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Chapitre 1

Introduction

Cette these s’inscrit dans un vaste projet de modélisation du coeur humain, entrepris depuis
une douzaine d’année par I’équipe M=ZDISIM d’Inria Saclay. Elle a été co-dirigée par Dominique
Chapelle et Philippe Moireau, MEDISIM.

1.1 Contexte

1.1.1 Paysage général

L’objectif de cette these est le développement de méthodes numériques pour la po-
romécanique et 'application a la perfusion du myocarde. Elle est motivée par la prise en compte
dans les modeles du couplage entre le flux coronarien et le comportement mécanique du myo-
carde au cours d’'un cycle cardiaque. Elle se situe donc a l'interface entre plusieurs disciplines
et communautés scientifiques : les mathématiques appliquées et la modélisation numérique, la
mécanique, la biologie, la médecine et I'informatique. La médecine est un champ d’applica-
tion de plus en plus courant des mathématiques appliquées, et de nombreux efforts ont été
faits, notamment au niveau européen, pour encourager la recherche biomédicale, et mettre a
la disposition des médecins de nouveaux outils numériques pour mieux comprendre, soigner ou
anticiper le vivant. Le but est de leur fournir des outils de description et de simulation des
phénomenes physiques tres complexes qui interviennent en biologie. Ces modeles, qui favorisent
une premiere compréhension, ont ensuite vocation a étre couplés aux outils d’acquisition de
données et d’imagerie médicale non invasifs (scanner, IRM, échographie 3D...) pour s’adapter
au mieux a chaque patient, et permettre d’assister les médecins dans leurs diagnostics et leurs
stratégies opératoires ou thérapeutiques.

Dans ’Union Européenne, les maladies cardio-vasculaires sont a I'origine de 40% des déces
(Nichols et al., 2014) et représentent un coiit économique estimé a 196 milliards d’euros par an.
Leur compréhension constitue donc un réel enjeu social et économique a 1’échelle mondiale, car
cette problématique concerne autant les pays développés que ceux en voie de développement
(Liu, 2007; Go et al., 2014).

C’est dans cette dynamique et ce contexte que s’inscrivent depuis plus d’une dizaine d’année
les travaux de 1’équipe MZDISIM, qui ont pour double objectif de mettre au point des modeles
numériques de coeurs humains, et de fournir des outils mathématiques permettant de les adapter
au mieux aux spécificités de chaque patient par acquisition de données. Le couplage de ces deux
volets de recherche permettrait par exemple a un cardiologue de simuler plusieurs traitements
ou stratégies opératoires a comparer, sur une réplique numérique du coeur de son patient, afin
de sélectionner celui qui fournirait a terme les meilleurs résultats.

Deux éléments sont donc nécessaires pour permettre le développement de tels instruments.
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Dans un premiers temps, il est nécessaire d’étre capable de décrire précisément la physique et la
mécanique cardiaque dans toutes leurs complexités, de I’échelle cellulaire a 1’échelle macrosco-
pique. Cela fait intervenir de nombreuses disciplines, de 1’électrophysiologie, 1’électrochimie et la
biologie, a la mécanique des fluides et des solides. Dans un second temps, il s’agit de paramétrer
ces modeles pour les ajuster a chaque patient par assimilation de données. Cela fait appel a un
autre champ de théorie mathématique.

Cette these s’inscrit dans le premier de ces deux volets, sur les aspects de description,
mise en équation et modélisation d’un cycle cardiaque. Le but étant de décrire au mieux les
différents phénomenes constitutifs d’un cycle cardiaque, il s’agit de transcrire en équations le
plus finement possible les interactions entre les différentes grandeurs physiques et mécaniques
(signaux électriques, flux et pressions sanguines, déformations du milieu musculaire).

1.1.2 Le coeur humain

Veine cave

Artére pulmonaire
Aorte

ill it
Valve pulmonaire Oreillette gauche

Oreillette droite

Valves auriculo-

Valve aortique

. . Myocarde
ventriculaires

. . Ventricule gauche
Ventricule droit

FIGURE 1.1 — Le coeur humain. Adapté de http ://www.howitworksdaily.com/inside-the-
human-heart,/.

Le fonctionnement des différents organes du corps humain (cerveau, muscles, reins, foie,
etc) nécessite de 'oxygene et crée du dioxyde de carbone. Le sang achemine 'oxygene depuis les
poumons vers les organes, et évacue le dioxyde de carbone depuis les organes vers les poumons.
Le coeur joue le role central de « station de pompage >, et permet ainsi la circulation sanguine
au sein de l'organisme. Il assure cette fonction grace a des cycles rythmés, de contraction et
relaxation de quatre cavités cardiaques : deux oreillettes et deux ventricules. Ces cycles sont
amorcés par la propagation d’une onde électrique qui active les tissus du muscle cardiaque (le
myocarde), et permettent le maintien d’une circulation grace a4 un jeu de valves, qui s’ouvrent
ou se ferment en fonction des pressions sanguines des différents compartiments.

En fonction des phases de contraction et relaxation des différentes cavités, le cycle cardiaque
peut se décomposer en quatre étapes. Celles-ci ont lieu & peu pres simultanément dans les deux
ventricules (droit et gauche).



Veine pulmonaire

Oreillette gauche

Aorte

Ventricule droit Ventricule gauche

Myocarde

Réseau coronarien

Veines caves

Reste de 'organisme
(cerveau, reins, foie, muscles...)

FIGURE 1.2 — Le coeur et la circulation sanguine.
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FIGURE 1.3 — Profil type des principaux indicateurs au cours d’un cycle cardiaque
(au repos) : ECG, pressions, volume de la cavité, flux dans ’aorte et dans le réseau
coronarien. Adapté de (Moireau, 2008).
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e La contraction isovolumique : La systole commence lorsque le champ électrique atteint
les tissus myocardiques du ventricule et provoque leur contraction. Le réseau coronarien
qui assure la perfusion de ces tissus est alors en compression et son flux sanguin chute,
c’est le < flow impediment > (voir le paragraphe 1.2.3). D’un autre coté, la pression
ventriculaire augmentant, la valve auriculo-ventriculaire se ferme pour clore complétement
le ventricule. La pression s’éleve treés rapidement jusqu’a atteindre celle de I'aorte (ou de
Partere pulmonaire), provoquant l'ouverture de la valve aortique (ou pulmonaire).

e L’éjection : Alors que la pression du ventricule continue de croitre, le sang est éjecté
dans le réseau artériel et le débit dans l'aorte atteint son maximum. Les tissus du myo-
carde restant en contraction, le flux sanguin dans le réseau coronarien reste bas. Ensuite,
I’excitation du myocarde cesse, la pression ventriculaire retombe et la valve aortique se
ferme.

e La relaxation isovolumique : Aprés le passage de 'onde électrique, c’est le début de la
diastole. Les tissus du myocarde se relaxent et le flux de perfusion coronarien se rétablit.
Les valves sont toutes fermées et 'oreillette est de nouveau chargée en sang. La pression
ventriculaire retombe, jusqu’a atteindre celle de l'oreillette, et permettre 'ouverture de la
valve auriculo-ventriculaire.

e Le remplissage : Dans un premier temps, le sang accumulé dans ’oreillette passe dans
le ventricule dont le volume augmente sous leffet de la relaxation du myocarde. 80% du
ventricule est approvisionné en un quart de la durée de la diastole, c’est le remplissage
passif. Ensuite, ’activation du noeud sinusal relance la propagation de ’onde électrique.
Les tissus musculaires de 'oreillette sont les premiers touchés et leur contraction paracheve
le remplissage du ventricule.

1.2 La modélisation cardiaque

1.2.1 Historique

L’objectif de mettre au point un modele numérique prenant en compte ’ensemble de ces
phénomenes multi-physiques et reproduisant le comportement du coeur sur I’ensemble d’un
cycle est tres ambitieux. Les grandeurs physiques qui interviennent au cours d’un cycle car-
diaque (déplacements, vitesses fluides et solides, champ électriques, pressions etc...) et les inter-
actions qui les lient sont trés nombreuses et complexes. La démarche de modélisation consiste
a considérer dans un premier temps les plus importantes (les variables d’état du systeme), et
a faire des hypotheses sur les interactions qui les lient, pour parvenir a un premier modele
numérique. Ensuite, ’enjeu est d’affiner ce modele en y ajoutant de plus en plus d’éléments,
pour prendre en compte davantage de variables d’état et d’interactions, et étre de plus en plus
fidele a la réalité.

Parmi abondante littérature qui couvre ces sujets, on peut citer (Hunter, 1975) des 1975
(mécanique du solide) et (Peskin, 1977; Peskin, 1982) en 1977 et 1982 pour décrire le flux sanguin
et le role des valves au cours d’un cycle. Plus récemment, (Watanabe et al., 2004) couplent ce
flux & un ventricule gauche hyper-élastique au sein d’un code élément finis en 3D. En 2001,
(Nash and Hunter, 2001) et (Costa et al., 2001) modélisent les comportements actifs et passifs
du ventricule. En 2006, un modele 3D de myocarde hyperélastique électriquement activé est
proposé dans (Sainte-Marie et al., 2006). Celui-ci est complété par (Chapelle et al., 2012) qui
revisite les travaux de Huxley (prix Nobel de médecine en 1963) sur la contraction des muscles
(Huxley, 1957) pour présenter une modélisation des tissus musculaires cardiaques, via une loi
de comportement compatible avec une conservation de ’énergie aux niveaux continu et discret.
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D’autres modeles complexes multiphysiques de cycles cardiaques 3D voient le jour (Kerck-
hoffs et al., 2005; Niederer and Smith, 2009). Cependant, la complexité de la résolution de
formulations 3D rend difficile la calibration de modeles 3D, leur validation et leur exploitation
dans le cadre d’applications cliniques. Cela motive la démarche de (Caruel et al., 2014) qui
propose une stratégie de réduction dimensionnelle de modele pour réduire les temps de calcul,
typiquement la durée nécessaire pour obtenir la simulation d’un cycle cardiaque. L’idée est de
simplifier la géométrie de I'organe, et de faire des hypotheses de symétrie de maniere a réduire le
nombre d’inconnues et la complexité des équations a résoudre. Bien stir, cela dégrade la précision
et la fidélité de la modélisation, mais cela permet en méme temps une réduction drastique des
colits de calcul. Typiquement, les cavités cardiaques et leur couplage peuvent étre traités en 0D
en réduisant par exemple le déplacement & une inconnue scalaire en fonction du temps, et les
structures en élongation telles que les échantillons musculaires peuvent étre modélisés en 1D.
Ce faisant, les temps de calcul passent typiquement de la journée a la minute, et ce genre de
réduction peut servir par exemple a la calibration des modeles 3D plus complexes, en simulant
plus rapidement davantage de cycles cardiaques a comparer aux données disponibles. Un autre
objectif de leur développement est également de les utiliser pour faire du monitoring : suivi de
patients dans le temps, avec assimilation réguliere de données (pression en sortie de coeur, flux
sanguins, ECG, déformation cardiaque obtenue par SCG...).

FIGURE 1.4 — Le coeur humain, en coupe. Tiré de 3D Science.

1.2.2 Les différents ingrédients de la modélisation cardiaque

Voici, de maniere tres synthétique, les différentes briques constituantes que 'on retrouve
aujourd’hui dans un simulateur cardiaque (& 1’échelle de 'organe) :

e Le principe des travaux virtuels régit la dynamique du déplacement solide Y- Elle fait
intervenir le tenseur des contraintes dans le milieu solide ¥ comme une somme de deux

contributions : une contribution passive ;p (fonction de Y, ) et une contribution active P
modélisant la contraction des fibres musculaires.
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e Modélisation du tissu cardiaque passif. Jusqu’a présent, le tissu cardiaque est
modélisé comme un solide, cette équation fait donc localement le lien entre ;p et les

déformations g(gs) engendrées par le champ de déplacement solide. Typiquement, une
contribution de la loi de comportement dérive d’un potentiel hyperélastique anisotrope
(prenant en compte l'organisation géométrique des fibres musculaires), l'autre transcrit

les effets visqueux au sein du solide.

e Les contraintes actives. Un modele de tissu musculaire relie les contraintes actives dans
le ventricule X, au potentiel électrique V;,, qui se propage dans le milieu.

e L’électrophysiologie. Ici on modélise la propagation, depuis le noeud sinusal, du poten-
tiel électrique V,,, dans les tissus cardiaques.

e Les valves. Elles séparent les différentes cavités cardiaques et les vaisseaux sortant du
coeur. Leur modélisation permet de faire le lien entre la pression intra-ventriculaire P,, la
pression aortique Puorte (ou pulmonaire Pp,;) et la pression de 'oreillette P;.

e Modeles de circulation. Le coeur en lui méme est un systeme ouvert, il faut donc savoir
quels sont les éléments (aorte, artére pulmonaire, réseau artériel et veineux) avec lesquels
il interagit et échange des flux physiques (débits, pressions, etc), pour fermer le systeme.
En effet, en plus du cycle de pompage effectué par le coeur, la propagation du sang dans
l'organisme résulte des interactions entre le sang (représenté par son flux et sa pression) et
la paroi des vaisseaux. Une modélisation de ces phénomenes permet par exemple d’évaluer
la pression en sortie du coeur Pt Plus généralement, les problemes d’interactions fluide-
structure dans les vaisseaux sanguins font I’objet de nombreux travaux qui prendront une
importance particuliere dans ce qui suit. Cependant, pour ce qui nous concerne, une
modélisation exhaustive de la circulation sanguine dans l'organisme étant impossible, il
s’agit en pratique de proposer des modeles simplifiés pour obtenir des liens entre les
différentes pressions qui interviennent.

Comme mentionné précédemment, a ces éléments s’ajoutent les méthodes de réduction di-
mensionnelle de modele. Une modélisation 3D de tous ces phénomenes et de leurs couplages étant
tres complexe et couteuse, des hypotheses (simplification géométrique, invariances, symétries)
permettent de réduire la dimension des problemes sur certains aspects du modele, voire sur le
modele complet (2D, 1D ou 0D). Par exemple, les modeles de circulations sont généralement
développés en 1D, ou bien utilisent des modeles de Windkessel (dits 0D), s’appuyant sur une
analogie entre circulation sanguine et réseaux électriques (l'intensité représente le flux et la
tension la pression).

1.2.3 Une brique supplémentaire : la perfusion du myocarde

Dans cette logique, cette these est motivée par 'ajout d’une nouvelle brique : la prise en
compte de la perfusion du myocarde par le réseau coronarien. Jusqu’a présent, on modélise le
comportement mécanique du myocarde comme la somme de deux contributions. La contribu-
tion passive, en plus de rendre compte des effets visqueux, est modélisée comme dérivant d’un
potentiel hyperélastique anisotrope (en fonction de la disposition géométrique des fibres). La
contribution active repose sur des modeles de tissus cellulaires et rend compte de la contraction
musculaire provoquée par la propagation de I'onde électrique.

Cependant, une fraction du sang qui s’engage dans ’aorte en sortie du coeur est directe-
ment redirigée vers le réseau coronarien (voir Figures 1.2 et 1.3) pour assurer I'oxygénation du
myocarde, indispensable & son activité. La finesse de ce réseau et la multitude de ses ramifi-
cations et de ses vaisseaux garantissent l'irrigation du muscle cardiaque. Cette perfusion vient
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Pci'rc

Perfusion du

myocarde

FIGURE 1.5 — Une brique supplémentaire dans la modélisation cardiaque. Le réseau
coronarien qui part de 'aorte et irrigue le myocarde influence doublement son comportement
mécanique : 1 - il assure 'oxygénation indispensable a la contraction musculaire, 2 - la fraction
fluide perturbe le comportement de la matrice solide.

doublement influencer le comportement mécanique du myocarde. Premiérement, la fraction de
fluide sanguin qui se méle a la matrice solide modifie le comportement mécanique passif, et rend
incomplete I’hypothese d'un myocarde uniquement solide. Ensuite, le sang en question assure
l'oxygénation des tissus, sans laquelle I’activité musculaire est impossible.

Cela nous conduit, dans la logique détaillée ci-dessus, a introduire une nouvelle variable
d’état, la masse de sang par unité de volume localement au sein du myocarde my; et a affiner
les modeles existants en modélisant ces interactions (d'un coté avec la pression aortique, de
Pautre, avec le tenseur des contraintes du myocarde) avec les variables d’état préexistantes.

Lors de la contraction du myocarde, le réseau de coronaires intimement lié aux fibres mus-
culaires est mis en compression. Ce phénomene d’étranglement fait croitre la pression dans les
coronaires et chuter le flux de perfusion sanguine (voir Figure 1.3) : c’est le < flow impediment >
(Westerhof et al., 2006). Propre a la circulation coronarienne, il témoigne de sa situation critique
et de sa sensibilité par rapport a la qualité de ’écoulement, dont la dégradation engendre de
nombreuses pathologies vasculaires et ischémies. La dynamique du flux sanguin est treés com-
plexe, (Davies et al., 2006) étudie par exemple le role de vagues d’aspiration remontant le flux
sanguin lors du remplissage diastolique des coronaires.

L’intégration de la perfusion & la modélisation cardiaque permettra typiquement d’obtenir
des informations sur le flux coronarien et de reproduire le < flow impediment >, pour mieux
comprendre l'origine des pathologies vasculaires, ce que les modeles existants ne sont pas encore
en mesure de faire.

