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ABSTRACT. This paper presents a micromechanical modeling strategy for complex multibody
interactions and the associated numerical framework. The strategy rests on a periodic
multibody method in the framework of the NonSmooth Contact Dynamics approach of
Moreau (1988) extended to classical domain decomposition problems. Many complex
interactions can be taken into account: interactions between discrete elements, between
discrete or rigid bodies, (quasistatic) contact or impact, friction or adhesion, decohesion
(cracking), etc. The associated numerical platform, Xper, is composed of three independent
libraries with Object Oriented Programming. The ability of this computational approach is
illustrated by two examples of fracture in heterogeneous materials.

RESUME. Cet article présente d’une part, une stratégie de modélisation dédiée a la simulation
micromécanique des interactions entre corps, et, d’autre part, sa mise en ceuvre numeérique.
Cette stratégie repose sur une formulation de type décomposition de domaines d’une méthode
multicorps périodique dans le cadre de I’approche NonSmooth Contact Dynamics de Moreau
(1988). Les potentialités de cette méthode sont illustrées par la complexité des interactions
possibles : interactions entre éléments d’'une discrétisation, entre corps discrétisés ou rigides, en
compression (contact) lente ou sous impact, en glissement (frottement) ou en traction
(fissuration-rupture), etc. La plateforme numérique associée, Xper, repose sur une architecture
orientée objet composée de bibliotheques indépendantes. La pertinence numérique de
I’approche est illustrée sur des exemples de fissuration de matériaux hétérogenes.
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1. Introduction

Dynamic crack propagationin heterogeneous materialsis a cmplex problem and
has become a dallenge in many engineaing danains. Since the heterogeneities (mi-
crocavities, hard inclusions, brittle predpitates...) have major effeds on the overall
dynamic fradure, a relevant way to investigate the problem is to consider models at
the scde of heterogeneities. At this sde, the fradure can be described using micro-
mechanicd concepts and recent advancesin computer techndogies make posshble the
simulation of the overall norlinea response of a given microstructure.

In this context, a new computational micromechanicd approadc is developed to
analysethe df eds of the microstructure heterogeneity onthe overall material behavior
when submitted to static or transient loadings. This approac is based bah on the
concept of Frictional Cohesive Zone Model and onamultibodymethodin the context
of the NonSmooth Contad Dynamics (NSCD). In particular, the NSCD approach aims
to solve dynamic frictional contad problems withou regularizaion na penalization
techniques (Moreau, 1988 Jean, 1999. Since periodic formulations are well adapted
to micromedhanicd studies, a two field Finite Element is written and the framework
is extended to thisformulation (Peraleset al., 2006 Peraleset al., 2008.

The scope of the NSCD framework can simply be extended to classcd domain
demmposition problems. The domain decomposition methods (DDM) solve astan-
dard boundry value problem by splitting it in smaller problems on subdamains
and managing “continuity” condtions between subdamains. Many techniques exist
to enforce ontinuity of the solution in quasi-static (Dodds et al., 1980 Magoues
et al., 2006 Glowinski et al., 1990 or dynamic (Herry et al., 2002 Gravouil et
al., 2007). In this paper, the NSCD framework is written as a dual Schur approach
where the continuity condtionis replaced by any interadion law. The gopli cations of
this method concern parall elism, multi physics or multibodyinteradions.

Sincetheimplementation of the micromechanicd framework would involve ahigh
programmingcost, the development strategy isto reuse and extendexisting spedali zed
libraries. The software developed here, cdled Xper, is based onthe couging o three
libraries (using Fortran90'C++ mixed programming) and thus takes advantage of the
ability of ead of them. Eadc library has a dea meaning from the mechanicd point
of view :

— LMGC90is dedicated to the surfaceinteradion part : model, solving method It
relies onthe NonSmoaoth Contad Dynamics approac (LM GC90, 2009,

— PELICANS is dedicated to the bulk part : periodic Finite Element modeling
(PELICANS, 2009,

— MatLib is dedicated to complex constitutive models (Stainier et al., 2003. This
library is embeded in PELICANS.

The aility of the proposed strategy and o the platform isill ustrated onexamples
of dynamic fradure in metal matrix compasite with brittle inclusions under transient
loading and o intergranular fracture in a periodic medium.
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The paper is organized as follows. In Sedion 2 the main elementary classes of
multibodyinteradions that can summarize most of the complex interadion problems
arerecdled. In Sedion 3 the interadions modeling (multibody, NSCD, periodic and
DDM) is described. The dorementioned case studies are presented in Sedion 4.

2. Themodeling strategy

Themain purpose of this paper isto model and simulate divided and fradured me-
dia & a multibody system with interadions. From a mechanicd point of view, these
interadions correspondto any compresson-diding-tradionsituation. In particular, we
have herein mindthe modeling o contad, impads, dry or lubrificated friction, adhe-
sion, deaohesion, multiple aading, fail ure or any combinations as frictional contact
with cohesion (Raous et al., 1999 Perales et al., 2006. Moreover these interadions
can take placebetween rigid or deformable media. From a geometrica paint of view,
any complex interadion belongsto ore of the threefoll owing situations: (1) body-to-
bodyinteradion, (2) cluster-to-cluster interadion, (3) body-to-cluster interadion. In
order to classfy these threesituations, the first two are detail ed below.

