain boundary
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(o.n = 0), has been solved by FE with Cast3Msing cubic elements (P2) containing 20 nodes
each. The total number of degrees of freedom (number of ngd&gis approximately 40000.
Two elements are put in the thickness of each layer (we havigedethat more elements does not
bring more accuracy).

The prestress is the loading and the mechanical displacement and stréds éerrespond-
ing to this loading, are obtained by the FE calculation. Tha#edtionJ is taken as the vertical
displacement of the extremity mid point of the plate (pdntfig. 1). By taking into account the

linearity of the problem, we can present the results in tileiong dimensionless form:

O'QL2 tf Ef W ts
5= Rl B A
Estsf<tS’Es’L’L’V vf

It is then easy to perform the comparison between the analyftirmula oné-o, and the nu-
merical results. Itis less straightforward to work on thnfala written onj-o ¢ since numerically
oy is point dependent whereas analytically it is assumed tanifermn. Also, to perform the com-
parisong is taken as the mean value of the normal stress in the x-itiregt,.) over all the film,

that is, wheré/; is the film volume:

Op = (Ouz) = vif / / /V f OredV (13)

The validity of the formulas is demonstrated for a wide raob&;/E;, t¢/t;, W/ L. Finally, the

influence of the Poisson’s ratio is considered includingotime of auxetics film%

%finite element code developed by the French Commissarignaigie Atomique http://www-cast3m.cea.fr.
Smaterials with negative Poisson modulus.
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3.1 Using the total stresses or the prestresses in the Storfeymulas ?

To compare complete Stoney formulas (9) writtenf@ndo, and (12) written fory ando s, we

00 = 0P LLgA g, — 202 = OrE

introduce the relative errort&z6 = andAgdy =

FE FE

andd,9) of 0 obtained using equation (9) and (12) resp. and the onesnebotély FE calculations

between the valuegy)

for a given value ofo,, oy being obtained by eq. (13). The results are given in figurer2 fo

E;)E, =102, t;/t, = 1072 andW/L = 0.1.

70
ol  —— Ari)

********* ARy (%)
50
40
30

20

10

0 =

t‘f/ts

Figure 2: Relative error between the deflection obtainealttin the formulas (9) and (12) and the

numerical valuesK;/E; = 1072, t,/L = 1072, W/L = 0.1, v = 0.3)

To understand the large disparity in error between the @nstin figure 3 we plot quantities
relevant to the biaxiality state and uniformity of the sesin the film : the biaxiality ratio defined
by the ratio between the meam component of the stress tensor and the meatomponent; and

.. . 721/f Ef . .
the meancx stress component divided by its valé,gﬁao when the terml_—yfe in equation (5)

can be neglected. When their value is neait means that the stress state is biaxial and uniform

1—2Vf
1-vy

equal to oo; When their values depatrt froim the stress state is no longer biaxial and uniform.
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One can notice that:

e for small enought;/t, (heret;/t, < 0.5), both formulas (9) and (12) agree with the nu-
merical values. This means that they can both be used egutlsal This is because the
component of the stress field in the film linked to the inplaa@®dmation can be neglected

i g, (see figure 3 for small

so that the film stresses are nearly uniform satisfying- 7

values oft;/t,).

e fort;/t; < 1, since (1) and (10) are then equivalent to formula (9) andl (@2p., previous

points implies that (1) and (10) can both be used equivalentl

e for biggert;/t, (in the limit¢, ; < L), only formula (9) (and not (12)) can be used. This
is not surprising. Since the stress state in the layer istloemore uniform (see figure 3 for
arbitrary values ot /t;), it is unreasonable to use only one scalato describe the stress
state in the film, even if one takes = (o,,). If a determination of the stress state in the
film is desired, only a local approach using the local cumedwand the local stress state [9]

may be used, but such a calculations is outside of the scape afirrent work.

These results have been obtained in the ¢&gé = 0.1. For larger plates, it will be shown
in the sequel that results are less accurate. One can centluth these results, that only the
formula written on the prestresses can be used for film tl@skes of the same order as the substrate
thickness whatever the plate width. We will focus on thogenfda, namely (9) and (11), in the

sequel.
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Figure 3: Increasing non uniformity of the film stresses vifté film thickness £;/E, = 1072,

ty/L =102, W/L =0.1,v = 0.3).

3.2 Deflection versus film thickness
3.2.1 General case

In this section, we study the accuracy of formula (9) and {hlthe case of identical Poisson’s
ratio in the substrate and the film= v, = v = 0.3). The dependence anis considered in
next part. In figure 4, the dimensionless deflectiofst, /o, L* are plotted as a function of /¢,

for t,/L = 1072, W/L = 1 and different values of/;/E,. The dashed lines correspond to the
FE computations and the solid ones to the analytical equafi®). Some computations performed
for smaller values of,/ L show a weak dependence of the plot on this value, hence themnai

of this parameter is not shown. The dependenc&lgii is also weak, so that among the curves
corresponding tdV/L = 0.1 or W/L = 1 we have chosen to represent only the worst, that is
W/L = 1. More details on the dependence of the results on the widtheoplate is considered

further.
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dFEsts
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0.0001

T T S S N I ! T Y S R N A1

1
tf/ts

le-06 11 .
0.05 0.1
Figure 4:Completeanalytical formula (9) (solid lines) compared with the FEguutations (dashed

lines) obtained fot,/L = 1072, W/L=1,v =0.3.