1.3 Du réseau coronarien a la poromécanique

1.3.1 Le réseau coronarien

Un double enjeu incite a affiner le modele dans les tissus cardiaques en remplacant les lois
hyperélastiques par un modele plus réaliste intégrant leur perfusion sanguine. C’est d’abord un
enjeu physiologique : la prise en compte du flux sanguin qui irrigue et approvisionne en oxygene
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le muscle cardiaque, au sein du réseau coronarien. Effectivement, cette oxygénation est capitale
pour l'activité musculaire du myocarde, et des pathologies apparaissent des que I’écoulement
du sang est dégradé et que celle-ci est mise en défaut. Les maladies coronariennes sont a elles
seules a lorigine de 20% des déces dans 1'Union Européenne (Nichols et al., 2014). L’infarctus
du myocarde est déclenché par I'obstruction d’une artere coronaire, ce qui lyse rapidement des
cellules musculaires sur une zone plus ou moins étendue du myocarde par ischémie, en les privant
d’oxygene. Les problemes de contraction résultant menacent directement le cycle, et peuvent
conduire a un arrét cardiaque.

Ensuite, d’un point de vue théorique, le couplage d’'un écoulement fluide rapide de type
Navier-Stokes et d’'une matrice solide hyperélastique anisotrope active en grandes déformations,
au sein d’un méme domaine représente un réel enjeu de modélisation.

1.3.2 Arbre coronarien et perfusion - les approches multi-échelles

Trone commun

CD proximale 40+0.6 mm

3.2 £ 006 mm
Cx proximale
3.0 £ 0.6 mm

IVA proxnmale
3.2 0.4 mm

CD distale /

2.9+ 0.6 mm J Ly

)
Ao

lére diagonale
2.0+ 0.3 mm

FIGURE 1.6 — Le réseau coronarien tiré de Netter (1969).

Lorsque 'on considere la perfusion du muscle cardiaque, la question se pose de comment
modéliser le flux sanguin provenant de ’aorte et irriguant le myocarde via le réseau coronarien
(Aharinejad et al., 1998). La modélisation précise des interactions entre le sang et les parois
des vaisseaux qui permettent la propagation d’ondes de pressions sanguines, et les méthodes
numériques associées, font I’'objet de nombreux travaux (Figueroa et al., 2006; Fernandez et al.,
2007; Astorino et al., 2009a; Xiong et al., 2011) (voir le paragraphel.5). Dans (Formaggia et al.,
2003), les auteurs étudient la propagation de ces ondes grace a des modeles 1D d’arteres, avec
notamment ’enjeu de la modélisation des bifurcations. Dans cette lignée, on pourrait vouloir
modéliser ’arbre coronarien dans son ensemble, mais sa complexité, la multitude de ses rami-
fications et sa finesse en bout de chaine rendent irréaliste un tel objectif. Dans (Mynard and
Nithiarasu, 2008), un écoulement coronarien simplifié est intégré a un modele 1D d’écoulement
artériel non linéaire avec pression ventriculaire et valve aortique. Plus tard, (Lee and Smith,
2012) propose une approche multi-échelle, avec un méme algorithme qui combine, en fonction
du niveau de raffinement du réseau coronarien, des modeles 3D (vaisseaux épicardiques, les plus
gros), 1D puis enfin, en bout de chaine, poroélastiques (matrice solide et écoulement fluide sur
le méme domaine). De nombreux travaux s’orientent vers ce genre de compromis entre affi-
nement et complexité de la modélisation. Cela motive les travaux qui suivent, qui proposent
des méthodes numériques permettant de décrire le comportement d’un milieu poreux ou co-
habitent un écoulement de type Navier-Stokes incompressible et un solide représenté par un
potentiel d’énergie libre hyperélastique généralisé (permettant d’inclure la partie active), en
grandes déformations.

Les approches multi-échelles mentionnées posent la question des conditions de transmissions
entre les différents modeles, par exemple pour des raccords 3D-1D (Formaggia et al., 2001).
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Des travaux établissent des modeles 0D (de type Windkessel pression/flux sanguins, ou capa-
citance et résistance sont a calibrer par expérimentations) a brancher sur du 3D (Quarteroni
and Veneziani, 2003; Vignon-Clementel et al., 2006) ou 1D (Ferndndez et al., 2005), pour trai-
ter les conditions de sorties du réseau coronarien (en bout de chaine, 1a ou interviendrait la
poromécanique). Dans cette idée, des modeles réduits d’écoulement pourraient étre branchés
en entrée d’'un modele de poromécanique, pour représenter I’apport massique fluide au sein du
milieu poreux. Ces termes sources pourraient étre répartis en surface du domaine, ou intervenir
a lintérieur du volume (voir € dans ce qui suit), de maniére homogene ou localisée.

Les problématiques liées aux approches multi-échelles pour coupler des réseaux complexes
d’écoulement a des modeles de poromécaniques sont partagées par ceux qui modélisent au
sein des poumons la circulation des gaz, qui contrairement au sang sont compressibles et non
visqueux (Sapoval et al., 2002; Berger, 2015; Berger et al., 2015; Baffico et al., 2010). Motivé
par le méme objectif, une approche mathématique et numéricienne de la propagation d’ondes
dans des arbres fractals est proposée (Joly and Semin, 2011; Deheuvels, 2013).

1.3.3 La poromécanique

Discipline tres active depuis quelques dizaines d’années (voir (De Boer, 2006)), elle nous vient
historiquement du génie civil (Biot, 1941; Biot, 1962; Bryant et al., 1975) et des géophysiciens,
avec la nécessité de comprendre comment le pétrole, le gaz ou I'’eau interagissent avec la roche
dans les sols. Des théories s’appuient sur les principes fondamentaux de la physique et la ther-
modynamique (Bowen, 1980; Coussy, 2004; Coussy, 2011; Loret and Simées, 2005; Borja, 2006)
pour formaliser une approche macroscopique appelée théorie des mixtures, dans laquelle en tout
point du milieu poreux, supposé saturé, coexistent deux phases fluide et solide (en proportions
volumiques respectives ¢ et 1 — ¢).

Cependant, les outils développés dans un tel cadre satisfont a un cahier des charges tres
différent du notre, et font des hypotheses (petites déformations, écoulements lents...) qui les
rendent non transposables au contexte cardiaque. En effet, le muscle cardiaque se déforme de
10% & 20% au cours d’un cycle, alors que le sang se déplace a des vitesses de pointe de 10 a 20
cm/s.

Un modele de poromécanique est proposé (Chapelle et al., 2009), adapté a la description de la
perfusion du myocarde, et pouvant prendre en compte des lois de comportements générales com-
patibles avec la modélisation de tissus vivants (Fung, 2013; Ogden and Holzapfel, 2006). L’in-
compressibilité des constituants fluide et solide est considérée, mais 'inertie fluide est négligée.
Cette hypothese est trop réductrice, notamment car les arteres coronaires sont le lieu de grandes
accélérations du sang : les vitesses mentionnées ci-dessus (qui sont les mémes pour le solide)
sont atteintes alternativement et & différents instants pour les deux constituants (Johnson et al.,
2008). En négligeant ainsi les échanges d’énergies cinétiques, il serait impossible, tant au niveau
continu qu’au niveau discret, de récupérer le bilan énergétique physique qui pourtant joue un
role primordial pour garantir la stabilité (voir le paragraphe 1.5) puis la convergence.

D’autres approches, double échelle, prennent en compte l'organisation détaillée du milieu
poreux au niveau microscopique et relient celle-ci au comportement macroscopique, par ho-
mogénéisation (Hornung, 2012; Cimrman and Rohan, 2010; Brown et al., 2014).

Les travaux qui suivent s’appuient sur (Chapelle and Moireau, 2014), plus adapté au développement
d’outils numériques de modélisation, et qui, destiné a la modélisation cardiaque, présente ’avan-
tage de faire un minimum d’hypotheses sur I’écoulement et la matrice solide. En effet, (Chapelle
and Moireau, 2014) utilise la théorie des mixtures et repart des principes thermodynamiques
pour coupler un écoulement poreux rapide a un solide hyperélastique dans un cadre général
et en grandes déformations. De plus, sont établis un bilan d’énergie au niveau continu, et un
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premier schéma en temps, monolithique et conservatif, qui, bien que difficile & implémenter,
donne des premiers éléments d’analyse numérique.

1.4 La formulation de poromécanique

1.4.1 Formulation forte de poromécanique

Dans l'optique notamment de modéliser la perfusion, (Chapelle and Moireau, 2014) reprend
les principes fondamentaux de la thermodynamique (conservations de la masse et des moments,
premier et second principes de la thermodynamique) pour établir un modele général de po-
romécanique compatible avec ceux-ci. Ce modele couple un écoulement poreux et un solide
hyperélastique et reste valide en grands déplacements et grandes déformations, avec une forte
inertie fluide. C’est un modele de type mixture, dans lequel une phase solide et une phase liquide
(de fraction volumique notée ¢) coexistent et interagissent en tout point. La phase solide, en
formalisme lagrangien, est représentée en tout point & du domaine de référence Q¥ (fixe) par
son déplacement Y, (&,t). Celui-ci envoie le domaine de référence QO sur le domaine déformé €,
sur lequel est décrite la phase fluide en formalisme eulérien :

£eV s x=0&t)=E+y (& 1) € D
Le tenseur de déformation est noté

000
00,

FIGURE 1.7 — Carte de déformations du domaine.

lies

=1+Y,y,

le tenseur des déformations de Cauchy-Green et le tenseur des déformations de Green-Lagrange
prennent respectivement les formes suivantes,

C=F"-F e e=3(C-1)

et le changement de volume de la mixture globale est localement donné par le jacobien J =
det F'. Notons ¢q la fraction volumique fluide dans la configuration non déformée, et définissons
Jo=J (1 — ¢), alors le changement de volume du constituant solide est localement donné par
Js/(1 - ¢0)

L’écoulement fluide est décrit en tout point de €2; par sa vitesse v; et sa pression p. Nous
supposons l'incompressibilité du fluide, de sorte que la masse de fluide par unité de volume ps est
constante. Afin de décrire les apports de masse fluide au sein de la matrice, nous introduisons
enfin m, définie comme la quantité de masse ajoutée de fluide par unité de volume dans la
configuration de référence :

m = pg(Jo — o).
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pso représente la masse de la phase solide par unité de volume dans la configuration de référence.

Pour représenter les contraintes de la mixture globale, le second tenseur des contraintes de
Piola-Kirchhoff (en configuration initiale) est donné en fonction du tenseur des contraintes de
Cauchy ¢ par la relation suivante

S=JE g F"
Sa contribution solide X est donnée par
_ -1 -T _ -1
L =X-¢JE o - ET =E-¢8  +¢pJC, (1.1)

ouy =JIF -1 o F ~T représente la contribution visqueuse des contraintes du fluide supposé
Newtonien, et —pJC ™! leur contribution hydrostatique. Les éventuelles hypotheses portant sur
les lois de comportement et les énergies dont elles dérivent seront détaillées ultérieurement.

Nous introduisons k, un tenseur de perméabilité régissant les forces de friction entre les
phases fluides et solides au sein de la mixture, f la force volumique distribuée sur ensemble,
et @ le terme source de masse fluide par unité de volume et de temps dans la configuration
déformée.

Pour alléger et faciliter la lecture des équations, nous userons dans tout ce document d’un
abus de notation consistant a sous-entendre 1’éventuelle composition par la carte de déformation
du domaine ¢ ou son inverse, et a utiliser ainsi les mémes notations pour un champ de vecteur
défini sur QY et Q.

La formulation forte de poromécanique de (Chapelle and Moireau, 2014) prend alors la forme
suivante :

pso(1 — ¢o)Owg — Ve - (E - ;S)erJg_T Ve
—J¢%k " (v —vg) = pso(1—o)f,  n Q0 (1.2a)
1
jat(PfJ¢Qf) + Vi (prouvs ® pe(vg — vg))—0ug
+o%k - (v —vy) = V- (9a, ) + OV xp = o f, in O, (1.2b)

18

%QUMW+2§(MMQ—%D:9, in Q. (1.2¢)

La premiere équation régit la dynamique de la déformation solide, la seconde 1’écoulement fluide,
et la derniere la conservation de la masse fluide. Le couplage entre les constituants se fait via
le terme de friction volumique Ef, ainsi que sur certaines portions du bord 9€). En effet, pour
compléter ce systeme, considérons les conditions au bord suivantes. Avec t la traction totale sur
le bord du domaine €, et t, = J||F~T - ng||t sa contrepartie sur le domaine de référence 00,
(voir (Chapelle and Moireau, 2014)) :

e Des conditions de Dirichlet pour chacune des phases, c’est a dire un déplacement prescrit
pour le squelette et une vitesse fluide imposée

— o,Pr __ ,,Pr
QS—QS7 Qf_yfa

sur une partie de la frontiere notée F% dans la configuration de référence et I'}; en confi-
guration courante ;

e Des conditions de Neumann pour chacune des deux phases, avec répartition proportionelle
de la traction au bord

IS}

sur 'Y (ou T%,) ;
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e Des conditions de Neumann pour la mixture globale, avec un flux fluide nul et une
répartition proportionnelle de I'effort surfacique tangentiel

IS]

m=teF-X-ng=1t;, w(c,n)=mr-(t), (vy—12) n=0,
sur I ¢ (ou T o), ot mr = 1 —n®n est la projection sur le plan tangent ;

e Des conditions de Neumann pour la mixture dans son ensemble, avec une égalité des
vitesses fluide et solide, sans glissement,

IS}

n=teF-X-ny=1), v=ug

sur 'Y, o (ou T, ).
Notons que le méme type de modele poromécanique a été récemment pris en compte dans
(Vuong et al., 2015).

1.4.2 Parallele avec ’interaction fluide-structure

Cette formulation présente de nombreuses similitudes avec le probleme d’interaction fluide-
structure (IFS) traité dans (Fernandez et al., 2007; Astorino et al., 2009a) et motivé par exemple
par la modélisation de 'aorte. Cette proximité a guidé grand nombre des développements
présentés dans ce document. Notons que les principaux éléments différentiateurs sont les sui-
vants :

e Dans le probleme d’interaction fluide-structure, la résolution du probleme fluide sur un
domaine qui évolue en fonction des mouvements de la structure requiert un formalisme
< Arbitrary Lagrangian Eulerian > (ALE). Dans notre cas, les deux constituants sont sur
le méme domaine dont le mouvement est simplement décrit par le déplacement solide Y,
En pratique, la vitesse ALE du probleme IFS est remplacé par v,.

e La description locale de la mixture nécessite I'introduction de ¢(t) la fraction volumique
de fluide, (1 — ¢g) est alors la fraction de solide.

e En plus d’interagir au niveau de la frontiere I'ypn0s €n échangeant comme en IFS vitesse
et effort, les deux constituants frictionnent désormais sur ’ensemble du domaine via le
terme dissipatif q§2§;1 (v — vg).

e Le terme de pression hydrostatique V «(¢p) est séparé en deux contributions ¢V xp et
pV «¢; la premiere s’integre a 1’équation solide, alors que la seconde intervient coté fluide.

e La relation d’incompressibilité du fluide en IFS est remplacé par (1.2¢), dont le format en
formulation faible rappelle également largement la loi de conservation géométrique qu’il
faut supposer lors de la discrétisation temporelle avec ALE en IFS. On note au passage
le nouveau terme source 6 comme apport de masse fluide au sein du volume.

Au dela de ces éléments, la proximité entre notre probleme de poromécanique et celui d’IFS

rend légitime notre approche, qui consiste a s’inspirer des développements autour des méthodes
de discrétisation en IFS et a les étendre a notre cadre.
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1.4.3 Formulation faible en poromécanique

Pour un champ de vitesse w%, dans V° = H'(02°)3, on définit 'espace de fonction
VO(wh) = {v* € VO | v*|rg = wh}.