— Body-to-body interaction. For example, this stuation occurs when any surface
of aFinite Element mesh is susceptible to surfaceinteradionwith its surroundng(see
Figure 1). This classof interadionsincludesthe fail ure of bulk materials or of hetero-
geneous materials, or transgranular fail ure. In thiskind o appli cations, the framework
is known as the mhesive/volumetric finite dement approach (Xu et al., 1994 Ca
mado et al., 1996 Raous et al., 1999 Jean et al., 2001, Perales et al., 2006. This
concept is extended to any interadion o rigid bodes. Therefore, the body-to-body
interadion stands for mesh-to-mesh interadion, rigid-to-rigid interadion o mesh-to-
rigid interadion.

‘I ndependent’ body
Surfacebehavior

Figure 1. Body-to-body interaction: each finite dement isa body
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— Cluster-to-cluster interaction. The bodes can be duster-meshed damains or ri-
gids. A surfacebehavior may be introduced between the bodes (for example, see
Figure 2 for meshed bodes). This classof interadions includes intergranular fail ure
(Zavattieri et al., 2007; Vincent, 2007), inclusion/matrix interfaceor granular media
(Azemaet al., 2006 Renou et al., 2005 Chetouaneet al., 2005.

Surfacebehavior

T

Meshed body

Figure 2. Cluster-to-cluster : surface behavior between meshed bodes

For the particular case of periodic media, the dusters can be subjed to periodic
condtions (seeFigure 3). This classincludes the failure of periodic media or of Re-
presentative Volume Elements (Perales et al., 2008 Pelisouet al., 2009.

Same duster

Figure 3. Periodic media: the dusters are reproduced by periodicity
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The overall behavior isthus obtained by cougingthe standard volumetric behavior
inside the meshes (or rigid bodes) and the surface properties between the bodes,
taking complex interadions into acourt. In this gudy, this coupingis based onthe
NonSmooth Contad Dynamics (NSCD) framework (Moreau, 1988 Jean, 1999.

In the framework of the NSCD method, a two level resolutionis caried ou : the
standard or periodic volumetric problem is lved at global level - by PELICANS
(PELICANS, 2009 and MatLib (Stainier et al., 2003 - and the nonsmoocth contadt
problemistreded at alocd level - by LMGC90 (LM GC90, 2009. The correspondng
two field modeling framework is detail ed below.

3. A two field modeling framework
3.1. Global level and periodic problem

A spedfic bulk model is derived to model a dynamicd system under periodic
condtions. Since the dasdcd dynamic problem can be seen as a subproblem of the
periodic one, we focus on the formulation of the periodic problem. In what foll ows,
the main paints of the formulation are described (see (Perales et al., 2008 for more
detail s).

Consider a periodic multibody medium 5 = |J Q2§5. At any boundry of a body

Qg, mixed boundry condtions (given by the in’feradions depending on the dis-
placement jump) are introduced. In this framework, the deformation gradient field
F = Vu + I and the first Piola-Kirchhdf stressfield IT are assumed to be perio-
dic with the same period as the medium. The correspondng average fields over the
periodic medium are denoted by F, Vu and IT. The fields F, Vu and IT fluctuate
aroundtheir average values. The locd deformation gradient field can be thus slit i nto
an owerall field (the field itself if the medium is homogeneous) and a fluctuation de-
noted Vu?, which takes the presence of heterogeneitiesinto acourt. Since fradure
is expeded, heterogeneities are naot only due to the inclusions but also to cradks in
the structure. The global displacement field u admits the following decomposition :
u= (F-1I)-X +u” where X istheinitial position vedor and1 is the second-order
identity tensor. The Finite Element formulation beacomes a two field Finite Element
formulation. Thelocd periodic dynamic problem can be written :

find the periodic displacement field u#, the deformation gradient field F and the
stressfield IT verifying:

—relationsfor ead body€ :

V-H:pd—u# inQg,
TI(F) (Constitutive law), [1]
F=F+Vu” in Qg,
II- N = T([u#]) ondQg,
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— averagerelationsin the medium Qg :

Fy; = F.i]r.”p,

_ t 2

{Hkl =1I", g

where T is a boundry force given by the considered interadion law, IN is the unit
outward namal vedor of the body, p is the mass density, the jump symbal [f] =
£+ — £~ isdefined asthe differenceof afield f over the two fadng surfaces (here the
superscripts + and - denotethe two oppaite surfaces), ;" arethe comporentsof the

prescribed maaoscopic transformation gradient and f[ik”;p are the comporents of the

prescribed maaoscopic stress withij # kl and {i, 5, k, 1} € {1,2,3}.

Note that the dasdcd dynamic problem can be obtained by repladngthe periodic
displacement field u# by the standard displacement field u in the first equation of [1].

The framework is dedicaed to the study o periodic problems embedding nonre-
gular interadions. Considering the standard NSCD algorithm, the norsmoath contac
problem is treaed at the locd level (Jean, 1999 Jean et al., 2001). At this level, two
main pants haveto be underlined in the writing o the periodic problem:

— dynamics is dedicaed to the treament of the nonregular condtions and hes to
be only introduced at the locd level,

— the presence of the heterogeneiti es are taken into acourt only by the fluctuation
field u.