One can notice several things on these curves:

e Good agreement is found between the Stoney formula (9)dimaiLthe ratio of Young mod-
ulus influence even for a film much thicker than the substratee agreement is better for

small ratio ofE;/ E, than for larger ones.

e The “mountain like” curve is due to the competition of twoeeffs: whert;/t, increases,
(i) as the membrane force proportionaldgt ; exerted by the film increases, the deflection
increases, (ii) however, as the bending rigidity of the filrogortional toti’: increases, the
deflection decreases. For thin films, the membrane forcetefepredominant, and for

thicker films, the rigidity effect.
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tr/ts
Figure 5: Relative error between the deflection obtainealutn thesimplifiedequation (11) and

the FE computations one for/L = 1072, W/L = 1,v = 0.3.

3.2.2 Casefit;/E,t, < 1

In practice, the Young modulus; of the film may be not known exactly [3], so that only the
simplified Stoney formula (11) is useful. It is thus pratitaevaluated 5.1, = ™2~ °"*. Good
agreement is found between this simplified formula and tmeerical values only for not too thick
films and not too stiff films. Fo&;/E, = 1, t;/t, = 0.05, W/L = 1, the relative error is still
Ardury = 15% , so that we consider in fig. 5 only the most favorable casesesponding to
E;/E, < 1.

The maximum film/substrate thickness for which the agre¢nsescceptable depends on the
ratio Ey/E,: the smallerE/E, the thicker the film can be. More precisely, figure 6 gives the
domain for which the relative error between the simplifiedrfey formula (11) and the numerical
solution is less than 1%. The solid curve corresponds to the relative error betwieesimplified

(11) and complete (9) Stoney formula, which has been shownatzh the numerical values. It
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(1—1/5)Ef

is obtained by determining/ = (=0, E.

for each value ot = t;/t, satisfying the equation

8(11)—6 .
AR(S,S'tomzy = % = 0.1, that is:

M+ 2M (2t 4 3t* 4 26%) = Arsioney (14)

With Agdgioney = 0.1. Some numerical points have been added correspondingda ) = 10%
which confirm the good agreement between formula (9) and timeenical results. Moreover it
shows that the analytical graph obtained using equationyfiderestimates the maximum thick-
ness ratio that can be considered so that the relative Argéf,,, made using simplified equation

(11) can safely be estimated usifgds;one, that is equation (14).

T T T T T

ts/L =150.10"% W/L =1

T
o]
L] —4

ts/L =150.10"% W/L = 0.1
x ts/L =25.10"% W/L =1
-
o]

01F ts/L =25.10"% W/L = 0.1

E, < 10%

0.001 ¢

0.0001 1 1 1 1 1 1
o 05 1 15 2 25 3 35
tr/ts

Figure 6: Thickness and Young’s modulus ratios influenceherrélative error. To the left of the
solid line, the relative error between the simplified (119l @omplete (9) Stoney formula is less
than 10%. The points correspond to values®f't,, E;/E; for which the relative error between
the simplified (11) formula and the numerical result iSZl@ach point corresponds to different

values oft,/L andV/L).
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3.3 Influence of Poisson’s modulus

We have verified, in the previous section, that (9) is aceuifat, = vy = 0.3. To verify that the
dependence of (9) on; andv; is accurate, we considet = 0.3 andv; € (—1;0.5) including
auxetics [25, 26, 27] and the corresponding relative eretwben formula (9) and the FE values
(figure 7, 8). These results allow moreover a quantified assesof the error associated with the
formula (9).

We see on figure 7 and 8 that:
e Formula (9) gives good results in a wide range gfin particular forv, € [0; 0.4], the error
are less than 10 in all the cases considered.

e The discrepancy becomes higher for larger valueB off; andt /t,.

e The agreement is poorer for wide plates than for slender.ombanks to Saint-Venant's
principle, the boundary conditions become negligible atatices which are large compared
with the dimensions of the plate and notablyy L. Moreover, the anticlastic curvature effect

becomes more important for wide plates [28, 29];

e Forv; < 0 the error is larger than far, > 0, probably because the anticlastic curvature

effect is amplified in these cases.

4 Conclusion

By performing full 3D finite elements calculations we havewh that:

e Fort;/t; < 1and E;/E; < 1, the stress state in the film is biaxial and uniform with

1—2Vf
Uf ~ 1

ao. The deflection then verifies both formulas (1) and (10-11jtemw ono; and

—vy

V. Lazarus CND- 16



210

Figure 7: Relative error between equation (9) and numerésallts forE; /E; = 0.01.
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Figure 8: Relative error between equation (9) and numerésallts forE;/E, = 1.
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oo respectively. Their validity limit of (11) ort;/t, is given in figure 6 as a function of

E;/E.,.

e Forarbitraryt/t, in the limit¢, ; < L, only formula (9) accurately estimates the deflection
since the stress state is no longer uniform. Any formula king a uniform stress state
does not yield reasonable estimates. This formula is attioaless than 1% error for

vy € [0; 0.4] (vs = 0.3).

e The formulas are more accurate for slender plates than tarslates. This is due to the
fact that for wider plates, the clamped boundary conditiod anticlastic curvature have a

greater influence on the stress state and the deflection.

In some film/substrate systems, the misfit strain may dantagélin/substrate interface. For
instance, delamination may appear [4]. Our analysis supggerfect adhesion at the interface
is then no more valid. Moreover, these formulas are vali¢y amithe limit of the small pertur-
bations hypothesis. For large perturbations, bifurcatiomy appear. Freund [14], by performing
finite elements calculations based on plate models, givettlowing upper bound for the small

perturbations approach to be valid:

3(1 - VS)O'fth2
2E,t3

<0.3 (15)

His approach assumes that the plate boundary is tractien@ayotet al. [24] have recently show
that bifurcation arises later for slender plates. It mayrteresting to verify whether the clamped

boundary condition, which has a rigidifying effect, alseuks in a higher upper bound.
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