En supposant suffisamment de régularité pour le déplacement Y, qui envoie le domaine de
référence Q¥ sur la configuration déformée ;, on définit

Qt = LQ(Qt)7

et, pour (wp,w) dans (V%)% = (HY(Q)3)?,

Viwp) = {v* e V* \ o*|py = wpl,

=wlpy (v —w) -0 =0on M-

Nnos

Vi(wp,w) = {v" € V' | vlpy, = wp, vl

Nnos

Apres multiplication de (1.2) par des fonctions test et intégration en espace, on recherche
(vg, v, y,,m) dans VH(uf", vg) x V(§ PY) x V (yP") x Q" tel que pour tout (v, vy, ¢*) dans V*(0,0) x
V(0) x Qt (61) dans (Chapelle and Moireau, 2014), vy = Opy_ et

d
/ Pso(l—ef)o) QS
Qo

/Qtpvxwdﬂ /pso —go)f v dm/m(l—@to'y:ds

vt dQ + Es:dyew:dﬂ—/ (v —vs) - ¢k, ' - w5 dD
L, " Oy o, L

+, to-otdS— [ g(net) ol dS — RE(wr) (1.3a)

13
Nnof U 1—‘Nnos 1—‘Nnof

Pl + [ (= v @l oia@+ [ (<29 Gorond) + o, s 20)) 0
Oy (o Pt

=/ pfd>f-v’f“dﬂ+/ ot-vidS (1.3b)
Qt N UFNnof

dm * *
— ¢ dQ+ [ V- (prd (vp —vg)) ¢"dQ = [ ¢ dSY1.3c)
0o dt Qt Qt

avec la puissance virtuelle de 'inertie fluide

d
Pf(v*)z/ dt(pr¢Uf) -0 dQ + A Vx'(pfcz5?ff®(vf—ys))-v*dﬂ—/Q Ovy - v* dQ,
t t

et le résidu continu, représentant la contribution des efforts sur I'npos et des efforts de pression
sur I' ynotr que le fluide supporte,

Ri(w) = PL0) + [ (=) Pttt [ (<2 (oond) + 0, 202)) 0
~ [ mosvdn- [ ot-utas— [ omn)uids. (L
Q

t t
1—‘N 1—‘Nnof
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Notons que la substitution de (1.4) dans la conservation des moments pour le constituant
solide (1.3a) permet d’écrire la conservation des moments pour la mixture globale, (63) dans
(Chapelle and Moireau, 2014)

r d
[ palt= o0 a0+ Plas) + [ Sidye-uiao
Qo QO
— [ mmfuzan [ to- o7 dS (1.5a)
Qo B F(])\f U 1—‘(])\/nof U 1—‘(J)\fnos
(1.3b)
(1.3¢c)

1.5 Analyse et méthodes numériques

Comme nous venons de le voir au paragraphe 1.4.2, d’importantes similitudes existent entre
notre formulation de poromécanique et celles rencontrées en interaction fluide-structure (IFS)
lors de la modélisation d’écoulement et de propagation d’ondes dans des vaisseaux sanguins.
Ainsi, donnons quelques éléments pour situer les efforts qui ont été faits pour développer des
méthodes numériques de modélisation d’IFS, notamment autour du coeur humain. Le sujet se
présente généralement comme le couplage d’un écoulement Navier-Stokes avec une structure
élastique. Citons par exemple les travaux concernant la modélisation de I'aorte (Moireau et al.,
2012), ou des valves aortiques régulant le flux sanguin en sortie du coeur (Astorino et al., 2009b).

Les méthodes énergétiques. Soulignons 'importance particuliére que nous accordons aux
propriétés de conservation d’énergie discréte (ou stabilité énergétique). Le principe consiste
a exhiber une grandeur discréte controlant la solution numérique et faisant office d’énergie
discrete (généralement inspirée de I’énergie continue au sens de la physique), puis a s’assurer
qu’elle satisfasse un équivalent discret du bilan d’énergie. Il est établi que ce genre de propriété
garantit au moins la stabilité des solutions numériques, et la convergence dans un cadre linéaire
(Dautray and Lions, 1988; Le Tallec and Hauret, 2002; Le Tallec et al., 2005). Dans ce qui suit,
les analyses théoriques et numériques de nos schémas seront en grande partie guidées par la
recherche et Iexploitation de majorations énergétiques discretes. Cette propriété est d’autant
plus intéressante que la dissipation numérique est faible. Cela justifie I'intérét que I'on portera a
la méthode proposée par (Gonzalez, 2000; Le Tallec and Hauret, 2002) qui permet de conserver
exactement ’énergie discrete en élasticité non linéaire.

1.5.1 Discrétisation en temps

Méthodes monolithiques ou partitionnées - couplage fort ou faible. Il s’agit de
résoudre simultanément un probleme de fluide visqueux et incompressible et un probleme
d’élasticité, qui interagissent au niveau d’une interface surfacique. Avant toute chose, remar-
quons l'utilisation récurrente de formulations de type < Arbitrary Lagrangian Eulerian > (ALE)
(Bathe and Rugonyi, 2001; Heil, 2004), pour déplacer le domaine fluide en accord avec les mou-
vements de la structure. Pour imposer le couplage, la plupart des algorithmes se fondent alors
sur une stratégie appelée Dirichlet-Neumann : la condition & l'interface est vue coté fluide
comme une vitesse imposée, alors que coté solide 'action du fluide se traduit par ’applica-
tion d’une force. Une premiere catégorie de méthodes pour implémenter la résolution de tels
probléemes consiste a utiliser un unique < solver >, qui résout simultanément les deux problemes :
ce sont les méthodes directes, ou monolithiques. Les exemples sont trées nombreux (Bathe and
Rugonyi, 2001; Heil, 2004) et par construction, une résolution monolithique garantit que la
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contrepartie discrete de la condition d’interface soit respectée, on parle de couplage fort, cela
permet généralement de garantir au niveau discret une conservation d’énergie et une stabilité.
Cependant, ces méthodes présentent plusieurs inconvénients. En effet, elles ne permettent pas
a deux environnements distincts (fluides et solides) de fusionner leurs propres outils de cal-
cul pour résoudre un probleme d’interaction. En outre, elles nécessitent le développement et
la mise a jour d’un logiciel qui leur soit propre, ce qui ne leur permet pas de bénéficier des
outils de calculs dernier cri développés indépendamment par les communautés de mécanique du
solide et du fluide. Enfin, la matrice du probleme & inverser étant la concaténation des deux
sous-problemes, ces méthodes sont trés cotiteuses en temps de calcul. Avec les méthodes par-
titionnées, les problemes fluides et solides peuvent étre résolus dans des codes différents. Cela
permet de faire évoluer la procédure en méme temps que chacun d’entre eux, et garantit d’avoir
pour chacun des sous problemes des méthodes de résolutions optimales et adaptées au mieux a
leurs spécificités mathématiques. Parmi ces techniques, certaines permettent un couplage fort,
alors que pour d’autres le couplage est faible : I’équivalent discret de la condition de couplage
interfacique n’est alors pas exactement imposée a chaque pas de temps, c’est généralement le
cas en partitionné. Notons qu’avec un couplage faible, en particulier entre deux codes de calcul,
des itérations peuvent permettre d’imposer avec précision la condition de couplage discrete.
Cela augmente considérablement les cotits de calcul et a motivé la mise au point de différentes
stratégies, par exemple de type point-fixe (Le Tallec and Mouro, 2001), Aitken (Mok and Wall,
2001; Mok et al., 2001), Newton (Ferndndez and Moubachir, 2005) ou pseudo-Newton (on uti-
lise un approché du Jacobien) (Gerbeau and Vidrascu, 2003). Pour de nombreux problemes, la
résolution, la stabilité et la consistance peuvent étre obtenues sans imposer un couplage fort,
par exemple en aéroélasticité (Farhat et al., 2006).

Un schéma semi-implicite avec projection. Cependant, dans de nombreux cas, un cou-
plage faible conduit a des instabilités numériques. C’est le cas notamment dans les écoulements
sanguins, a cause d’effets de masse ajoutée, lorsque la densité d’un fluide incompressible se rap-
proche de celle de la paroi solide. Cela motive la mise au point dans (Fernandez et al., 2007) d’un
schéma partitionné adapté a un tel contexte et fournissant des résultats numériques satisfaisant
et stables. Ce schéma s’appuie sur deux idées. La premiere consiste a résoudre le Navier-Stokes
en deux temps, pour ne coupler implicitement au probleme solide que la contribution en pres-
sion du fluide. Elle est suggérée par (Causin et al., 2005), qui montre qu’un couplage explicite
des termes de masse ajoutée introduit des instabilités. Par contre, les termes restant du Navier-
Stokes (dissipation, convection et non-linéarités géométriques) sont alors couplés explicitement
au solide. Cela permet une réduction considérable du cotut du couplage, sans compromettre la
stabilité. La seconde idée consiste a profiter de la méthode de projection de Chorin-Temam
(Chorin, 1968; Chorin, 1969; Temam, 1968; Guermond et al., 2006) pour effectuer ce découpage
implicite-explicite : pour passer d’un pas de temps a celui d’apres, on commence par appro-
cher la solution fluide en résolvant la partie ALE-advection-viscosité du Navier-Stokes sans se
soucier de la relation d’incompressibilité. Ensuite, la solution fluide (vitesse et pression) est
obtenue par projection sur I’espace satisfaisant la relation d’incompressibilité. Dans ce contexte
d’interaction avec une structure, cela permet un trés intéressant compromis entre temps de
calcul et stabilité numérique : un couplage faible sur la partie non linéaire et cotuteuse du
Navier-Stokes (ALE-advection-viscosité), mais fort sur la partie pression contenant les effets
de masse ajoutée, pour garantir la stabilité. Cet algorithme, relativement facile & implémenter,
donne dans de nombreuses situations une stabilité numérique et de tres bons résultats, bien que
I’énergie discrete ne soit pas parfaitement conservée. Il présente néanmoins deux inconvénients :
la stabilité énergétique théorique est obtenue pour un schéma de type saute-mouton (dissipa-
tif) coté solide; et est soumise a une condition de type CFL faisant intervenir le rapport des
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densités fluide et solide (voir Théoreme 1 (Fernandez et al., 2007)), donc demeure liée aux ef-
fets de masse ajoutée. Ces deux limitations motivent (Astorino et al., 2009a), qui propose de
traiter la condition de couplage entre la structure et le fluide c6té explicite par un terme de
Robin-Robin dérivé de la méthode de Nitsche (Hansbo et al., 2004; Becker et al., 2003; Bur-
man and Fernandez, 2007; Burman and Fernandez, 2009). Cette modification permet d’élargir
les résultats de stabilité a des plages de parametres encore plus larges, en s’affranchissant des
effets de masse ajoutée, et & une discrétisation solide conservative de type Newmark, bien plus
répandue et compatible avec des solides non linéaires.

1.5.2 Discrétisation en espace - stabilité et convergence

La discrétisation spatiale. Le choix des espaces d’approximation des variables primitives est
déterminant pour la stabilité numérique lors de la résolution d’un Navier-Stokes par élément fi-
nis. L’analyse mathématique du probleme de Stokes montre que les espaces éléments finis choisis
pour la vitesse et la pression fluide doivent généralement satisfaire une condition de compatibi-
lité, connue sous le nom de condition inf-sup et référencée dans la littérature comme la condition
de Ladyzhenskaya (Ladyzhenskaya and Silverman, 1969), Babuska (Babuska, 1973), et Brezzi
(Brezzi, 1974) (LBB). Numériquement, la violation de cette condition conduit généralement a
de fortes oscillations spatiales noeud-a-noeud du champ de pression. Des méthodes de stabi-
lisation permettent d’éviter ces phénomenes non physiques sans avoir a imposer la condition
inf-sup. Des techniques de projection s’appuient par exemple sur I’équation de Poisson pour la
pression (Guermond and Quartapelle, 1998; Badia and Codina, 2007). Les travaux qui suivent
n’explorent pas ces pistes, mais cherchent plutot a déterminer la forme prise par ce type de
condition dans notre contexte, puis a établir des méthodes de discrétisation garantissant a la
fois la stabilité et une relative simplicité d’implémentation.

Existence et unicité de solutions - convergence totale. Les méthodes fondées sur des
arguments de conservation d’énergie permettent d’obtenir la convergence totale (du schéma
discrétisé en temps et en espace vers la solution continue) d’un probleme IFS linéaire (fluide de
Stokes, sur un domaine fixe) (Le Tallec and Mani, 2000). Dans (Du et al., 2003), les auteurs
obtiennent I'existence et I'unicité de vitesse fluide et déplacement solide sur des problemes
d’IFS couplant un fluide lineaire visqueux et incompressible a une structure élastique, ainsi
que Dexistence d’une pression. Dans (Grandmont and Maday, 2000), les auteurs obtiennent
Pexistence pour un fluide non linéaire et en ALE. Une analyse d’erreur du schéma semi-implicite
en projection (Fernandez et al., 2007) permet d’étudier sa convergence totale (Astorino and
Grandmont, 2010).

1.6 Organisation et contributions de la these

En dehors de cette introduction, cette thése est organisée en trois chapitres, relativement
indépendants, dont les principales contributions sont les suivantes.

1.6.1 Chapitre 2 — Intégrer la perfusion du myocarde a des simulations de
cycles cardiaques en modele réduit

Ce projet a débuté avec ’encadrement du Projet de Recherche en Laboratoire de Magali
Bardon, étudiante a Polytechnique, auquel j’ai participé avec Dominique Chapelle, Philippe
Moireau et Radomir Chabiniok. Il comporte les contributions suivantes :

23



Modeéle de coeur 3D
(Chapelle et al., 2012)

Formulation générale
de poromécanique
(Chapelle and Moireau, 2014)

N

Chapitre 2
Modele coeur+perfusion 3D
introduction formelle

—discrétisation - méthodes numériques / l

\

Chapitre 2
Modéle complet 0D

Schéma en temps
Simulations 0D

simulations

Chapitre 3
Schéma en temps

Stabilité énergétique
Illustrations numériques 2D

Chapitre 4

Discrétisation spatiale
Convergence totale
[llustrations numériques 2D

Modéle de coeur 0D
(Caruel et al., 2014)

0D en espace

/

)

Schéma, semi-implicites pour
'interaction fluide-structure
(Fernandez et al., 2007,
Astorino et al., 2009a)

Méthodes énergétiques
(Le Tallec and Mani, 2000;
Le Tallec and Hauret, 2002)

cadre général :

non linéaire, grandes déformations

cadre linéaire

Organisation, contributions et éléments bibliographiques principaux.
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Intégration formelle (en 3D), dans un modele de coeur complet existant, d’un compar-
timent poreux (Chapelle and Moireau, 2014) a la place du solide hyperélastique pour
modéliser un myocarde hébergeant un écoulement coronarien couplé a la circulation san-
guine.

Proposition d’une réduction dimensionnelle de modele de la formulation de poromécanique
de (Chapelle and Moireau, 2014) pour intégrer la perfusion coronarienne au modele 0D
existant (Caruel et al., 2014).

Proposition d’une discrétisation temporelle du schéma de poromécanique 0D, satisfaisant
un bilan énergétique au niveau discret.

Obtention de résultats numériques de cycles cardiaques avec perfusion : en plus des indi-
cateurs auparavant reproduits (volume, pression et débit dans I’aorte), nous simulons la
pression et la masse de sang dans les coronaires. On retrouve notamment le flow impedi-
ment dans les coronaires au moment de la systole.

Simulations de phénomenes physiologiques spontanés (la vasodilatation et 1’effet inotrope)
et pathologiques (la sténose), dont I'importance est cruciale en terme d’applications cli-
niques.

Les objectifs de ce projet étaient multiples :

Proposer dans un cadre simplifié une premiere mise en oeuvre du couplage entre
I’écoulement coronarien et le comportement du myocarde.

Compléter le modele 0D (Caruel et al., 2014) pour y intégrer le réseau coronarien, afin
d’accéder a la masse et la pression de perfusion.

Ce type de modele réduit s’avere étre un excellent compromis entre précision et temps
de calcul. Ils peuvent étre utilisés pour la calibration de modeles plus complexes en 3D.
L’objectif & terme est également d’utiliser ce modele pour faire du monitoring sur du
matériel de calcul ordinaire (téléphone portable par exemple) : suivi de patient dans le
temps avec acquisition réguliere de données.

La simplicité de mise en oeuvre et la rapidité de calcul de ce modele permet de simuler
rapidement une grande variété de phénomenes physiologiques. Nous proposons ici quelques
résultats pour illustrer le vaste potentiel de ces travaux en terme d’applications cliniques.

D’un point de vue pédagogique, ce projet a permis de faire toucher du doigt a une
éleve de master des problématiques de recherches, entre défi scientifique et contraintes
opérationnelles.

Enfin, il a également constitué pour moi une premiere expérience d’encadrement. Les
principales difficultés associées a ce travail, au dela de la gestion méme du projet, furent
liées au nombre de disciplines scientifiques a 'intersection desquelles il se situait : théorie
mathématique de la réduction dimensionnelle de modele, équations de poromécanique,
modélisation cardiaque, analyse numérique et schéma discret, implémentation. Dans un
tel contexte, il s’agissait de donner a Magali suffisamment d’éléments pour qu’elle puisse
étre en mesure de comprendre et produire, mais pas trop pour ne pas la perdre dans
I'information et la complexité des problemes traités.

Une difficulté réside également dans la calibration des modeles, en interaction avec des car-
diologues et par comparaison avec des données réelles, pour reproduire le plus fidélement les
phénomenes physiologiques.
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1.6.2 Chapitre 3 — Proposer un schéma en temps qui respecte un bilan
d’énergie discret

Ce chapitre prend la forme d’un article rédigé avec Dominique Chapelle et Philippe Moireau
et accepté pour publication dans la revue Computers € Structures :

Effective and energy-preserving time discretization for a general nonlinear poromechanical
formulation.

S’inspirant des schémas d’TF'S semi-implicite en projection (Fernandez et al., 2007; Astorino
et al., 2009a), et de la démarche d’analyse numérique de (Le Tallec and Hauret, 2002) reposant
sur des arguments énergétiques, nous présentons les contributions suivantes :

e Etablissement d’'un schéma en temps semi-implicite en projection adapté au probleme de
poromécanique (1.3) non linéaire.

e Preuve théorique de la stabilité énergétique inconditionnelle de ce schéma de couplage au
niveau continu en espace en non linéaire.

e Validation numérique des bilans d’énergie discrets et présentation de résultats de simu-
lations sur des cas test classiques présents dans la littérature, dans l'environnement de
calcul éléments finis FreeFem++ (Hecht, 2012).