After chocsing the almissble spaces, the broken Sobdev space U# =
{v € [L3(20)]™, V]ge € [HY(Qg)]™ v, v periodic} and the spaceof linea
transformation V' = L(R™) (m isthe spacedimension) for the velocity field and its
periodic part respedively, and considering the kinematicaly admissble virtual velo-

city field v* = (v*)# + F* - X, the wedk unit cell value problem is obtained :
findu” € U# andF € V such that :

S [ r(ut) vyt

- Z II(F): V(v*)#dz V(v)# e U#;
e=17%5 [3]
- @
= ;/g P (v)"dx

S [ IF): Frdz = |QIT: F* VE* € V.
e=1 25
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3.2. Nonsmooth contact dynamics strategy and its extension to periodic problems

3.2.1. Sandad dynamic equation andthe exensionto periodic problems

Considering that some discontinuities may appea in velocity time evolution, the
standard dyramic problems are written in a semi-discrete form for ead body€ :

«w+/qw [5]

to

q(t)

where M isthe massmatrix, q, ¢ and dq are respedively the discrete displacanent,

velocity and dff erential measure of velocity, dp representsthe diff erential measure of
interadionimpulse and F'(q, q, t) represents the internal and external forces withou
the contribution of interadiondp (Jean, 1999 Jean et al., 2001). The measure dp may
contain bath smooth and norsmoaoth contributions. In this framework, the derivatives
are written in a distribution sense.

In pradice, the diff erential measure equation[4] needsto beintegrated over an ar-
bitrary time step (even reduced to a shock instant), which givesamomentum balance:

tit1
M«mﬂ—m>=‘/ F(q, & 0)dt +p. (6]
t

7

q(tiv1) = <l(?fi)+/ti+1 qdt. [7]

7

Using an implicit time integration scheme of [ 6] and [7] (-method) one obtains a
discreteform:

M- (qit+1 —q;) = h(OF(dit1,4it1,t) + (1 —0)F(q;,qi,t)) +p, [8]

Qiv1 = Qi+ h(0Git1 + (1 - 0)qs), (9]

where h isthelength of time subinterval J¢;, ¢; + 1], subscript i the quantitiesat atime
ti, i + 1 the quantitiesat time¢;1 and 6 € [0.5, 1].

The lineaized formulation of [8] is obtained througha Newton-Raphson method
(superscript k stands for iterations) (Jean, 1999 Jean et al., 2001) :

\ / -k . k k
Mk(qz'-:-rll - Qerl) :kpfr;%l + pij-rll L
MF = M hp 2P GGl 22 OF A A 1) [10]

Pfkr;fe1 = _M(Q§+1 —qi) + h[(l - G)Fi + 9F§+1]
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which leadsto :
Skl skl ko k1
Qif1 = Gfree + Wip1Pigq [11]
Skl -k ko k41
Qfree = qi+1 + Wi+1pfree

where w¥, | denotes the inverse of the iteration matrix and p;f; is the impulse
value.

In a periodic case (see sedion 31 for the formulation), the semi-discrete form
[4]-[5] becomesfor ead body2§ (Perales et al., 2008 :

M -dg# = F(q*,q**,d,d, t)dt + dp, (17
a(t) = alte) + [, adt, (19
d(t) =d(to) + f; ddt

where G(q, 4%, d, d, t) and K (t) respedively represents the macroscopic stress
and the maaoscopic prescribed stress and d and d are respedively the discrete ave-
rage deformation gradient and itsfirst time derivative.

Thelineaized formulation[10] isthen rewritten as:

B SH Vk+1 o F Nk k+1
Nk {(qH—l) (qz-‘,-l) } _ f/:;; + {pz+1 },

L OF D or OF

M- hp 2L g2 98 YLy Ll

M* = o e 4 e
102G 229G 102 220G

oeF oq” oq " aa

)M (((.lﬁﬂk *qz#)JFh[(l *Q)FivLGFfH]
a h{(1*9>(Gi+Ki)*9(G§+1+K§+1)}
[14]

The unknawns of the periodic problem are ¢# and d. A mapping P alows to
recover the standard discrete velocity ¢ from ¢ andd :

a=r {41, (15

with P such that :
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dof dof dof
P RN RN HNE

. q* dq—Rel < Vg >4 -Xq4 [16]
q— 3 = . )
d <Vq >4

where Rel € RMa” x R™ is a discrete mapping such that the periodic velocity
is given by g% = q — Rel < Vq >4 -Xy4, Xy is the discrete position vedor,
< >g RV xR 5 RYF s the discrete average mapping over o, m is
the spacedimension and N4/ and Ng"f are the number of degrees of freedom of the
discrete velocity ¢ and o the first derivative of the average deformation gradient d,
respedively.

At theiteration k + 1, the discrete velocity and the discrete freevelocity write :

- k+1 (# )k+1
“k+1 _ -1 ) \4"); “k+1 _ p—1 q
qi-l—l =P {( ak)_ﬁrl » Qfree = P f:e:Jrl ' [17]
i+1 dfree

The locd problem at the contad level is thus lved using the standard NSCD
algorithm withou any modificaion. The two field periodic formulation can then be
seen asasimple extension at the global I evel of the NSCD agoarithm, that isto say the
resolution o periodic Finite Element problem.

3.2.2. Kinematic relations for frictiond contact

Writing interadions behavior in a discrete form requires to define mappings H
between buk unknowvns (4, p) and interadion unknavns (see Figure 4) : relative
velocity (U) and impulse (R). Considering ore interadion (index a) between two
bodes (c anda) and wsing clasgcd kinematic relations, the relative velocity writes

R AN N 19

Due to dudlity considerations, one may write the contribution o interadion « to
the global impulse &s:

Pc _ H.” a
(5 )= (i ) 9
Using linea mappings H, the dynamic system of equationsis rewritten as:

[20]

U® = Ug,,+ WeR?
Wee = glew H.* — HE “w, H,®
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One can generalizethe previous form in case of a multi-interadion situation, sim-
ply by including an additional contribution:
U® = Voot WRS + 55, WOR 21
web = grow H.A — H *w,H,"

To close the problem, one neads an interadionlaw relating relative velocity to im-
pulse. Numerous choicesare possble depending onthe phenomenadogy o theinterac
tion, for example, unilateral condtion (velocity Signarini condtion (Moreau, 1988),
friction (Coulomb’slaw) or cohesion (Jean et al., 2001, Peraleset al., 2006 .

As detail ed further, the general tradion-sliding-compresson interadions presen-
ted in the "'modeling strategy’ (sedion 2 have to include sliding-compresson rela
tionswhich are caisingimpulse condtions. For the sake of clarity, unilateral frictional
contad laws of Signaini-Coulomb type ae presented but other choices can be made
(e.g. Trescafrictionlaw). Theserelations write:

—Ry € 3IR+(UN), [22]

Ry € Oy, (IRl Uz, 23

where I istheindicaor function o the set K, u isthe Coulomb friction coefficient
and U is demmposed into anormal and atangentia part : U = UyN + U with N
the unit normal vedor of the frictional contad zone.

The principle of the global to locad mappingand asociated variables are summari-
zedin astandard case andin aperiodic casein Figure4 andin Figure 5 respedively. In
particular, Figure 5 shows that the periodic mapping concernsonly the global | evel of
the dgorithm and that the kinematic relationsandlocad NSCD solver are not aff eced.

3.3. NSCD as a domain decomposition method

In classcd domain decompasition methods (DDM) one assumes contiguous sub-
domains and tries to enforce mntinuity of primal (displacenent) and/or dual (force)
interfaceunknavs. Considering quesi-static problems, there exist various techniques
to ensure this continuity which differ in the treament of the interfacebetween sub-
domains. In the following, we consider techniques withou subdamains overlapping.
Amongthem one can consider primal Schur-type gproaches (where continuity of the
displacament field is enforced at the interfaces) (Dodds et al., 1980, dual Schur-type
approaches (where equili brium of interfaceforcesis enforced throughL agrange mul-
tiplier) (Magoueset al., 2006 and mixed approaches where one tries to achieve both
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Dynamic equation

q P

HT H

0 R

Nonsmooth contad problem

Figure 4. The standard NSCD algorithm

(i}

p-1 periodicFE| P

Dynamic equation

HT NSCD H

0 R

Nonsmooth contad problem

Figure 5. The NSCD algorithm extended to the periodic formulation

condtions (Glowinski et al., 1990. Considering dyremicd problems one can paten-
tidly usethe threeprevious approaches. But as mentioned by Gravouil et al. (Herry et
al., 2002 Gravouil et al., 2001, in dynamics, the choiceof which kinematic quantity
is continuots at the interface(displacament, velocity or acceeration) is difficult.

In the cae of contad problems various posshilities exist. Dureis®ix et al.
(Dureissix et al., 2001) propose an extension o a dual approach (FETI). Alart et
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al. (Alart et al., 2003 propcse an approach where mntad is embedded in a corti-
nuows domain. More recently, domain decomposition approaces are proposed for
norsmocth problems, where the continuity condtion is enforced through the bulk
model (Nineb et al., 2007 Iceaet al., 2009.

Our purpose in this part is to show that the NSCD method may be written as a
dual-Schur approach where the basic continuity condtionmay bereplaced by any in-
teradionlaw. In that case the continuity condtion between subdamainsis not written
onthe bulk part but throughan interadion law.

For the sake of simplicity we will only consider in the following two damainsin
interadion. In the context of the dual Schur formulation ore may rewrite the standard
discrete problem ([10] and [18]) involving two subdamains (¢ andc) :

g . / . k
MEFSL 0 H, it M6 + Py fee

0 M -H @t ) = MET'GE +pliee | [24
HT —HT 0 RA1 —Uktt

where the basic continuity condtion o DDM written in velocity (UFH1 =
HT¢gk+l — HT¢M1) is replacel by a more general implicit interadion law
(law(U*L REFY) = true). One can compute the solution splitti ng the problem
intwo stages:

1) Freemotion

v - k41 rk+1 K k+1

M2+1 N 0 0 q%iri}e Ma+1qa + p%,frfe
0 ML 0 ditee | = | MEF'GE +plice [29]
0 0 0 RF+! 0

The freemotionis computed at the global |evel and is independent of the interac
tion conditions. It can be computed by any classcd FEM library such as PELICANS.

2) Interadionmotion

M];Jrl 0 H, qu_nlter

0 M —He || dline | =

HY  —HT 0 RF+!1
. [26]
0

T k+1 T k+1 Th+1
(Hc qc,free - Ha qa,free) -U

Theinteradionmotioncan be computed at thelocd | evel solvingtwo subproblems
(omitting ¥*1) :
{U == Ufree + WR

law(U,R) = true [27
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WhereUfree: HCT(.]c.,free* H,?Qa,freeandw = HcTMngc - HaTM;lHa,
and

Qa,inter = M(;lHaR [28]
Q(:,inta - M(lecR [29]

The locd solver needs the projedion o the freevelocity on the boundxry of the
subdamains and the projedion d the inverse of the pseudomassmatrix M, or M..