Les objectifs étant

e De proposer un schéma en temps efficace, réaliste et opérationnel pour I'implémentation
du probleme de poromécanique.

e De garantir mathématiquement sa stabilité énergétique et ainsi sa légitimité.
e De I'implémenter pour le valider sur des cas pratiques.

En pratique, toutes ces étapes ont en premier lieu été effectuées dans un contexte d’IFS, avant
d’étre adaptées a la poromécanique. Les principales difficultés eurent trait a la mise au point
du schéma en temps respectant le bilan d’énergie discret, puis a 'implémentation avec Free-
Fem++ de ce schéma numérique complexe. En effet, lors d’une itération en temps, chaque
sous-probléme (non linéaire) de 1’étape implicite est résolu par un algorithme de Newton, et
un troisieme Newton est nécessaire pour les coupler. Dans un premier temps, de nombreuses
tentatives consistaient a utiliser des couplage de type Aitken, ou bien a simplifier les probléemes
par linéarisation.

1.6.3 Chapitre 4 — Etudier les problemes liés a la discrétisation spatiale et
proposer un schéma stable

Une étude théorique et numérique des aspects de discrétisation spatiale nous permet de
présenter les contributions qui suivent.

e Linéarisation de la formulation de poromécanique (1.3) et de sa discrétisation spatio-
temporelle.

e Etablissement sous condition de la convergence totale de la solution discrete vers la solu-
tion continue de ce probleme.
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e Mise en évidence avec FreeFem-++ de I'apparition de perturbations numériques dans des
cas tests pratiques, et illustration de leur stabilisation lorsque les conditions établies sont
respectées, par observation et étude de convergence spatiale. Un solveur monolithique est
utilisé.

e Proposition d’'une méthode numérique opérationnelle, compromis entre convergence et
complexité d’implémentation.

e [llustration de la pertinence de cette méthode pour régulariser des cas pathologiques, sur
des cas pratiques avec FreeFem-++, d’abord dans le cadre linéaire, puis extension au cadre
non linéaire.

L’objectif de cette section est de déterminer des conditions suffisantes a la convergence totale,
pour proposer une méthode de discrétisation spatiale du probleme de poromécanique a la fois
stable et opérationnelle, puis d’illustrer sa pertinence.

Une fois de plus, toutes ces étapes ont été dans un premier temps effectuées dans un cadre
d’TFS. Avec les questions liées a I'analyse mathématique, la difficulté principale eut trait a la
mise au point d’outils permettant I’obtention de courbes de convergence.

1.6.4 Annexe A — Analyse de stabilité du schéma en temps semi-implicite
en interaction fluide-structure non linéaire

Cette premiere annexe consiste a présenter dans un cadre non linéaire ’analyse de stabilité
énergétique du schéma semi-implicite pour 'interaction fluide-structure (Astorino et al., 2009a).
Chronologiquement dans ma these, ce fut la premiere étape vers son analogue en poromécanique
qu’est le Chapitre 3. Il est intéressant de noter que le schéma semi-implicite en projection
(Fernandez et al., 2007) a directement inspiré le schéma en Robin (Astorino et al., 2009a). La
raison d’étre du second est I'introduction a l'interface fluide-solide d’une dissipation qui permet
d’établir un résultat de stabilité énergétique (établi en en configuration linéaire dans (Astorino
et al., 2009a)). Cependant dans la pratique, le premier est largement utilisé, il plus simple &
mettre en oeuvre, et a démontré d’excellentes propriétés numériques. Afin de faciliter le passage
de 'un & autre dans les travaux théoriques et I'implémentation (pour écrire un code commun),
nous avons permuté les étapes explicite et implicite du schéma en Robin pour proposer une
écriture explicite-implicite cohérente avec le schéma initial (Fernandez et al., 2007).

1.6.5 Annexe B — Convergence totale d’un schéma monolithique pour l’in-
teraction fluide-structure en linéaire

Cette seconde annexe présente la preuve de convergence totale sous conditions d’un schéma
monolithique avec un couplage en Robin pour l'interaction fluide-structure en linéaire. La en-
core, j'ai commencé par ce travail en interaction fluide-structure, avant de 1’étendre au cadre
plus complexe de la poromécanique. Cette preuve est donc ’équivalent en IFS du Chapitre 4.
Une analyse de convergence existe en IFS pour le schéma semi-implicite en projection (Astorino
and Grandmont, 2010) qui a inspiré le Chapitre 3. Cependant, le but de cette annexe ayant
été de constituer une premiere étape vers la prise en compte des difficultés associées a la po-
romécanique, nous nous inspirons de (Le Tallec and Mani, 2000), et étudions un schéma moins
complexe, monolithique avec un couplage en Robin.
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Chapter 2

Cardiac model with perfusion and
model reduction

The heart is supplied with a flow of about 1,3 mL/s at rest, which represents 5% of the left
ventricle output. This flow is considerably reduced in systole as stresses squeeze the subendo-
cardial vessels, this is the so-called “flow impediment”.

At rest, most of the tissues in the body remove approximately 40% of the oxygen contained
by the blood through the capillary bed. When activity increases and more oxygen is needed,
it can be taken directly from the capillaries. However, the situation is much less comfortable
in the coronary arteries, where the myocardium removes 80-90% of the arterial oxygen even at
rest! Therefore, as soon as the heart has higher oxygen demand, perfusion must increase; and
the heart function is regulated very sensitively according to the metabolic state of the body.

Understanding and reproducing in models the processes that allow this regulation requires
an ability to account for the interactions between the coronary circulation and the myocardium
contraction. For example, an increasing heart contractility can strengthen contraction and
increase the output flow, but in the same time it will reinforce the flow impediment and obstruct
the perfusion circulation necessary for cardiac activity. This motivated the work that follows,
in which we model the coronary network as a porous flow within the myocardium.

Dimensional reduction has proven to be very cost-effective in calculation and to reproduce
realistic cardiac cycles outputs (Caruel et al., 2014), therefore it was natural to explore first the
relevance of integrating the coronary circulation in a reduced geometry. Much easier to use, this
type of model allows to reproduce quickly very interesting physiological phenomena. It could
also be used for patient monitoring or for calibration of a more complex 3D cardiac model.

In this chapter, we propose to integrate our poromechanical formulation to model the per-
fusion of myocardium by the coronaries. First, a complete model is derived in 3D. Then, we
perform a dimensional reduction and propose an algorithm that enables us to run numerical
illustrations to provide preliminary validations for this model. This improvement enables us to
model the perfusion throughout the cardiac cycle, in particular observing flow impediment dur-
ing systole, and to reproduce physiological processes like vasodilatation, stenosis and inotropy.

2.1 3D cardiac model with perfused myocardium

The multi-scale cardiac model proposed in (Sainte-Marie et al., 2006) and (Chapelle et al.,
2012) uses a hyperelastic potential for the description of the myocardium passive behavior. The
purpose of this chapter is to modify this hypothesis and to integrate for the myocardium behavior
a poromechanical formulation, in order to take into account the blood perfusion permitted by
the coronary network.
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The cardiac tissue will be described by the general poromechanical model proposed in
(Chapelle and Moireau, 2014) and described in Section 1.4, to which we add an active stress
contribution.

In this first section, we present the cardiac model of (Chapelle et al., 2012) in 3D, inte-
grating a poromechanical formulation (Chapelle and Moireau, 2014) for the passive part of the
myocardium.

2.1.1 Active behavior and overall constitutive law

Let us give some elements on the active behavior of the solid matrix. The sarcomeres are the
contractile units of muscle fibers at the micro-scale. Their shortening, and the resulting macro-
scopic contraction, is the consequence of the creation of cross-bridges (when myosin molecules of
thick filaments periodically attach to surrounding thinner actin-made filaments) in the presence
of adenosine tri-phosphate (ATP). Previous works on muscles modeling (Chapelle et al., 2012)
have described the active stiffness k. and the tension generated in the tissue per unit area of
fiber cross-section (in the reference configuration) 7, by the dynamical system

e = —(Jul + aféc|) ke + noko|ul+
Te = —(|Ju] + a|éc])Te + nooo|u|+ + keée,

where u denotes a variable reaction rate summarizing chemical activation (|u|4 its positive
values), e. is the sarcomere extension, oy is the maximum active stress, «|é.| accounts for
bridges destruction upon rapid length changes, ng(e.) is a length dependence function and kg
a stiffness within the sarcomere.

€s (Os) €c (UC)
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Figure 2.1 — Hill-Maxwell rheological model. Incorporation of the contractile unit into the
solid constituent of the myocardium tissue.

The forthcoming work (Caruel et al., 2016) uses a Hill-Maxwell rheological model (for strains
e and stresses o) to incorporate the above contractile modeling into the overall behavior of the
solid constituent of the myocardium tissue, see Figure 2.1. The contractile element is placed in
parallel with a linear damping element of viscous parameter p., so that the tension in a fiber
reads

Tfib = Te + HeCe.
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This association is placed in series with a linear elastic element of Young’s modulus F, satisfying
0s = Eses. This whole branch is assumed to produce stresses o1p7; ® 7; along the fiber direction
and Aop along directions transverse to 7, and is placed in parallel with the passive behavior
of the myocardium solid tissue (a viscous branch and a hyperelastic potential).

Then, we adopt the non-linear rheology model proposed in (Caruel et al., 2016) ; strains
and stresses of the first branch satisfy the following relations (extensions of the usual series-type
rheological identities)

01D =

Tfib = Te + feee = Fges = Es(efib - ec)a

where the total (local) extension of a fiber ef;, = es + e, can be directly computed from the 3D

Green-Lagrange strain tensor
L+epp=1/14+27-€-75.

We assume here that the active stress ojp along 7, also produces stresses along directions
transverse to the fiber, with a factor A. Then, according to (Chapelle and Moireau, 2014), and
integrating the active contribution, we consider a total second Piola-Kirchhoff stress tensor for
the mixture of the following form

O(e,m)|  OWP(e,¢)
L=9X 9 + 9. TAol+t (1= ANoipry ®@ 14,

with W(e,m) the Helmholtz free energy of the mixture, and ¥9*™P = 1 tr(¢)? a viscous pseudo-
potential. Assumed to be incompressible, the fluid cannot store any ene;gy, and therefore we
have U(e,m) = Y,(e, Js) with U, the solid free energy, and X rewrites (see (Chapelle and
Moireau, 2014)) - B

0¥ (e, Js) . B\I/damp(g, é)
Z:¢§ViS+T JS—PJQ +T+/\U1Dl+(1—/\)0mzl®l1a (2.1)
with a pressure
oV (e, Js) oV (e, m)
p=——2="0 2 (2.2)
aJs e om e

We assume that the free energy functional can be constructed in the following manner

\I’s(% Js) = \Ije(g) + Yhuk(Js), (2.3)

where Uy, describes how the energy depends on the solid phase volume changes, typically

Js Js
\I/bulk(c]s) = Rg |:1 — (f)o —1- log <1 — ¢0):| s (2.4)

and We(J1, Ja, J3,Jy) is a transverse-isotropic (with the fiber as privileged direction given by
71) hyperelastic potential representing the constitutive behavior of the skeleton, function of the
classical reduced invariants of the Cauchy-Green strain tensor

Ji=0IP = PP, gy =12, g = 1,
where the standard invariants I; are

L=ul b= % (tr0)? —tr(C?)), I3y =detC, Iy =1, -C-1;.
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The hyperelastic part of the skeleton passive stress is derived from the chain rule

88\1: =23 (%i) <g‘é> , (2.5)

= 7

where the invariant derivatives are

. gg s (I ?1)110_1)
3@? _ 152/3 (Ill—C’— 31201)
L
g‘g =1, (71 ® 1) — ;I4C‘l> .

2.1.2 Poromechanical formulation for the myocardium modeling

The strong form (1.2) of the poromechanical model rewrites (see (58) in (Chapelle and
Moireau, 2014))

(po+m)y =V (E-Z) = (po+m)f, in @, (262)

p— 1 1
Py T ¢§f t (vf —vg) + Vxp — 525 (qﬁ%is) =pef, in €, (2.6b)

1dm ;
ja +z§ : (Pf¢(ﬁf - Qs)) - 9’ mn Qt (266)

with
s(1 — @)Opvg + prdpdrv

v = P ( <l5) (AY prd (A% and po+m = Ps(l _ ¢) +pf¢, (2.7)

po+m

and the notations introduced in Section 1.4.1.
We complement the above equations with the boundary conditions introduced in Sec-
tion 1.4.1, where we assume I'ypof = & (see Figure 2.2). Then, we multiply System (2.6) by

Figure 2.2 — Boundary conditions of the poromechanical formulation.
test functions (v3, vf, ¢*) and we integrate space-wise to get (see (63) in (Chapelle and Moireau,
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2014))

d
| palt=on) G wtan 4Pl + [ Sidye-oido
Q0 dt ==
P3(v2) Piuz)
:/ (P0+m)f-y:d9+/ to-vsdS (2.8a)
QO a F?VHOSUFS)V
Pe(v?)
£, % 271 o« p * . *
Ph) + [ (=0 Pl vpds [ (<2 (o) + 00, ) 49
Qt Qt pf
LAC
— [ mos-vidas [ ot-uids (2.8b)
- It
| —
PL(v})
dm * *
— A2+ [ Vi (pro (vp —vy)) g d= | 0q" d2(2.8¢)
0o dt Q Q4
with
d
Pﬁ(v*)z/ (pr¢vf)-v*d9+/ VX'(pfﬁbUf@(vas))'v*dQ/ Ovg - v* d
qo dt Qs Q
and

1
2.1.3 Cardiac system

e’

We will assume that there is no distributed force, f = 0. On the endocardium surface I" ypos,
ty will be typically —P, FTnp

F with P, the intraventricular blood pressure exerting forces on
the endocardium surfaces I"ypes of outward unit normal n,, so that P, becomes

n@:)—/ to-g:ds—/
9, r

Put-F1.n,ds.
. E

Nnos

volume),

According to (Sainte-Marie et al., 2006), we model the opening and closure of the valves by the
following relation that links P, to the cardiac outflow —V = @ (with V the ventricular cavity

_V = Q = Q(P’l)a-PaT?Pat)7
with P, and P,; the aorta (or pulmonary) and atrium pressures and ¢ a regularized version of
the ideal behavior
Q<0
Q=0 if Py < P, < P, (isovolumic phases),
Q>0 if P, > P, (ejection),
approximated by

if P, = Py (filling),

Q = Kat(Pv - Pat)a

ivaSPata
Q:Kp(Pv*Pat)a

ifPatSPUSParv
Q:Kar(Pv_Par)+Kp(Par_Pat)7 ivaZPara
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where (Kgqt, K, K,y) are constants satisfying K, < min(Ky, Ko ).

PS’U

Myocardium

keo

ua ua

Figure 2.3 — Rheological model of the circulatory system plugged into the aorta. The
new branch in red models the coronaries.

In future works, the porous compartment will be coupled with 3D models of the largest
coronary vessels, but for now it will be assumed to be only fed by the distributed source term
0 according to (see also (Chapelle et al., 2009))

0= pfkca(Pca - p) - pfkcv(p - PS’U)7

where ke, (resp. k) is constant and characterizes the small coronary arteries (resp. veins)
conductance, Py, the small veins pressure, and the coronary artery pressure P, is linked to the
global circulation within the following model.

Indeed, the system is closed by a two-stage Windkessel model that represents the external
circulation, and a Windkessel that links the aorta to the porous compartment, representing the
big coronary arteries circulation

Ccpca + (Pca - Par)/Rc + (Pca - p)kcavmyo = Oa
CpPar+(Par_Pd)/Rp+(Par_Pca)/Rc:Q7
CaPa+ (Py— Par)/Rp = (Pos — Pa)/Ra,

with Cp, R,, C4, Rq and C., R. the capacitances and resistances of the proximal, distal and
coronary circulations Windkessel, Py is the distal pressure, V,,,, the myocardium reference
volume and P,s represents the venous system pressure, see Figure 2.3.
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All together, these elements give the following 3D cardiac system of equations

Pa(v") + PL(v") + Pi(v") = Pe(v*) Vo' €V (2.9a)
Pavf) +Pi(uf) = Po(ef) Yof €V (2.9D)

1dm
Sap T Vs (oro(vr = 1)) = prkea(Pea = p) = prkieo(p — Pow) (2.9¢)

Ok
= — 2.
aJ. (2.9d)
U \I/damp

X= (b;vis + 88; + 0 5 pJg_l +Aopl+ (1= ANoipT; @711 (2.9e)
o1p = Trin/ (1 + eyip) (2.9f)
efib:\/1+2l1'g‘l1—1 (2.9g)
Tfib = Te + HeCe = Es(efib - ec) (2.9h)
ke = —(Jul + aléc| ke + nokolul + (2.91)
Te = —(|u| + aléc])Te + nooolul+ + keée (2.9j)
_V:QZQ(PvaParaPat) (291{)
CcPca + (Pca - Par)/Rc + (Pca - p)kcavmyo = 0 (291)
Cppar+(Par_Pd)/Rp+(Pm‘_Pca)/Rc:Q (29m)
Cde+<Pd_Par)/R = (va_Pd)/Rd- (2.9n)

2.2 Dimensional reduction of the cardiac model with porome-
chanics

2.2.1 0D cardiac model

Figure 2.4 — Spherical model of a ventricle

As proposed in (Caruel et al., 2014), let us perform a dimensional reduction of the above car-
diac model. A ventricle is represented by a sphere of radius Ry and thickness dy in the reference
configuration Q°. We assume that this spherical symmetry is shared by the constitutive proper-
ties, and we apply an internal pressure. As a consequence, for symmetry reasons, the deformed
configuration is described by a sphere of radius R and thickness d. We define (g,., g %2) a local
basis on QY with i, radial, ig, = 71 and (i, ,1,,) orthoradial, see Figure 2.4. In our framework,
the displacement with respect to the reference configuration writes y = yi, = (R — Rp)i, and
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the Cauchy-Green deformation tensor reduces to

Crr 0 0
c=0o c o
0 0 C

Circumferential lengths are scaled by v/C' = 1 4 y/Ry between the reference and deformed
configurations. Passing by, we note that, unlike in (Caruel et al., 2014), no incompressibility
is assumed due to perfusion, in particular, and therefore J = det C'/2 has no reason to be 1.
In addition, the relative thinness of the wall compared to the sphere radius combined to the
equality vy = v, on the endocardium surface justifies in this framework the assumption vy = v
on the whole domain, and the introduction of v to denote velocities (then, I‘?V = (). Therefore,
(2.7) becomes v = dywv, (2.6b) is replaced by vy = v, and multiplying (2.6a) by test functions
v* and integrating space-wise yields (assuming f=0)

1S

d
/ (Po+m)v-v*d9+/ >:d 'v*dQ:/ ty-v*dS (2.10)
QO dt QO o B F?VHOS
Considering a radial virtual velocity v* = v*i, with the assumed kinematic symmetry, we find
that

(dye - v") g1y = (dye 0 ) o = (1 +y/Ro)(v"/Ro).

We neglect fluid viscous effects PO Thanks to the smallness of d/R, classical arguments of shell
theory enable us to neglect radial stress ¥, compared to the orthoradial components (Chapelle
and Bathe, 2010), and to explicitly infer p from %,, =0 in (2.1),

Crr | [ 0% o pdamp J
J ( oc ) : ( ok ) Par) = ((S),, o] 2
where we define the 3D passive stress as
0V, ggdamp
;p = e (e) + EP (e, &) (2.12)

Therefore, we have

(I

* y \ v
tdye vt = (14 = ) —Son,
£t ( R0>R0 ph

with
Ysph = Ly ¢y T Logpy = (;;,) S1o + (;p

and J that can be obtained thanks to the following combination of (2.2), (2.3) and (2.11)

o= (8),, + o]

)¢2¢2 _2J2073 (; ) o1+ A — 20J2073),

Note that the passive stress ;p is calculated with the chain rule (2.5), and that the invariants
and their derivatives reduce to

I =C, +2C = J*C?+2C
I,=C*+2CC,, =C*+2J°C !
Iy =C,.C*=J?

I,=C
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and

0J1 _ J—2/3 ( J2C +20)c—1>
&] 2
e A ( (02 +20)L-C - 5(C* + 2J201)01)
8J3 1
ac =37C"
0Jy _ 1 _
ac =’ 2/8 (71 ®r, - 3J?CC 1>
while the viscosity within the skeleton gives
H\pdamp n
5~ 2%
With this, the derivation of ¥y, gives
2 ov 2 0V 20U,
Seph = 4J 73 (1 — J*C 3 S+ JT50=") +2J 5
ph 3 )(ah o 8J2> 01

Fop(1+ A= 2072073 + (c’ _2J3075(jC - JO))

with o1p given by (2.9f).
Now, using that d/dy = /Cyr = J(1 + %0)_2, the virtual work of pressure force writes

/ ty - (v*i,) dS = 4mP, r-¢ 2 1egh (1LY - v*
FS)VI]ObO N a ! 2 RO RO

2 -3
d
= 47 P, (Ro +y— \/Crrd“> (1 +J2 <1 + L > )v*

2 Ro

T ET AL Y A 2 L. PO A (2.13)
oo Ry 2Ry Ry Ry Ry ‘

Integrating over the sphere of radius Ry and thickness dp, we finally get the second order
ordinary differential equation (ODE) satisfied by the mixture displacement y,

y
R) sph

Jdy Yy 2\ do y\~*
1+ L (Y 14J0 (14 ¥
(* Ro 2R0<+R0> ) (”RO(+RO> )

d?y d
do(po + m)— T Ri(z) <

dt_

where

Sph = (;p)¢1¢1+ (;p)@@ - ( ) o1+ A—20J2C73)  (2.15a)
(z

v
and J such that — ° 83:“‘ - ci ( ) + AalD} (2.15b)
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Let us notice that unlike in (Caruel et al., 2014), y has to be completed by J, given by (2.15b),
to fully characterize the 3D displacement field y. Our set of dynamic variables for the mixture
mechanics is (y,v,m). Finally, the intraventricular volume writes in this context

3
A d\*® Ar do A Jd y \ 2
V=—|R-- R Crr R - 1 )
3< 2) 3<°+y v > (”y 2 <+Ro>

so that its variations and the valve law (2.9k) become

2 .
: Jdy y \ 72\ | Jdo y\ 2 Jdo . y\7?
V=drR:|1+2> -~ (1+ = — =1+ = g1+ =
7TRO<+RO 2R0<+Ro> " TR TR TR,

_f(Pv;PamPat)-

With these elements, the cardiac model with poromechanics (2.9) reduces to the following
SyStem on (y7 J7 m,ec, kC? Te, Pca; Pam Pd)

d?y  dy Y
d o Y\ s,
0(p0+m) ds2 + RO ( + RO) ph
y  Jdo (o y\ ) do g\
<+Ro 2R0<+R0> ) <+JR0(+RO> ) (2.16a)
1dm
——=0= kca Pca_ - kcv _Psv 2.16b
SarT prkea( p) — prke(p ) ( )
J
=2 [(E >rr + Aom} (2.16¢)
OVpux  J
D L) ol 1o
_ _ -1
Seph = (;p)¢1¢1 + (§p>¢2¢2 IO + o (1+ N) (2.16¢)
o = Trin/ (1 + efip) (2.16f)
T#ib = Te + He€e = Es(efib - ec) (216g)
ke = —(Jul + aléc|)ke + nokolul + (2.16h)
Te = _(‘U| +a’éc|)7—c+n00'0‘u|++kcéc (2161)
—V = f(Py, Par, Pat) (2.16§)
CePea+ (Pea — Par)/Re + (Pea — p)kcaVimyo = 0 (2.16k)
C Par+(P Pd)/R ( ar — ca)/R :Q (2161)
CyPy+ (Py — Puy)/Ry = (Pys — Py)/Ra. (2.16m)

Remark 1
The following expressions of p and X, can be inferred in function of the derivatives of W,:

CJ—JC)+ = Aoip

p_4J1/3 (1 03) [a\ye C a\ye] oV,  2C 0¥, J?

s0r "2 lon Y s | tan srman s

oY, _2 0V, 2 oY,
+ 2

on T 8J2> Y

+ o (14 A= 20J2C73) 4 (C 230780 — JC))

CQ

Seph = 4775 (1 — J2C?) <
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Remark 2 (Solid incompressibility)
The limit K — oo in (2.4) and (2.2) gives the following relation for J, that replaces (2.16d) in
the above system,

J=1+2 (2.17)
Pt

2.2.2 Energy balance at the continuous level in the reduced formulation

We recall that

J2
1 aepz 0 0 . 2 1
e=3C-Dand Ly N)=| 0 Cl 0 |, withCly)=p + 5 +1
0 0 Oy 0

In order to establish an energy conservation at the continuous level, we remove the loadings
f =0 and P, = 0, the active contribution o1p = 0 and the solid damping n = 0. Our objective
is to derive an energy balance in which we propose to keep a fluid source 6. Substituting (2.16¢),
the multiplication of (2.16a) by v = dy/dt gives

dv Yy 1 dy o0V, oV, 1
— 1+ —=— ) =—— -2 =0. 2.1
(Po—f—m)vdt—i-( +R0>Rodt <86> +<ae> pJC 0 (2.18)
=/ ¢19n =/ 292

The first term gives

dv d /1 9 ldm , dE. 1 _,
=S (2 oM e D gy
(o +mM)Gev = F (2(p0+m)v> 2dat©  at 27"

with E. = %(,00 + m)v? the kinetic energy per unit volume of the mixture, and %J9U2 its
increment brought by the source term 6.
About the second term, we introduce € = (€)g,¢; = (€)goo = 5(C — 1) that depends only

on y in order to write
1d d 2 d
ppp ) Ldy_d o de
Ry /) Ry dt dt \ Ry 2R0 dt

and the following expression for the derivative of the free energy

Av _9¥ede | QW (dJ 1 dm
dt ~ e dt 9,

dt  pr dt
. 8‘1/8 dem« + 8‘1/8 % + 8\I/e % + a\Ijbulk y _ ldﬂ
| Oe dt de dt de dt oJs \dt ppdt )’
=/rr P11 P22

(é—z - 1) and

deve T A7 FAC_ T AT P de
dt  C?dt C3dt  C%?dt  ~C3dt
With this, and using (2.16¢) we write

dv oV, oY, _1| de dJ  OVpuk (dJ 1 dm

& _opot| S 4,2 f_Ldmy,

d&t <ae> +<8e> P & TP T A (dt pfdt)
P191 202

D=

where €., = (&) =
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We now use (2.16b) and (2.16d) to rewrite the above equation as

v oV, oV, _1| de  pJo
@ - (a) *(ae> It
P101 b2¢2

Remark 3
dJ _ 1dm _ Jo

In the incompressible solid limit the establishment of this expression rely on & = ordt = o

Finally, (2.18) gives the following energy balance

d(E.+ V) 1, p
i —J9(2v +pf ;

where the right hand side stands for the internal and kinetic energy input due to the fluid source
0.

2.2.3 Energy compatible time scheme

We propose here an energy-compatible time scheme. Instead of the scheme introduced in
(Gonzalez, 2000) and proposed in the heart model of (Chapelle et al., 2012) and the porome-
chanical model of (Chapelle and Moireau, 2014), we draw our inspiration from (Le Tallec and
Hauret, 2002) and use a mid-point Newmark scheme. We lose the exact energy conservation
property, but mid-point schemes are easier to handle and allow us to get a second-order energy
conservation. We propose the following time discretization of (2.14)

( n+1 n n+i
1, 0" —w 2\ do nti 1 1
(po +m"+2)doT + (1 + yRO ) ﬁozgthﬁ = (po +m"*2)do f""2
2
Pt gy 1 AT g grrbedofy T (2.19a)
— on__— z .
+1y + Ro 2Rq + Ro + Ro + o a
n+1 n
Y - Yo ynts, (2.19b)
n+l _ . n
T = (2.19¢)
n—&-%ﬂ

with, substituting (2.16¢) into (2.16e), X and J"2? defined by the following two relations

(we recall that Js = J — % — ¢o)

nt1g ov 1 1 ov 1 1
Esth _ < aee) (yn+2’Jn+2ﬂ) + (366 (yn+27Jn+2ﬂ)
P141 P22

sph

_Q(Jn-l—%ti)QC(yn—&-%)—?’ (8\11e> (yn-&-%’Jn-i-%ﬁ)

T
1
tolta (1 . 2A(J”+%ﬁ)20(g”+%)—3) . (2.208)
OV K ntL m”‘*‘% _ mtdy ntly—2 oV, ntl gntly
aJS (J 2 pr (bO)_J 2 C(y 2) ag (y 27‘] 2 )

FATTREC(y e ) 200 R, (2.20b)
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Remark 4 (Solid incompressibility)
In the solid incompressibility limit, the use of J+3 s justified by the following relation that
replaces (2.20b): 1
ntl
grh o (2.21)
Pt
In order to establish the compatibility of the scheme (2.19a) with the energy balance derived
in Section 2.2.2, we remove the loadings f = 0 and P, = 0, the active contribution o1p = 0
and the solid damping n = 0. We look for a bound of our discrete energy in function of the
fluid source term 0 that we keep. Moreover, we perform the analysis in the specific case of an
incompressible solid constituent, hence using (2.21), where the notation J"+3 instead of JnF 3t
is justified by the explicit affine relation that now links the variables J and m. We multiply
(2.19a) by Nass Using (2.19¢), the first term gives

1 ,Un+1 2 ,Un2
>:(p0—|—mn+2)< )2At( )

n+1 n n+1 n
ntiy [V - v +v
oo+t (P .

1\2 n\2 n n+1 n+1\2 n+1 n n\2

- NG N D L i e LR G

= (o +m™ ) x — ot mh) SR+ 2 AL 2 2At
- EgHAt_ Ee _ %J“+%en+% G +2(Un+1)2, (2.22)

with E? = (po +mJ)v" the discrete kinetic energy.

To make the following derivations simpler, we express e and C in function of J instead of
the variable state m, according to the relation (2.21). About the second term, we write that
thanks to (2.19b),

n+2 n+l1 _ ,n n+1 n+1\2 n n\2 n+1l _ _n
(Hy 2>y y* 1 [(y LW ))_(y +(y)>}_e Ate’ (2.23)

Ry RoAt At |\ Ro 2R? Ry = 2R?

with e = (e(y", J"))g16, = (€(¥", ")) g, that depends only on y". With e" = e(y",J") and

g"*‘éﬁ = g(y”‘%, J"+%), we have the following Taylor expansions:

WEH = W (") = W (e 2F) + (e — ") %(ﬁ’”%ﬁ)
£ € € £ e =

1 n+1 n+14\2 62\116 n+ 24 n+1 n+18\3

+ (€M =€) (") + O((e"T — ")),
2= = 822 = = =

Wy = W) = Wl HY) — (€ HE ) (e
£ 4 4 £ e =

1 0%

+ §(gn+%ﬁ . gn)2 . ag2e (gnJr%jj) + O((gnJr%ﬂ _gn)i’;)?

and
”'H—y” 1 1 Jntl _ gn

Qn—i-l 7gn+%li :dyg(yn+%’ Jn—i-%) . Yy

2 +ng(yn+§’Jn+§)

FO(((J™ = M), (™ = ™)),

n+1 _ ,n n+1 _ Jn
5 Y +ng(yn+%’Jn+%) . J J

+O(((J =), (™ =),

n+%t¢ _ gn :dyg(yn-i-%’ J”"'%) Yy

s
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Assuming that dye and dje are bounded, by subtraction,

™

my s Wity L O(((m — ), (I — T,

\I,Z—H _ \I,g — (gn—i-l . P (e

From now on we assume that O(y" ™! — y") = O(J"*! — J") = O(At), then

At At de

a\Ije n+lﬁ a‘Ije n+lﬂ
<8€> (e 2)+(8e> (e""2")
P11 =/ ¢2¢2

vt -y - et — e, <8\Pe> (Qn+%ﬁ)
rr

+O(At?), (2.24)

en-l—l —en

At

_l’_

with e}, = ("), so that
en+1 o 1 (Jn+1)2 B (Jn)Z
T o2\ Oyt Cyr)?)

Again, Taylor expansions give
(Jn+1)2 (Jn+%)2 JnJrl _Jgn Jn+1 —Jn 2
nr12 o (1T T+ < 1 ) :
C(y™th) C(y"+s)? s 9. Jn+3
" n—i—l / n—&-l 2 n+1 _ ., n\2 -1
Ly 12) C'(y 12) (y y") +O(AF)
C(y**2)  C(y'tz 4

(J'+3)>2 L C’(y’”%)( nl_ny 4 (J"+1—J”>2
o C(yn+%)2 Jn+% C(ynJr%) y y 2Jn+%

C'y"t)
—_— n R’ JTZ-H _Jn
J"+%C(y”+§)(y y )( )
" n-‘,—% ! n—&-% 2 n+l _ ) n)\2
(" 1)JFC(y 1) (y y)+O(At3)’
Cly™™=) CO(y"2)

and similarly
(Jn)Q (Jn+%)2 Jn—l—l —_Jn C/(yn+
3 = 1 1- 1 +
CW")?  co@yrtz)? Jts cy™t

[N Ll IS
~—
—~
<
3
+
—_
|
<
3
~—
N
[N
<
S
+
N|=
N———
no

C/ n—&-%
_ ;(y >; (yn—i-l _ yn)(Jn+1 _ Jn)
JMTEC(y" )
(e | ot
Cly™a)  Cyt

Using that C”(yn+%) = 26/(y”+%) and that
e/(yn+%)(yn+1 . yn) — 6n+1 et O(Atg),

this enables us to write
n+iy2 n+1l _ gn n+l _ _n
T Clk) iy (At L U G NN
C<yn+§)2 Jnts C(yn+§)
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Finally, (2.24) rewrites

e 7
At a

et —en | [0V 41 ov 1 (J"+%)2 ov 1
e n 711 e n+7ﬁ o e n+7ﬁ
At ( e ) (™25 + ( e ) € Qc(yn+%)3 de €™
P11 P22 =/rr

Jn-i-% Jn+1 —Jjn (a\pe

1
o n+%)2 At Oe > (gnhﬁ) +O(AF).
Y = rr

Using (2.23) and (2.20a), the second term of the multiplication of (2.19a) by v"3 rewrites

\Ijn—f—l —_gn Jn+l Jn—f—l —Jn o
e N e i X 5 e (gn+%ﬁ) + O(At2)
C(y"*2)? t e
rr
and, using also (2.22), (2.19¢) and (2.21), we end up with the following discrete energy balance,
for & = E? 4+ ¥ — we recall that the incompressible solid does not store any energy in Wy —
1
_ gntignts (v™)? + (v )2 n ptef
4 pr

gn+1 _&n
At

+0(Ar%),

with the discrete pressure

n+1

anr%ﬂ = J 21 O\I'e (enJr%ﬁ)
Clyta2\ % /), =

This second-order energy conservation is consistent with (Le Tallec and Hauret, 2002) and

justifies our mid-point discretizations.