Theresulting velocity is:

< k+1 - k41

< k+1
Qe =g free T qa,Tnter [30]
ck+1 _ k41 - k+1
qCJr - qc,free+ qc,inter [31]

Note that the DDM problem can be simply extended to the periodic formulation
using the relations [14] and the mapping [16].

3.4. Multi domain solver

The dasscd NSCD approach and its periodic extension rely on a Non Linea
GaussSeidel (NLGS) algorithm to solve the problem.
The spirit of the methodis the following. Considering, one by ore, the locd systems
to solve for eath contad « :
{U"‘ = U4, + WeR* + 3, WRS

32
Law(g®, U*" Ust RY"™ R = true 32

the contributions due to other contads (5 # «) are frozen taking updited values if
B < a orold valuesif 5 > «.

Equations[32] can be solved using any of the following method:

2D context

— An explicit uncouped resolutionif W isdiagord
— A couped namal-tangent graphintersedion (Jean, 1999
— A pseudo-potential approach (bi-potential) (De Saxcéet al., 1991
— Linea Complementarity Problem (LCP) aslocd solver
3D context

— Anexplicit resolutionif W< isdiagord (Renouf, 2004
— A pseudo-potential approach (De Saxcéet al., 1997)

— A Generdlized Newton algorithm (Alart et al., 1997)

— Linea Complementarity Problem (LCP) aslocd solver
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3.5. Global-to-local strategy and dedicated platform

The correspondng dgobal-to-locd strategy is simmarized for one iteration o the
Newton-Raphsonagorithmin Figure 6.

The strategy rests on the locd/global levels:

— at the global level, the Finite Element method (including the periodic extension)
istaken into acourt,

— at thelocd level, the standard nonsmoaoth contad framework is used.

For lower programming cost, the software strategy development retained here was
not to develop from scratch the entire software but to reuse and extend existing libra-
ries. It permits to take advantages of ead library update whil e developing the whole
software.

The software platform, cal ed X per (' eXtended cohesive zone model and PERiodic
homogenization’), respedsthe two levels drategy (Figure 6) :

— at theglobal level, the extended Finite Element methodis managed by the PELI-
CANSlibrary (PELICANS, 2009. This oftware, developed bythe French’l nstitut de
Radioprotedionet de Sireté Nuclédre (I RSN) isatodboxfor theimplementation of
various numericd methods dedicated to the solution o systems of partial diff erential
equations. To take into ac@urt complex nonlinea constitutive models, the library is
couped with the MatLib library, developed by Stainier (Stainier et al., 2003,

— at thelocd level, the complex interadions between bodes are taken into acournt
by the LMGC90 library (LMGC90, 2009, developed by Dubds and Jean (Dubads et
al., 2003. LMGC90 is a platform for the modeling interadion problems including
multi-physics.

For more detail s concerning the implementation o the software, see the gpen-
dix 7.1.

In the foll owing, both the abiliti es of the numericd strategy and the X per software
areill ustrated onfradure of heterogeneous media.

4. Application to thefracture of heterogeneous materials
4.1. Cohesive zoneinteraction law

Examples presented ded with fradure of heterogeneous materials. The fradure
model is based ona mhesive/volumetric micromechanicd approach invalving Fric-
tional Cohesive Zone Models (FCZM). These models rest on couping tradion
separation interadion law to some frictional contad model. The chesive-friction
couping is a key concept of fradure of heterogeneous media: whatever the overall
loading o such a media (including pure mode | loadings), interfaces between phases
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|

| freevelocity cdcula([ion|

— | contad increment o | -

_____ | periodic : mapping|
\ H,HT
caculation: (Wov)" condensation
(We)*
caculation: (U*)FH
Locd solver
— |cdculation: (R*)Ff | =~ 777 | periodic: mapping,
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with diff erent Poison ratio are locdly subjeded to combination of shea and tensile
loading.

The interadion law relating the displacament jump U to the stress R, used to
close the NSCD framework, is obtained introducing a chesive stress cdled Re°" =
R$MPN + R45ee¢, inthe Signarini-Coulomb problem [22]-[ 23] (Peraleset al., 2006 :

—(Ry + RY") € 0z, (Un), [33]
(R +R§™") € 0, (ul Ry + BZ"|U1]]) (34
U U
T

where IV isthe unit normal vedor of the cohesive zone, C'y and C dencte respedi-
vely theinitial normal and tangential stiff nessof the perfed interface(M Pal/m).