2.3 Numerical simulations

The cost-effectiveness of the 0D model and its relative simplicity of use makes it a very
interesting tool when trying to simulate various physiological situations. As a matter of fact,
calibration of complex dynamical models and initial state estimation requires the possibility to
run many tests with different sets of parameters. In addition to the wide clinical application
potential of the illustrations of this section, the results presented will also be very useful to
calibrate and estimate initial states in more complex 3D models.

We perform simulations of contraction and myocardial perfusion, first of a healthy heart.
Then, we introduce stenosis of a large coronary artery and assess typical physiological indicators
used in cardiology. Finally, we modify the properties of the porous medium to mimic diseases
affecting the microcirculation, and we simulate the inotropic effect.

This work was made in collaboration with Radomir Chabiniok.

2.3.1 Healthy heart simulation

We assume the incompressibility of the solid constituent, and the hyperelastic potential W,
is in the form

\Ife = C[) exp(Cl(Jl — 3)2) + CQ eXp(Cg(J4 — 1)2) + C4(J3 —1—1In Jg).
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We use the time scheme of Section 2.2.3, and parameters of Table 2.6, that were calibrated to
reproduce a realistic simulation of a healthy heart at rest. We plot the cavity flux, the perfusion

mass m, the perfusion, cavity and coronary artery pressures and the coronary artery and venous
fluxes

Qca = meo keq (Pca - p) and ch = meo key (p - Psv)-
Calibration is performed according to the following criteria:

e the volume fraction of perfusion blood within the myocardium is 12 to 15% (Spaan, 1985),

e clinical data show that the myocardial perfusion flux is typically 1mL/100g/s (and our
myocardium reference volume is 130mL),

e ejection fraction and aortic pressure and flux had been previously calibrated in the model
with respect to measured clinical data.
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Figure 2.5 — Cardiac cycle obtained with the 0D-model. Healthy case. In solid line,

Fricro = 1, in dashed line are the results with vasodilatation Fr;?cm = 4.
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At Co, C2 | C1, Cs Cy po,ps | Ro d A . 100
le-3 500 0.6 26000 | 1000 | 0.02 0.014 0.44 E 28
kca; kcv Rp C’p Rd C1d Rc Cc P, Ssv § 40
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Figure 2.6 — Parameter table and Starling effect function ng. All units are SI.

In Figure 2.5, the perfusion mass and pressure show the systolic flow impediment (Westerhof
et al., 2006; Kajiya et al., 2007): blood is drained out of the myocardium during the contraction
(systole), and coronary circulation is reestablished during the relaxation (diastole).

Vasodilatation is a regulation process by which the organism adapts the amount of blood
perfusion to the physiological state (e.g. increased activity of heart). A decrease of vascular
resistance by vasodilatation of small arteries, arterioles, venules and small veins allows increas-
ing blood flow. In the case of the myocardial perfusion, this corresponds in our model to an
augmentation of k., (arterial vasodilatation) and k., (venous vasodilatation). In order to re-
produce this phenomenon, we consider that the two micro-vascular coronary conductances k.,
and k., are multiplied by a factor that can cover the interval [Ficro , Fr‘giicm], with Flicro = 1
for our healthy heart at rest, meaning that the conductances k., and k., are calibrated to the
conditions at rest, and we assume F;gcm = 4Fhicro for maximal vasodilation in a healthy heart
(Chilian et al., 1989).

Figure 2.5 reproduces the heart perfusion at baseline and at maximum vasodilatation, and
illustrates that the healthy heart can increase the perfusion flow by approximately factor 4 —the
so-called Coronary Flow Reserve (CFR) (Gould et al., 1990) defined by the ratio of the mean
coronary flow at baseline to the one at maximum vasodilatation, see Table 2.1.

We introduce the notation || for the mean in time of a physical quantity ¢.

2.3.2 Macro vascular stenosis

+—__ Stenosis

R. /7 and C, N\,

Vasodilatation

kca 9 kCU /‘

Figure 2.7 — Coronary vasodilatation and stenosis. To model coronary vasodilatation, k.,
and k., are multiplied by factor FI;?HO > 1. To reproduce a macro-vascular coronary stenosis,

R. (and C ') are multiplied by factor Fyn that goes to up to 100 in our model.
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Figure 2.8 — Stenosis simulations. On the left, Fiten = 40, on the right Fgien = 100. In

solid line, Fiyicro = 1, in dotted line are the results with vasodilatation Fr‘r’filcro = 4.

A stenosis is an abnormal narrowing of blood vessel in coronaries, typically due to deposits
in endothelial parts and atherosclerosis (Mann et al., 2014). In the coronary network it leads
to ischemic heart disease. In the case of the coronaries, we distinguish two types of stenosis:
a macro-vascular stenosis (typically due to atherosclerosis) that affects large coronary arteries,
and micro-vascular diseases when smaller coronary vessels down to arterioles and capillary
bed are concerned. The first ones can be treated interventionally by percutaneous coronary
angioplasty (PTCA, e.g. by implanting stent), or surgically by coronary artery bypass grafting
(CABG), while these procedures would have a limited effect if the microvascular component is
predominant.

With our modeling, the microvascular stenosis corresponds in the model to Fiicro < 1. In
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order to reproduce macro-vascular coronary stenosis, we introduce a factor Fyie, that multiplies
the resistance of large coronary arteries R. —and C. ! to keep the R. — C, time constant —, see
Figure 2.3. In our calibrated model, a healthy heart corresponds to Fgen = 1, whereas clinical
observation of significant stenosis show that the vessel effective radius can be divided by 10,
which, roughly speaking, would correspond to Fiten, = 100.

To better assess the severity of stenosis than by a simple geometrical measurement (Fis-
cher et al., 2002), currently gold standard functional measurements rely on the ratio of its
downstream to upstream mean pressures assessed at maximum vasodilatation (with the use
of vasodilators): the so-called Fractional Flow Reserve (FFR) (Pijls et al., 1993). Typically,
FFR < 0.8 characterizes ischemia, and FFR < 0.75 suggests intervention (e.g. stenting) (Bech
et al., 2001; Pijls et al., 2007). In our case, it is of high clinical interest to calculate by post-
processing this ratio, that reads FFR = | Py |/|Par|-

Table 2.1 summarizes our results. We can see for example that in our most severe stenosis
case, the patient’s vessels would have to dilate even at rest to keep a viable myocardium per-
fusion flux (around 1.3mL/s). Although this vasodilatation at rest is automatically regulated,
it decreases the potential of further dilatation at exercise (stress, etc...): the CFR is divided by
factor two compared to a healthy case. While FFR = 0.76 for Fii, = 40 signifies a borderline
stenosis, FFR = 0.56 for Fgen = 100 could suggest an intervention.

Fiicro, YL o | Fiten | Am (kg/m?) | |Q,| (mL/s) | FFR | CFR
1 1 6.8 1.33
4 1 27 5.16 1 3.9
1 40 |66 1.22
4 40 |24 3.74 0.76 | 2.8
1 100 | 6.4 1.07
4 100 |21 2.58 0.56 | 1.9

Table 2.1 — Numerical results corresponding to Figure 2.8 and 2.5. We compute the
increase of blood mass per cycle and the mean flow, for a virtual heathy patient and then in
the presence of stenosis. We also derive the indicator FFR and CFR, and see that a serious
stenosis can divide by factor 2 the CFR.

2.3.3 Micro and macro vascular diseases

Until now, we have considered that F][‘I’l‘iiCro = 4, which corresponds to a healthy micro-
circulation in the coronaries. In the case of a micro-vascular stenosis, Fjicro < 1 and it actually
corresponds to a imaginary state, because even at rest the heart vessels are dilated to maintain
a viable coronary flux (about 1.33 mL/s in our case); but the important consequence is that
Fr‘r’fiicm decreases and with it the CFR that measures the heart potential of vasodilation.

In figure 2.9, we plot the mean arterial flow in the coronaries (and the CFR), and the FFR
for different values of (FI‘I’I?MO, Fiten). Each curve corresponds to a micro-vascular state Fiicro
(with or without vasodilatation), and in abscises is the macro-vascular stenosis Fye, simulated.
For example, for a given micro-circulation state FI‘I’l‘iiCm, moving along a curve to the left can be
interpreted as “virtual stenting”. This illustrates the limit of the single FFR indicator when
evaluating the relevance of stenting: for example, if the micro-vascular circulation is affected,
stenting can bring FFR to 1, but doesn’t always sufficiently improve the CFR.

To overcome the limit of simple functional index as FFR, the model of perfusion offers

other quantities such as |m/|, see Figure 2.9, indirectly accessible by non-invasive imaging (e.g.
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Figure 2.9 — Main indicators for micro/macro vascular diseases. In function of Fiyten,
we plot the mean arterial coronary flow (and CFR, on the left), the FFR (on the right) and
the mean fluid mass |m| (on the bottom), at maximal vasodilatation in thick lines, and at —
eventually virtual —“baseline” in thin lines. Each color corresponds to a microvascular state. In
orange are the flow necessary for cardiac activity at rest (assumed here to be 1.33 mL/s) —i.e.
CFR =1 — on the left, and the limit case FFR = 0.75 on the right.

perfusion MRI or PET) (Morton et al., 2012).

2.3.4 Inotropic effect

Inotropy is a regulation process that intervenes to increase the cardiac output when needed.
It can be spontaneous in physiological situations (e.g. during exercise) or in pathophysiology
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to compensate decreased cardiac output in heart failure. Drugs with inotropic effect can be
considered in the therapy of some type of heart failure. Increasing stresses in the myocardium
will effectively strengthen the cardiac output flow. However, it is known from physiology that
the negative counterpart is that it also reinforces the flow impediment and disturbs the coro-
nary circulation, essential to the myocardium contraction activity. Since our model of porous
myocardium accounts for these interactions, it could be well-suited in targeting personalized
therapy.

Therefore, in this last section we perform the study the so called inotropic effect, increasing
the heart contractility.
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Figure 2.10 — Baseline (on the left) versus inotropic heart (i.e. contractility o( in-
creased by factor 1.5, on the right). We compare the mean fluid mass |m| (on the top)

and the coronary fluxes (on the bottom). In solid line, Fiyicro = 1, in dashed line are the results
with vasodilatation F¥4 = 4.

micro

Comparison made on Figure 2.10 illustrates the flow impediment strengthening, and shows
that the mean fluid mass |m| decreases. Indeed, stronger stresses drain more blood out of the
myocardium.

We finally re-run the whole set of simulations of Section 2.3.3, see Figure 2.11, to cross-
compare the effect of contractility and micro/macro vascular stenosis onto our set of indicators.

This illustrates how the inotropic effect can compensate some microvascular diseases, strength-
ening the perfusion flow. For example, for Fr‘ﬁ(iicro = 3.2, a contractility increased by factor 1.5

almost re-establishes the output flow corresponding to Fr‘r’l?cro = 4. In the meantime, a higher

flow and a better circulation reduce the mean fluid mass |m/|.
Nevertheless, the flow increase permitted by stronger muscular activity is accompanied by
a boost in oxygen and nutriment demand within the myocardium. For further interpretation,

and in order to evaluate the efficiency of this process, we would need to counterbalance the gain
in output flow according to the rise in perfusion demand.

Our results show that the model gives promising qualitative reproductions of complex and
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Figure 2.11 — Main indicators for micro/macro vascular diseases, study of the in-
otropic effect. In function of Fyen, we plot the mean arterial coronary flow (and CFR, on
the left) and the mean fluid mass |m| (on the right), at maximal vasodilatation. Each color
corresponds to a microvascular state, solid lines represent a normal heart, whereas dashed lines
reproduce an inotropic heart.

coupled physiological phenomena, and this paves the way for future quantitative study using
clinical or experimental data.

2.4 Conclusion

To conclude, adapting (Chapelle et al., 2012), we have derived here a complete 3D cardiac
model that now takes into account the myocardium perfusion and links the coronary circulation
to the previous circulation model.

Drawing our inspiration from (Caruel et al., 2014), we then performed a dimensional reduc-
tion to write a 0D perfused heart model. It allowed us to model new physical quantities (the
perfusion mass and pressure) and to reproduce phenomena such as the flow impediment that
occur in systole, and the vasodilatation that enables cardiac activity adaptation. We ended
up illustrating the relevance of such improvements, reproducing coronary vascular diseases that
represent a wide majority of heart diseases, and that we could not explain with previous models.
The porous model accounts for the mechanical interactions between the coronary circulation
and the myocardium activity, and allows to illustrate qualitatively the inotropic effect.

As in (Caruel et al., 2014), this approach was motivated by the calculation efficiency of 0D
simulations, which have proven again to be very effective, reproducing quickly and faithfully
complex physiological phenomena. Indeed, a cardiac cycle is computed in about one minute,
and we can consider using this model for physiological monitoring over a period of time. Never-
theless, here the limiting factor in cost-efficiency was the first guess of the initial state. Indeed,
the heart cycle does not contain an equilibrium state, and the initial state cannot be calculated
as the solution of a static problem, as it is often made in dynamical resolution. Therefore,
the computation of numerous cycles (here about 50) is necessary in order to reach the actual
periodic cycle. Progress could be made in this direction. Again, the final periodic cycle that we
reach will be essential in future work for the calibration of more complex 3D models.
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Further perspectives could also include quantitative studies of these physiological processes
and others (e.g. chronotropy), and investigation of the dependance of the muscle cells activity
on the nutriments and oxygen supply permitted by blood.
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Chapter 3

Effective and energy-preserving time
discretization for a general nonlinear
poromechanical formulation

This chapter is in the verbatim form of a paper accepted for publication in Computers &
Structures.
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nonlinear poromechanical formulation

B. Burtschell, D. Chapelle! P. Moireau

Inria and Paris-Saclay University, France

Abstract

We consider a general nonlinear poromechanical model, formulated based on fundamen-
tal thermodynamics principle, suitable for representing the coupling of rapid internal fluid
flows with large deformations of the solid, and compatible with a wide class of constitutive
behavior. The objective of the present work is to propose for this model a time discretiza-
tion scheme of the partitioned type, to allow the use of existing time schemes — and possibly
separate solvers — for each component of the model, i.e. for the fluid and the solid. To
that purpose, we adapt and extend an earlier proposed approach devised for fluid-structure
interaction in an Arbitrary Lagrangian-Eulerian framework. We then establish an energy
estimate for the resulting time scheme, in a form that is consistent with the underlying en-
ergy principle in the poromechanical formulation, up to some numerical dissipation effects
and some perturbations that we have carefully identified and assessed. In addition, we pro-
vide some numerical illustrations of our numerical strategy with test problems that present
typical features of large strains and rapid fluid flows, and also a case of singular transition
related to total drainage. An example of challenging application envisioned for this model
and associated numerical coupling scheme concerns the perfusion of the heart.

1 Introduction

Recently, novel challenging applications such as cardiac modeling have required the in-
troduction of general formulations coupling porous flows and hyperelastic formulations, and
compatible with large displacements, finite strains and strong inertial effects both in the solid
and in the fluid. In this context, a general poromechanics formulation was proposed in [10]
based on fundamental thermodynamics principles, see also [41] where the same type of model
was subsequently considered. As inertia effects and large displacements are considered, the
final formulation is very similar to the coupling of hyperelastic dynamics for the skeleton — i.e.,
the solid constituent — with a conservative form of the so-called Arbitrary Lagrangian—Eulerian
(ALE) formulation of the compressible Navier—Stokes equations [15, 33] set on the same domain,
hence, with a domain velocity given by the skeleton physical velocity. The compressible anal-
ogy comes from the product of the fluid volume fraction with the fluid density that, together,
play the role of a varying fluid density. Finally, when compared with standard fluid-structure
interaction (FSI) problems, we have the additional distributed coupling term representing the
interaction between the two phases [6, 13, 14]. From this analogy, [10] introduced a time scheme
with an energy balance at the time-discrete level inspired from the work [32] initially devoted to
classical fluid-structure interaction problems. The proposed time scheme combined in a mono-
lithic formulation a mid-point energy-conserving extension of the mid-point Newmark scheme
and a second-order Crank—Nicolson scheme for the fluid— with an additional specific treatment
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of the Darcy term discretization in order to respect the energy balance in the fluid—skeleton
interaction. This scheme was proved in [10] to be second-order accurate and unconditionally
stable, similarly to its initial fluid-structure counterpart in [32].

However, this scheme has some drawbacks when considering its practical use in simulation
software — in industrial codes in particular — as it implies the use of a Newton-Raphson solution
procedure on a monolithic fluid+solid formulation. Therefore, we propose in the present article
an alternative time discretization inspired from state-of-the-art partitioned FSI time-schemes
[18, 19, 27]. Partitioned solvers aim at solving the interaction problem by coupling independent
solvers for the fluid and the solid [2, 3, 21, 28, 29, 35]. Therefore, they are much more modular
than monolithic approaches and allow the use of existing legacy software [30]. However, the
computational efficiency of partitioned approaches compared with a monolithic approach must
be assessed [4, 8, 27, 28]. Hence, the question of monolithic versus partitioned approaches has
already been raised in other specific poromechanics formulations, typically with Darcy flows
[34].