Thesurfacevariable 3, initialy introduced by Fremond(Fremond, 1987), playsthe
role of a surfacedamage variable. The evolution law of this variable is governed by
Equations [36] and [37], where the function g describes the softening processleading
from perfed interfaceto cradk (8 = 1 : theinterfaceis undamaged, 0 < 5 < 1 : the
interfaceis partially damaged and 8 = 0 : the interfaceis fully damaged) :

8 = min(g(1O1), 9010 ), (36
ﬂo if x < 50,
o x -6\’ .
g(x) = ﬁo;o (1—(5 50) ) if 6o < & < 6, [37]
0 if © > 6,

2 Cy  Cr 2\ Rmax 6
surfacedamage, w is areferencefracure energy (J/m?), Rmax is the maximum value
of the mhesive stress(M Pa), ||U||max is the maximum value readed by || U|| during
thefradureprocess Ina2D case, Figure 7 showsrespedively (a) the normal behavior
(with [|Ur|| = 0) and (b) the tangential behavior (with Ry constant) associated with
the FCZM [33]-[37].

where §, = Jimax (i+i),5c - §(L+5—0),0 < By < lisaninitial

This Frictional Cohesive Zone Model takes into acmurt the progressve damage
between two bodes and the post-fradure frictional contad onthe aeaed crad lips.
Different models can be used acoording to the materia (brittle, ductil€) by spedfying
the different evolutionlaws[36]-[37] (Michel et al., 1994 Tvergaad, 199Q Alfanoet
al., 2001, Perdeset al., 2006.
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Figure 7. The 2D FCZM : (a) normal behavior (Ur = 0) and(b) tangent behavior
(Uny = 0, Ry constant)

4.2. Examples

In what follows, the finite dement discretization is based onlinea displacement
trianguar elementsthat are aranged in a"crossed-triang€" quadril ateral pattern. The
analysis considers 2D plane-strain condtions.

The considered miscrostructure is compaosed of a metal matrix (Zircdoy-4) and
inclusions (§-hydrides). The Zircdoy-4 behavior is assumed to be dastoplastic (J2
plasticity, YoungModuus E = 99G Pa, Poison'sratio v = 0.325, Yield in tension
o9 = 450M Pa, Hardening Moduus Hy = 850M Pa) (Balourdet et al., 1999 Ca
zdis et al., 2005 and hydides to be neo-Hookean (K = 135G Pa, v = 0.32)
(Yamanaka et al., 1999 Yamanaka et al., 2007). We asaume that the Zircadoy-4 and
the hydrides inclusions have the same density p = 7800kg/m?. The FCZM coeffi-
cients of Zircdoy-4, zirconium hydrides and Zircadoy-hydride interface ae respec
tively : C%F = 2 x 108 Pa/m, w? = 0.5J/m? R&, = 1GPa, C{" = 20%,
w™ = 0.8w¥, RZH = 1.25RZ , CZr—7™H = 20%, w? M = 0.001w”,
RZCZM = 0.045RZL,, if the interfaceis considered as’ wedk’ or w?™#™ = 1000w?",
RZ-ZH — 45 RZ if theinterfaceis considered as’strong .

Moreover, we asume alow friction coefficient 1 = 0.05 and same compliancefor
the normal andtangential behaviorsCy = Cr.

The PELICANS library managesthe finite dement part of the problem : the struc-
ture geometry, the inclusions distribution and morphdogy; the boundary conditions,
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the periodicity, the discretization and the global solver. The LMGC90 library takes
into acourt the FCZM between ead body The material properties of the matrix and
the inclusions are managed by the MatLib library.

4.2.1. Body-to-body interaction: influence of interface properties on the fracture
of a brittl e heterogeneous material

This example deds with the fradure of a bimaterial. Each mesh is considered
as an independent body (body-to-bodyinteradion, Figure 1 case). In particular, the
influenceof the interfacebehavior onthe fradure of metal matrix compositesisinves-
tigated. The considered compositeis representative of hydrided Zircdoy-based al oys
at high bunupwhich compose dadding of nuclea fuel rods after many yeasin Pres-
surized Water Reador.

The structure is composed of a metal matrix (Zircdoy-4) and redanguar aligned
inclusions (§-hydrides). The structure geometry is a square with length L = 50um.
Horizontal velocity boundary condtions on the left and right verticd faces are pres-
cribed (respedively V = —1m/sandV = 1m/s). A preda is introduced at the
bottom perpendicular to the loading (Figure 8).

Two cases of bondng strength value between the two phases, srongand we, are
considered.

Figure 8. Bounday condtion (arrows), matrix (light gray), inclusions (dark gray)
and peaack (white line)

Figure 9 showsthefradurefeauresfor the week and strongmatrix/inclusioncases.
The aadk path is dgnificantly influenced by the interfacematrix/inclusions bondng
strength. For the wedk interfaces, the aadks propagate inside the matrix and along
the inclusions boundiries due to the formation of microcracks alongwedk interfaces.
In case of stronginterfaces, the aadks propagate throughthe inclusions due to the
high cohesive strength with the matrix. These results are consistent with the following
criterion (Raous et al., 2002 Raous et al., 20021, He et al., 1989 Siegmundet al.,
1997 Martin et al., 1998 Xu et al., 1998 : the transition between deflecion and
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penetration accurs for aratio of interfacefradure energy wi™* to inclusion fradure
energy w' in therange[0.013, 0.25]. In ather words, when w®™! < 0.013w? the matrix
crac is defleced at the interface(case of week interface ; when wi™t > 0.25w’ the
matrix crack propagatesthroughthe inclusion (case of stronginterface.

Figure 10 shows the evolution o the stressduring cradking process During the
loading, the stressincreases linealy. When the preaadk propagates from the matrix
into thefirst inclusion, the stress sartsto deaease. In case of stronginterfaces, it kegps
deaeasing rapidly due to the propagation o the aads throughthe inclusions while
in case of wed interfaces, it increases again due to the formation of microcrads and
their coalescence (preaadk is arrested at the matrix/inclusioninterface.