As we aim at relying on a classical Newmark scheme for the solid with an energy-conserving
extension for general hyperelastic laws [22, 25], we set out in this article to propose our time-
scheme based on the recent partitioned FSI scheme of [1]. This scheme combines a Newmark
scheme for the solid [22] with an effective Chorin-Temam projection scheme in the fluid [11,
23, 39]. The fluid viscous sub-step, taking into account the convective—viscous effects and the
geometrical non-linearities, is treated explicitly. Moreover, at each time step the projection
sub-step is implicitly coupled with the structure with Robin coupling conditions derived from
Nitsche’s interface method [7, 36]. The specificity of this coupling strategy is twofold. First,
it allows to prove stability independently of the added-mass effect typically present in blood
flow simulations, which in particular is known to compromise the stability of explicit coupling
— time-marching — schemes, see [8]. Note that this added-mass effect has also been evidenced
in poroelastic models with an impact that directly correlates with fluid fraction [5]. Secondly,
the coupling strategy of [1] is, to our best knowledge, the only time scheme that allows for
non-linear conservative time-stepping within a 3D general solid, as opposed to the more direct
Dirichlet-Neumann semi-implicit coupling [19]. From this starting point, we propose in the
present article a partitioned scheme adapted to the poromechanics formulation of [10], with
an adequate treatment of the additional fluid fraction variable, and a specific treatment of the
distributed coupling conditions. The resulting scheme is proved to satisfy a discrete energy
estimate, hence, to be unconditionally stable. Compared with [1] from which we draw the
inspiration of our time scheme, our major contributions lie in

e extending this time scheme to our more complex case of a two-phase poromechanical
problem;

e establishing the discrete energy estimate with the total free energy of the mixture, in a
general nonlinear framework.

Furthermore, as our proposed method has the same algorithmic complexity as that of [1], we
can similarly expect very significant gains in computational efficiency compared to a monolithic
approach, as already assessed numerically in [19], in particular.

The paper is organized as follows. In Section 2, we recall the formulation of the general
poromechanical model of [10] that we consider, with the associated energy balance. Next, in
Section 3 we introduce our proposed partitioned time discretization scheme, and we provide a
detailed stability analysis of this time scheme by establishing a discrete energy estimate. One
ingredient of this analysis is an adapted form of the so-called “geometric conservation law”
[16, 17, 38, 40], which in our case is shown to be satisfied by construction, up to perturbations



induced by spatial discretization that we analyse in details. In Section 4, we provide some im-
plementation considerations, and several numerical illustrations for representative test problems
proposed in the recent literature [9]. In addition, we present a test case in which we precisely
monitor the energy balance and quantitatively assess the various sources of perturbations in-
duced by spatial discretization. Finally, we give some concluding remarks in Section 5.

2 Poromechanical formulation

2.1 Basic definitions

We consider the general poromechanical model proposed in [10]. This is a two-phase mixture
type model, in which a fluid phase and a solid phase are assumed to coexist and interact at
each point, ¢ denoting the volume fraction of the fluid phase — also called the porosity.

The solid phase is primarily described by the displacement field y_ (§,t) defined at every
point ¢ in the (fixed) reference domain ©°, and at any time ¢ in the time window considered.
We will use the corresponding velocity field

W _ oy (6.t

The displacement field maps the reference domain Q° to the deformed domain €, viz.
e mx=E+y (60
and the associated deformation gradient tensor is

F=1+V, y,

with determinant J = det F. We point out that J represents the local change of volume of
the global mizture, whereas the change of volume of the solid phase itself is given by J(1 —
?)/(1 — ¢p), with ¢g the fluid volume fraction in the undeformed configuration, and we define
Js = J(1 — ¢). We recall the definitions of the right Cauchy-Green deformation tensor and of
the Green-Lagrange strain tensor, i.e., respectively,

C=F""F, ¢=5(C-1).

The mass per unit volume of the solid phase in the reference configuration is denoted by pgp.

The internal fluid flow is represented by the velocity v, and pressure p, both fields being
naturally defined in the deformed domain ;. The fluid is assumed to be incompressible, hence,
the fluid mass per unit volume p¢ is constant. The quantity m is defined as the added fluid
mass per unit volume of the reference configuration, i.e.

m = pi(J¢ — ¢o).
The fluid is assumed to be Newtonian, with the usual decomposition of the fluid Cauchy stress
tensor into viscous and hydrostatic contributions, i.e.

gf =g (Qf) _pl

—V1is

Recalling the classical transformation rule from the Cauchy stress tensor to the second

Piola-Kirchhoff stress tensor
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here written for the global stress tensors of the mixture, we will denote by ;s the contribution
of the solid in the second Piola-Kirchhoff stress tensor X, i.e.

S =2-¢JE g FET =292 +¢pJC, (1)

with ¥ . = JF .o,
.:VIS. = —=V1s =
constitutive laws.

- F~T see Section 2.4 below for more detailed specifications of the

2.2 Strong formulation

The strong form of the poromechanical model reads [10]

pall = 60) 2~ Ve (E-2) +pIE" Vo
—JOk - (v —v) = po(l = o) f, Q% (2a)

d
S (PrI o) + V- (prdur @ pr(us — vy)) — Oy
+¢2Ef_l (v —u) = NVx- (Pg,) + NP =pro £, in Q, (2b)
d
Far P+ V- (prolys —vy) =90, inQ ()

where k. denotes the so-called permeability tensor that governs the friction forces between the
solid and fluid phases (we will also use its inverse Qf), f the applied distributed force per unit
mass, and 6 the fluid mass input per unit volume in the deformed configuration that may be
used in some problems to model some specific inflow (§ > 0) or outflow (f < 0) conditions.
This is a coupled system, albeit in essence the first equation governs the solid deformation, the
second the fluid flow, and the third the fluid mass conservation. Note in passing the slight abuse
of notation — that we will repeatedly use throughout the paper — by which we employ the same
notation for fields defined over the domains Q° and Q; — e.g., for the velocity fields — which
means that composition by the deformation mapping or its inverse is implicitly used.

Remark 1 (Comparison with fluid-structure interaction)

From a formal standpoint the above system bears some interesting resemblance with a fluid-
structure interaction problem written in the Arbitrary Lagrangian-Eulerian (ALE) formalism,
see e.g. [1]. The main differences here are that the fluid and the solid interact everywhere
— and not only on boundaries — via the distributed friction term J qﬁ?Ef_ U (v — vg) and the

porosity gradient term pJF T -V ¢¢, the ALE domain velocity is substituted with the physical
solid velocity, and the fluid mass conservation is made more complex due to the combination
of fluid and solid at every point (with fluid volume fraction ¢). Nevertheless, the similarities
will allow us to draw some inspiration from a previously-proposed time scheme to design our
discrete problem, i.e. [1].

S

Of course, the above equations must be complemented with adequate boundary conditions.
Denoting by ¢ the total traction on the boundary of the domain €, and by t, = J||£_T -nylt
the transported counterpart on the boundary of the reference domain 00, as in [10] we will
consider:

e Dirichlet boundary conditions for both phases, i.e. prescribed skeleton displacements and
fluid velocities

— ,,Pr __ ,,Pr
yS —ys ) Vg _yf ’

on the subpart of the boundary that we denote by F()D in the reference configuration and
'} in the current configuration;



e Neumann boundary conditions — namely, prescribed forces — for both phases together,

2.3

with proportional repartition! of boundary traction

IS]

ﬂ:é{:}iéﬂozio, a. -
on Y (or T%);

Neumann boundary condition for the global mixture, but vanishing fluid flux and propor-
tional repartition of tangential boundary traction

IS}

m=teF-X-ng=ty,, w(c,n)=n-(t), (v—2) n=0,

on F?Vnof (or F’}Vnof), where 7. = 1 — n ® n denotes the projection onto the tangential
plane;

Neumann boundary condition for the global mixture with fluid velocity coinciding with
the solid velocity (no sliding)

IS}

n=tsF-X-ny=1, v=u,

on I'0

Nnos (OI‘ Fl}\fnos)‘

Weak formulation

We consider test functions (vg,vf,¢") associated with the main unknowns (y_,vs, m) and
satisfying similar Dirichlet boundary conditions, albeit in a homogeneous form, i.e.

v¢lro, = vflro, =0, ((vf — v3) 'ﬂ)|F9\,nof =0, (vf =)l =0.

Multiplying System (2) by these test functions and integrating space-wise yields [10]

d
/ pso(1 — o) Us-ﬂé‘m*/ z idye'vidﬂ_/ (vf —v) - ¢k, - v dQ
Qo0 dt Qo =% = oM =f

+/ pvx¢‘v:dQ:/ p80(1_¢0)f'U:dQ+/ (1_¢)t0y:ds
Qy 0o - 9

N
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with
d
Pf(v*)Z/ —(Jpropvy) -v*dQ+/ Vi (prove @ (v —vg)) - 0" dQ — [ Oug - v dQ,
0o dt Q4 B Q4

L proportionality is meant here according to the respective volume fractions of the two phases



and the residual representing the fluid reaction forces
cl, % fo o * 27.—1 * p %
Ri(w) =i + [ (- v @l onan s [ (<Y (rond) + o2, e)) do
Q - Q4 Pt o
~ [ mosvan— [ or-uas— [ omn)-uias
Q - e, It

This weak formulation characterizes the main unknowns (ys, vg, m), from which all other quan-

tities can be computed. In particular, we have ¢ = m/J’E;JF)%, and the pressure p will be given by

a constitutive equation, see next section. Note that — as is usual in computational mechanics,
especially in a nonlinear framework — we do not dwell on the mathematical definition of the
functional spaces, typically considered to be Sobolev spaces of the form W!* with s sufficiently
large for all integrals in (3) to be well-defined, see e.g. [12, 31] and references therein for more
details.

In order to transform (3a) into a more compact form, we define the following pseudo-residual
based on the above-introduced residual

Ri(w) = Ri(w!) ~ [ (= v) &l uid+ [ 9960 0id0

t Qt

=Pl + [ (0¥ il +og,, ) a2 = [ profnido

- [ otewas— [ otm)-aias,
]_‘*t

t
F]\7 Nnof

where we have used the identity V - (¢v) = ¢V - vf + V¢ - vi. We infer the following
alternative form for (3a)

dys * * *
[ opatt—o0 5 wan s [ 5 e a0 = [ pali—onf-otin
Qo (ol foll
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2.4 Constitutive laws and energy balance
We consider a total stress tensor given by [10]

DI L 0¥em) +a‘1’damp(ga§)

=vis ag m 82 e

?

with W(e,m) the Helmholtz free energy of the mixture, and \Pdamp(e ¢) a viscous pseudo-
potential. Due to fluid incompressibility, ¥(e,m) = ¥ (e, Js) with W the solid free energy
— meaning that the fluid cannot store any energy — hence, we have

oVy(e, Js) Qwdamp (¢, ¢)
T =¢% 5= ==
¢‘v15 62 Je + 82

see [10]. Recalling (1), this gives for the solid contribution

v oV (e, m)‘ 8\I'damp (e, ¢) ‘ T apIc! )
=s de m
oW (e, Js) aqfdamp (e,€) .
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In addition, we have
oV (e, m)

8\115(2’ JS)
P=ri—yp =——F0
m

e 0Js
Defining the total kinetic energy of the system

1 1
K= / pso(1 — ¢o)v? dQ + / prop v dS,
2 Joo 2 Q

and the total Helmholtz free energy

W = U (e, m) dS2,
Q0 a

we can now recall the following energy balance result, see [10, Theorem 7]

ac _aw / oWdamp
00

. . 27.—1
T = et [ oz [ ) g () a0

+ Péﬁal + Jkb + T + I + Jgo, (D)

the operator ¢ denoting the usual symmetrized gradient, and with
plotel = / pso(L = ¢o)f - vgdQ +/ pid [ vp dQ + / t- (1= @)y, + pug) dS
Qo0 Q o
the total power of external forces,
1 9 1 2
Jicb = —5 pedvi (vg — v) - mdS,  Jkg =5 | vifdQ,
2 Joq, 2 Ja,

the incoming rates of fluid kinetic energy due to the boundary flow and source term, respectively,
and

Iwb = —/ prdm (v — vg) - ndS,  Jgo = / gm® dS2,
i) Qt

similar incoming rates of Helmholtz and Gibbs free energies. The physical interpretation of (5)
is that total energy variations correspond to dissipation losses — in the fluid and solid phases
separately, and in their interaction — and external source terms.

3 Effective and energy-preserving time discretization

In the sequel we use the standard mid-point notation

n-‘,—% _ gn+gn+1

g 5 )

except when otherwise specified for some specific quantities that we then denote by g"‘*‘éﬁ, to
then emphasize that a discretization rule other than simple mid-point is being considered.
For any field w% in VO = H'(Q0)3, we define

VO(wp) = {v* € V° | v*|pg = wh}.

Assuming a sufficiently regular mapping between the reference domain Q° and the deformed
configuration of time step n denoted by €1f, we define

Q" = L*(Qf),



and for any (wp,w) in (V™)? = (H1(QF)3)?,

V*(wp) ={v" e V"

Q*!Fg =wp},

Vi wp,w) = {v" € V" | v¥|rp, = wp, vy, = wlry, ., @ —w)-n=0on TR}

As in the continuous framework, we will use the same notation for functions defined in Q° and

All the solution spaces considered here are implicitly assumed from now on to be discrete in
space, typically using a finite element type strategy, but we do not dwell on space discretization
in this paper. Nevertheless, we will denote by h the typical maximum diameter of all the finite
elements in the mesh.

3.1 Time-discrete partitioned coupling method

We now define our proposed partitioned method, drawing some inspiration from the method
previously proposed in [1] for fluid-structure interaction, see above Remark 1.

Given the solutions (y ,ve) and (v, m™) up to time step n, perform the following steps:

e Step 0. Mesh and porosity updates: Q”+1 (Ioo +y)Q2 QY and ¢" = %.

e Step 1. Explicit step: find op! € V" (uf" (¢"*+1)) such that Vo € V"1 (0)

f

1
[T (ot e - ) a2 [ 0 <) a9
artt = =

f f

+ 2 gzb"(@"“—y:_%)-~*d5+ o | (Pt — g‘%)-n o -ndS
h 1 —f h ol £ - =

= 2 o (@) m-vfdS+ | "t pfdQ, (6)
Fn+1 Fn+1 — f

Nno< Nnof

where v denotes a stabilization parameter, see Remark 2 below.

e Step 2. Implicit step (implicit coupling of two sub-steps, fluid and solid)

oW |nt3t
— Step 2a. Fluid projection sub-step (where ]O”Jrllpfa : , see below)
1
Find (o', mnt1) € Vot (o (1n+1), vl T2) x Q1 such that V(u}, ¢*) € V™+1(0,0) x
Qn+1
n+l _ . n
a7 d9+/ Vo (ped™ (0™ — ol 2))g" a2 :/ q'0" d2 (7a)
QO t Q?Jrl Q;’Hrl

n n+l ~n+1 * o n+1 (AN
AmAﬁ( 5t - of d2 Awp (Vx0") - v} d92

n, n * n n+ n *
_/Qn+1¢ PV dQ‘F/QnH(UfH 2) - |gnf D, - vy d§2 (7h)
£ £
= [ wonsrtoians [ G i dS
L ot N D Urhes



— Step 2b. Solid step (Newmark mid-point scheme)

Find (y"*!,00™!) € Vo(ggr(tnﬂ)) X VO(er(t”H)) such that Yo! € V°(0)

n+1 n
L A

At 2
R st ) oo
ntds  Qudemp

ov ”"r%ﬁ 1
—_— s dy et 3ty dQ
+/QO (36 ﬁg ) ye 27 Us

n, n+1 Lk TH n nJF% ”*%
+/Q?+1¢ PN v 2 h /Fnﬂ 9" (us

— ol %) 0t dS
Nnos (Sb)
Y nti  n—1
+- " [(vs 2 — g 2)-n]y§-nd5
Dot
= [ palt=anfrazae s [ ot as

'y

+

Nnos Nnof

[ o 7 stas= [ otertt) s R

Nnof

Here, 7?,? denotes the discrete version of R¢, such that for any v* in V7!