The overall energy release rate deaeases with increasing interfadal bondng
strength. The energy release for strong interfaces is lower than for we& interfaces.
These results show the importance of the interfacebondng strength and, in conclu-
sion, a strong interfaceis more deleterious than a week interfacefrom that point of
view.

@ (b)

Figure 9. Rupture features of the two cases : weak (a) andstrong (b) interfaces

4.2.2. Body-to-body with periodic bounday interaction: fracture of a ductile
heterogeneous material

Since the previous example can be considered as the computation o a structure
behavior, we consider now the same type of heterogeneities but from the point of
view of the material behavior. Moreover, a plastic deformation inside the matrix is
considered in order to uncerlinethe abiliti es of the MatLib library.

This example deds with the fradure of a bimaterial with periodic condtions and
withou preaadk (body-to-bodyinteradion, Figure 1 case, with periodic condtions).
The example is the same &s the previous one (Sedion 4.2.1), except that the boun
dary condtions are periodic and there is no preadadk in the structure. In addition, the
bondngstrength value between the two phasesis assumed to be high. A maaoscopic
strain gradient is prescribed alongthe horizontal diredion.
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Figure 10. Stress(MPa) vs drain (%) for the two cases: weak (solid curve) andstrong
(dashed curve) interfaces

Withou any initial precad, a multifracure initi ates in the inclusions, espedally
at the locii of high concentration o inclusions (Figure 11). Then, cradks propagate
through gowth and coalescence, leading to the fail ure of the structure.

Figure 11. Initiation df cracks (white line) in the inclusions

Figure 12 showsthe overall stressstrain curve. The overall behavior isductil e until
an uniaxia stressabou 530M Pa (the yield stressof the matrix being 450M Pa) :
as expeded, the presence of elastic inclusions with higher strength than the matrix
increases the overal yield stress
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Figure 12. Stress(MPa) vs grain (%) for the periodic domain

4.2.3. Cluster-to-cluster with periodic bounday interactions: intergranuar fracture

This example deds with intergranular fradure in order to show the ahility of the
method in a duster-to-cluster strategy. Each grain is a meshed damain related to
eadt other with FCZM (cluster-to-cluster interadion, Figure 2 case). The mnside-
red structure is composed of metal grains (Zircdoy) and two multi-grains inclusions
(6-hydride). The structure geometry is a periodic square with length L = 100um
(periodic boundary interadion, Figure 3 case), seeFigure 13. A periodic Vorondi tes-
sellationis used. A maaoscopic strain gradient rate is prescribed alongthe horizontal
diredion.

The bondng strength value between hard grains and soft grainsis assuumed to be
week.

Figure 13b shows the fradured periodic structure. Again as expeded, the acadks
initiate & the boundiries of hard grains. Two main crads propagate dongthe bourt
daries of soft grains and they join together to form asingle one, leadingto the fail ure
of the material.

Figure 14 showsthe overall stressstrain curve. The overall behavior isbrittle due
to the wedk bondng strength of the grain boundiries.
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5. Conclusion and perspedives

This paper presented a numericd framework for the modeling of dynamic crack
propagationin heterogeneous materials. The underlying model rests on a multibody
approach and complex interadion behavior in a periodic extension o the standard
NonSmooth Contad Dynamics framework. This framework has been rewritten as a
dual Schur approach with complex interadion laws between subdamains instead of
“basic” continuity condtions. It can be seen as an extension o the dasscd nonover-
lapping damain decomposition methods. In particular, it all ows to model complex in-
teradions, discrete media, periodic media, parall €lism or multi physics. The asciated
developed software has the following cgpabiliti es : dynamic, finite strain, nonlinea
behaviors, periodic Finite Element, crad initiation and propagation, norsmooth post-
fradure behavior. Two examples deding with the influence of the matrix/inclusion
interfaces on cradk propagationandintergranular fradure in a heterogeneous material
have been presented to ill ustrate the ability of Xper and o the modeling strategy.

This drategy and Xper code can be gplied to nuclea safety, for example, to de-
terminate the fuel behavior at high bunupin anuclea reador or the ageing effed on
the behavior of nuclea power plant equipment.

A natural extension of the propased modeli ngframework is parall elism. Each body
can be considered as an independent meshed subdamain. In that case, the subproblems
aresolved on parall el computers. An another appli cationismulti physicsin which eat
mathematica problemis posed onadiff erent domain. Furthermore, one can introduce
complex interadions law between subdamains.
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7. Appendix
7.1. Overview of the software implementation

The achitedure design d the software is based on ohed oriented techniques.
Objed oriented programming (OOP) providesa dea moduar structure for programs
and makes it easy to maintain and modify existing code. The fundamental concepts
are (Martin, 1996 Martin, 2003 Meyer, 1997) : inheritance, encgpsulation, abstrac
tionand pdymorphism. One of the principal advantages of OOP techniques over pro-
cedural programming techniques is that they enable programmers to creae modues
that do nd need to be changed when a new type of objed is added. A programmer
can simply crede anew objed that inherits many of its fedures from existing oljeds.
This makes objed-oriented programs easier to modify.

For low programmingcost, the strategy retained hereisnot to devel opthe software
'from scratch’ but to reuse and extend existing libraries. It permitsto take advantages
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of the libraries updates whil e developing the whole software. The framework can be
splitted in two distinct levels (seesedion 3 : aglobal Finite Element resolution (in-
cluding periodic extension) and alocad nomsmoath contad resolution. The Xper archi-
tedure respeds this locd/global | evels by the amuging o threelibraries : LMGC90,
PELICANS and MatLib. The libraries are described in the foll owing.

7.1.1. Exigtinglibraries
7.1.1.1. LMGC90

The LMGC90library (LMGC90, 2009 is developed by Dubdsand Jean (Dubads
et al., 2003. The softwareis an open platform under the CECILL L icense (CECILL,
2009 for modeling interadion problems between elements including multi-physics.
It alows to model : granular material made of rigid or deformable bodes and with
complex interadions (contad, friction, cohesion, wea, etc.), discrete media, masonry,
fradure, etc. The modelingapproachisbased onan hybrid or extended Finite Element
Method (FEM) - Discrete Element Method (DEM), using variousnumericd strategies
such as Moleaular Dynamics (MD) or NSCD. In particular, the NSCD algorithm al-
lows to take into acmurt cohesive zone models with contad and friction (seesedion
3and 41).

The programminglanguage used is Fortran90. AlthoughFortran90is a procedural
programming language, LMGC90 is implemented in the form of modues using Ob-
jed Oriented Programming. In particular, the code is open for extension and closed
for modification, it respedsthe’ Open-Closed’ principle (Meyer, 1997). LMGC90can
be used as alibrary or as a standal one software througha maao language.

7.1.1.2. PELICANS

The PELICANS library (PELICANS, 2009, developed by the French 'l nstitut de
Radioprotedion et de Slreté Nucléare' (I RSN) under CECILL-C License (CECILL,
2009, isatodboxfor the implementation o various numericd methods dedicated to
the solution o systems of partial diff erential equations (PDES).

The PELICANS platform is written in standard C++ and is objed-oriented. The
congtitutive dasses are dasdfied in two groups : 'plug-points and 'service pro-
vider’. The 'plug-points’ classes play the role of mother classes and permit user
clases to pluginto the platform. The 'service provider’ classes make functiondliti es
available to users. The platform respeds the Comporent-Based Development prin-
ciples, such as the Design by Contradt, command-query separation, Liskov substitu-
tion principle, inheritance, naming and self-documentationisaies (Martin, 1996 Mar-
tin, 2003 Meyer, 1997).

7.1.1.3. MatLib

The MatLib library is developed by Stainier (Stainier et al., 2003. MatLib is a
material constitutive modelslibrary. It is based ona variational formalism of thermo-
mechanicd constitutive updates (Ortiz et al., 1999 Yanget al., 2006. Thisformalism
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uses combinations of thermodynamic potentials, naturally involvingan oljed oriented
structure. The achitedure permits the aeaion of new models from existing models
and their implementationin the library. The models are accesble to users througha
commoninterface Thelibrary iswritten in C++.

7.1.2. Sdtware architedure

Xper relies on the couding o the threelibraries (see Figure 15) using OO and
Mixed Programming.

Inthe aurrent version o the aode, the LM GC90library playstherole of the master
program in the couding. It manages, in particular, the time discretizaion and the
Newtonloops. Inthefuture, the master programwill be aninterpreted program written
with high-level and OO programming language like Python and independent of the
threelibraries.

%%

Xper PELICANS multibody FE + #
time discretization' \
vah)  [Comemy O\

Figure 15. Role of each library

The choiceof the master program being made, ead library hasa dea mechanicd
meaning (Figure 15) :

— PELICANS manages the periodic finite dement at the global level,

— MatLib providesthe nonlinea constitutive models (global level),

— LMGC90 manages the surfacebehavior between the bodes at the locd level.

The volumetric behavior is obtained by the couging o the finite dement library
developed from PELICAN Sandthe constitutive modelslibrary MatLib. Sincethe two

libraries are written in C++ language, the coudingis grong For example, a MatLib
objed can be instantiated from a PELICANS class A PELICANS-MatLib interface
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permitsto manage the MatLib ohjedsin thelibrary developed from PELICANS, pre-
serving theindependenceof ead library.

The surfacebehavior is managed by LMGC90. The muging between LMGC90
and PELICANS nedls Fortran90'C++ Mixed Programming techniques. Two inter-
faces are developed for pasing parameters from C++ to Fortran90and badk, onein
PELICANS and the other in LMGC90.

This drategy permits to compile dl the libraries independently, and then to link
them.

Note that minor changes have been made in the LMGC90 and MatL ib libraries.

7.1.3. Xper software

The main fedures of the X per software ae summarized asfollows:

— dynamics,

— finite strain,

— nonlinea behaviors,

— heterogeneous materials,

— periodic Finite Element,

— complex surfacebehavior (i.e. contad andfriction),

— mixing FEM-DEM.

Note that for the preprocessng, the postprocessng and the linea agebra, the in-

ternal cagpabiliti es of the PELICANS and LMGC9O0 libraries are completed by the
coupingto external software. These functionaliti es are thus avail able in the software.

To reducethe high cost of software development, existing codes have been reused
instead of developingthem 'fr om scratch’. Accordingto this drategy, the implementa-
tionandthe validation o the Xper projed, including all the feaures presented, repre-
sents 1 man-yea. Thisis arelatively low development costs compared to developing
entirely the fegures of the librariesin a new platform.
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