D 143 1 * Pt n—1 n *
R (v*) = Tl (g = S0 dQ
(") /Q?+1 At¢ v v . At¢ uf v
+ 23' (pf¢n_1@?+l®(vn
QF

1
_ 2 Y _ nan+1l  x
of —us ?)) vt dQ /Q?+1 6" of T v dQ

—/ ¢"p" IV - v* dQ+2u/
Qptt N

n+1
Qf

¢ e(Dp) 1 e(v*) dQ

_ / pf¢nfn+1 ‘Q* ds) — (bntn-i-l _y* ds — ¢n(7r7_£n+1) .y* dS,
QTL+1 - Fn+1 F’VL+1
f N Nnof
the strain-related quantities are discretized as follows
1 1 1 en+1 en
e talt — oyt 3 entalt — =
= 7(y5 )7 = At 5
1 1 1 1
dggn-‘rzﬁ.v* 5 (i(g:-l-g)T.ziy*_i_zgy*'E(E;H_Q))’

and the discrete solid stress tensor contribution is obtained using (4), with the following dis-

O |n+31
cretization choices for 6—‘ " (see [22]) and p" Tl
€

oW |n+3t QW
o B GRS
B 1o +1 n+i
- el m™) ~ (e m™) é)i\lj(e"*%ﬁ m"l) et e (9a)
At de = = et . ghts
p"tL oW gt W(em, m" ) — (e, m")
pr Om N

mn-‘rl —mn



In the sequel, we will choose ¥dempP — L tr(§)2, with the discretization

aqjdamp
I

Remark 2 (Splitting and Robin boundary conditions rationale)

In essence, Step 1 takes care of the advection-diffusion part of the fluid problem, with an
explicit treatment of the advection term (linear problem), and no coupling with the solid part
other than via the Robin-type boundary conditions on the “fluid-proof” boundaries, namely,
F?VnofUF Nmnos- Lhen, Step 2 corrects the velocity computed in Step 1 by taking into account
the coupling of the solid component with the pressure part of the ﬂuid problem, including for

the distributed friction term. Eventually, the fluid inertia term / J pfqb Uf) - 0" dS) of the

n—i—%ﬁ n—&-%

: dygnJr%ﬂ . Q: d$) = / Nd danJr%ﬁ - Vg - d Qn+§ﬁ Q: d§).
= Q0 Y= =

continuous problem is decomposed in the discrete problem into two contrlbutlons that appear
in Steps 1 and 2a, i.e., respectively,

n+1 ~n+1
Ve — Y

nn+1 >k Q— n— 1 * Q n e Q
/Qn+1 Atgb v d QnA qZ) -0"d2 and /Qn 1pfqb A U d

As for Robin boundary conditions, they are introduced in Steps 1 and 2b — with the associated
stabilization parameter v — to take care of Dirichlet boundary conditions that relate the fluid and
solid velocities, while ensuring stability in the coupling, as will be demonstrated in the below
stability analysis. This combination of splitting strategy with Robin boundary conditions is
similar to that proposed in [1] for fluid-structure interaction, albeit here extended to a more
complex problem.

3.2 Stability analysis

Our objective in this section is to establish the stability of our proposed scheme, namely,
a discrete energy balance similar to (5) up to some numerical dissipation terms. We will then
naturally assume that there exists a solution (y7, vy, v, m") to the discrete equations (6)-(8)
up to time step n, and that this solution is admissible, which we characterize by

m"/pr + ¢o
J(y™)

s

J(y!) >0, 0<¢"= <1,

everywhere, with obvious physical interpretations for these conditions. In fact, in the stability
analysis, for technical reasons we will make a stronger assumption on the jacobian J (g;‘), ie.

max J(y™
makgen J0) _ y, (10
mingqo J(g:)

with M independent of n. This is in order to be able to invoke the following inverse inequality.

Lemma 1
Assuming that (10) holds, there exists a constant Cje such that

IVE ) - nllZais) < SNNVF W) Baguny, o € HAQP). (11)
This inverse inequality is obtained by a standard scaling argument when noting that
n
n *\ 0|2 — 1 AT * _ m /pf + 9o *
V& £}l ) = 197(E(w) P gy = 750 ) 2 g

10



where (m”/ps 4+ ¢o)e(v*)? is a polynomial — hence, in a finite dimensional space — due to the
spatial discretization of m™ and v*. By contrast, 1/J(y") is not a polynomial in general, which
leads to Condition (10).

Remark 3 (Inverse inequality and condition (10))

First of all, it should be noted that the inverse inequality (11) is rather ¢ conservative” in itself,
due to the fact that only the mesh elements adjacent to the boundary I Nnos are concerned in
the left-hand side, hence, in the starting point of the scaling argument. Moreover, in the course
of the scaling argument, Condition (10) could clearly be relaxed in the form

maxseK J(y:)

. <M,
mingege J (y7)

for every finite element K in the mesh. A particular case arises when considering linear finite
elements for the solid displacements, in which case the Jacobian is constant within each element.

For the sake of simplicity in the stability analysis, we will assume that ¢ = 0 on I'ynos,
Cnot =@, [ =0,0 =0,y =0 and vf" = 0. We then have the following result.

Proposition 2
Assuming that (10) holds and that v > Cj., the time scheme (6)—(8) satisfies

€n+1 — gn n+2
— || vs 2|2

At
41 8\I,damp
(zn—i—l’ ?—H)(ﬁn ot <t3+ljvg 2) —/ e
TN 1—¢n, 19, Q0 €

n n+3 n n n+
—/WW )P Dy (ot - de - Ty

H~n+1

’W
2 et~ 2h R, -

n—&—%ﬂ

n n+l ~n+1
2At _QfH¢n717Qn - 2At H Hqﬁ" Q"Jrl

~ n+l
fH P Hznrnﬂ, (12)

N nos

— Cp|e(@ptt) Hdm,ﬂ?“ —

with C a positive dimensionless constant, L homogeneous to a length, €™ the total discrete
energy at step n, i.e.

£ = K + K2+ W™ = Do |20 g + 22 S 1021, 0 +/ U (e, m™) dS,
2 R ap 0> Qo0 =
and T; the discrete flux of outgoing fluid kinetic energy that crosses the domain borders

1 n—1
Timg [ e PR - o) nds,
o0\

2
Nnos

Proof. Respectively evaluating the equations (6), (7b) and (8) with the test functions

~ ~ n+2 n+2
of =optt, vf =t —og %, and ol =ws 2,
we get, defining
vn+1 ~n+1
Ry(v*) = prd" = — *dO — PPV o - v* dD Ot v* dS
Qn+1 At Q;l+1 F7V+1



and using the weighted L?-scalar product notation (g, h)w,fl = fQ ¥ gh dS2,

Pt +1 ~n+1 an
At (@) g g — At G (o Y-z
_1
+ | Ve (prg" T @ (of — o)) 5 A+ 202 @) g e
Qp ) |
1
T R B G B PR
¢njr7&tis Nnos

Pf 1 1 1 1 1
2L (0 =5 ) g gt — /Q T - ) e

TL n l
_/ ¢npn+lz§,y?+l a0 _|_/ ( 1f1+1 ) |¢n‘ D ( +1 — v )dQ
Q?'Fl Q;l+1

nti
ot +Rp(ﬂs 2)a (13b)

PO |t 2y 0 — o2
IAL 1—¢0,Q20 9 A4 Us ¢0,00

O n+3t  Qpdamp 1y 1 1

n oV 2 ‘ 2 d §n+%ﬁ-y:+2 o+ ¢”p”+lyx-gs+2 a0
0o 0@ 82 = Q?-&-l =
_1 1 1 _ 1
+ % <s —us 2,v§+2> = (t{}“ 'Q:+2> —R?(y?+2). (13c)
¢ Tt 1—¢7,T'9

For the first two terms of (13a), we use 2(a,b) = a® + b*> — (a — b)? to obtain

Pt r~ntl ~ntl Pt ~n+1
A @I ) gpe = 1 (02 s g
@%Wawﬂ—nmﬂwgw—nwwum+|W“—w@am)<M>

Then, the next term in (13a) can be rewritten as in the proof of [10, Theorem 7]

n_l
/ Vi (oo™ ' op @ (of —us ) 2f T dQ

f

/ LE Py (e o - ) A0+ T (15)

m™ /ps+do

Now, recalling ¢" = Iy we evaluate (7a) at time step n — 1 with ¢* = |3} 1|2

— assuming

this is allowed by the spatlal discretization, see Section 3.3. This gives

1 o n— n ”—* 1 m" n
2/97 f+1’2 5'(pf¢ 1(Qf—1)s ))(:ZQ_—5 Q07| +1’2
f
L e () — ¢ e (g B2 4o

2 Joo At
o (112, g = 15 s ) - (16)
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Gathering (14), (15) and (16), we get
pf ~n n—1~n n n—3 ~n
(vf +1)¢" 1 Q?+/Qn V(o o @ (o~ ?)) - op 9

PEoantl Zntl
Ar O g gt = (8 2 ;
= L (I, g — N gy + 15 = 01 ) + Ti (17)

Then, substituting this result in (13&) and summing with (13b) and (13c) while applying
the identity (a — b,a) = 1a® — 30> + 3(a — b)? to (vt — f)?+1,y?+1)¢n79n+17 we get (using

nJr% _ .+l n
At Us = Qs QS)
S Y| (8\1’ L i "*“) e S ag
At At qo \ Oe 0e = -
1 1
_/ ¢ p" IV i - ( P n+2) e _/ PHY ") - (ot — 0 ?) dO
Qr+t aptt
~n+1 n+l ~n+1 2 :| n+1 n+1 n+
— 0t on + |V nontl| —2 n, (v
2At [H fH¢ L i bt H¢ U M( @) m.( ’ ))w oL
T2
L am (U:Jré gt v:+§) n <®?+1 _ ~?+1>
h [\" o eyl - RN
Ts

+
= (Em_l ?Jrl)qbn okt + (tn+1 vs 2> -T
1—¢n,I'Y,

e g0, (18)

20 (7 ) @ =) 0 D, (v
2 ¢n7Q?+1 gri Ve Us L, - (Y Us
f
. . . n+z
We used here the following identity that comes from (6) evaluated with 0f = vs 2
1
5d;, 3 n+ty
Ri(vs *) —Rplus *)
1 1
~n+1 n+3 YU 1 n—1 n+l
=2pu <€(v?+) n, Vs 2) s Ot —us 2, us o
¢)n’ TJ\Lfno.s d)n F”]Cnos
Considering now
M|ty apg1 3 ~ntl N5 ntl
To= g (s " m e D, @ — v BB g,
w[ gy apgl Nty apgd 3 ntl ~ntl
= —|(v -V v -0 +1 + —-v , U +1
h, (75 7f =8 7f )¢>'n F”]tfnos ( f f )(bn’r"]‘tfnos
~n+1 "7 3 ~n+l
+ (Qf Vs » Uy )¢n F?]i,-i-l(l)s
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—vs 2,0 1
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Using 2(a,b) < ||la||?> + ||b||* with the first term, and 2(a — b,a) = ||a||* — ||b]|* + |la — b||* with
the second one, we obtain

+1 -1 1 nt+i - +
(U: - Q: ? ) Q?+1)¢n71"%‘;})s Z ||47S1 - 2 H(bn F'rHrl - || n+1 n 2 ||¢n Fntés
1 n—l— n
7” Us 2||¢n F"+1 + 5 H Us 2||¢n F"+1 - 5””8 2H¢n Fn+1 3
hence,
TH ~ n+
73 Z QhHU?Jrl 2||¢n Fn+1 + 2h”J 2||¢n Fn+1 - || Vs 2H¢n F7L+1 . (]-9)

For the term T3, we use Young’s inequality (a,b) < 5-|lal|> + %HbHQ, with L homogeneous to a
length here, to get

1, . +l
~Tz < | Llle(@™) - nH2nFn+1 + o P o B e |
Nnos
and the inverse inequality (11) then gives
To 2 ~p O o g — SN — a2, (20)
¢n7Q?+ s o Fntlos ’

Using the bounds (19) and (20) in (18), we obtain

n+%ﬁ 8\deamp
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Now, using V - (¢v;) = V¢ -vp + ¢V - vg, and (7a) evaluated with d

is allowed by the spatial discretization, see Section 3.3 — we have

— again, assuming this
Pt

1
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Tim— [ pe) - +2>cm—/ P o) d
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:/ P m m 40
Qo Pt At
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Furthermore, thanks to (9) we have

oW |n+it d e”+%ﬂ vn+% n O n+3tmntl —m

(‘36 y= = om At
W ntst "t —e" QU ntgEmntl - mn
" Oe At om At
yot+l _ o
=—
Finally, we are led to
n+1 n
TS T, - PR,

+3 oydamp
B A
N 1—gnr,  Joo o 02

n n+l n n n+l
—/QnH(f“ ) e Dy ! -y de - Ty

+3 1
TR et g

~n+1 n+l ~n+1 2
|2t {EF e

- U?H 10on n+1
2At - (z)n_ ’Qf 2At 7Q
CieL 2 ~ n+
i (2= SE ) N g = (= 1) 1 = e 2)
. CieL ~
Therefore, we can have (12) provided we can find L such that 2 — >0 and I > 0,

i.e. when v > Cle.

Remark 4
Proposition 2 ensures the energy stability of our scheme provided yuAt = O(h). This CFL-like

condition and the interface term %”QZ 3 ||éna1—‘Nnos’ that could be incorporated to the numeri-
cal energy if I'ynos was fixed, already appeared in the Robin based fluid-structure interaction
splitting scheme of [1].

Remark 5

All the physical dissipation terms already seen in the continuous energy balance (5) are present in

. L . N 2
this discrete balance. In addition, as in [1], the terms HU"H vptt — pptt I n

n
— Vg H¢n—1 Qno Qntl
N ef W

n+l

Us 2”

and [|7f nt1 bring numerical dissipation.

™ Nos
Remark 6

In line with Remark 1, let us mention that this stability analysis can easily be reduced to a fluid-
structure interaction problem in the ALE formalism. Nevertheless, one noticeable difference is
that (16) — a crucial ingredient of the stability analysis that rests here on (7a) and the definition
of ¢ — would then require a “geometric conservation law” (GCL), see e.g. Proposition 4.7.1 in
[37], or (9.53) in [20]. Indeed, this type of condition is classically used to ensure stability at the
discrete level with moving domains [16, 17, 20, 24, 38, 40].

3.3 Consistency considerations pertaining to spatial discretization

In this section, we provide some insight on consistency perturbations that may arise in the
above energy estimate due to spatial discretization. First of all, since the porosity is computed
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m"™/pr+éo
(™) at

the quadrature points, and store these values for use in the next steps. Then, in order for (21)
to hold, we recall that the discrete spaces for the pressure and the mass need to coincide, a
reasonable choice that we will make. However, in this case we need to adapt the pressure law

at Step 2a into
. oW |n+3t
pn—l-l_ﬂ_m (pf&n‘ 2 >’ (23)

where 7, denotes a projection operator onto the discrete space chosen for the fluid mass.
In our case we will consider L2-projection. Then, in our above stability analysis, the only
modification induced pertains to (16), for which we now have by testing (7a) at time step n —1
with ¢ = 7, (|37 ?)

explicitly at Step 0 of our algorithm, it is natural to compute it exactly as ¢" =

1 ~n n— n n—3
:2/ ([T )Y s - (g™ (0 —us 2))dQ+ S

1 m" — mn—l "
=5 Jp A (ET) A+ S
1 ¢"ped ) =" ey
=3 o =5 A7 = 7rm(|gf+1|2) dQ) + &

Pt L
T (12 PRI, s = (5 P s ) + S
= 3A7 viCcan aptt T 97 s ) + 81+ 82,

with the following consistency perturbations induced in (16), i.e. our specific version of the
GCL,

1 ~n n el / n o1
S1 = 2/m(lvf“l2 T ([T ) V- (0" (0 —ve ™ 2)) dQ
f

[cranv ol Cran
&= 2At ot n10p

1
- H(M(\v’”llz))2 150 qnr + 1 (mm (17 71%))2 Hinl,g?>

Therefore, the final energy balance (22) is modified into

M ” +2H _ 7HUS 2”2 .
At b ¢n Fn - ¢n’r7]7<]nos
damp +14 1
< (thrl ?—H) npott T <t8+1 Ung ) —/ 6\117 e dy,nJr%jj ‘Q:JrQ ds)
¢ "N 17¢n71“9\] 0o 89 -

o n+% n2 ntl  nts
- Qn+1(f ) 1" "D, (vf —ws 2)dY=Ti —S1 = S2

f

Pf 1~ 2 -
* TAft [ran _Q?HM-%Q” 2At [ nHHdm optt
CieL 2
(2= ) N N g 1 (g = 1) 1~ R g (20)
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Remark 7 (Pressure discretization)

When the free energy V¥ is quadratic in m — a rather common assumption — the pressure and fluid
mass are linearly related by the pressure law, and therefore assuming that the corresponding
discrete spaces are identical we can drop the projection in (23). In addition, it should be pointed
out that specific numerical issues — namely, numerical locking and pressure instabilities — are
likely to arise when the solid constituent is considered as nearly incompressible — i.e. with a
large bulk modulus associated with Js in W (e, Js) — due to the similarity of (7) with a Stokes
problem, but this topic lies beyond the scope of the present article.

4 Numerical illustrations

In this section, we present various numerical results to illustrate the behavior of the poroe-
lastic model under large deformations, simulated with our proposed method, namely, two test
problems inspired from [9] — see also [41] — and the detailed numerical monitoring of the energy
balance considered in the above stability analysis. The free energy considered in these examples
is given by

U — \I,skel + \I,bulk + \ijor’

where Ukl is potential of Ciarlet-Geymonat type, i.e.

_1 -2
\IfSkel — /{1([1[3 3 _ 3) + /12([2]3 3 _ 3) + K(\/Iz_ 1-— lOg(\/E)%

with the classical invariants

Ilztr(Q), 12:

¢ ((tre)® —tr(C%), Iy =det(C).

DN |

The term

W = (12 1o )

1—¢o 1—¢o

governs the compressibility of the solid constituent, and the last term
m
TP = —ppy IH(E + QSO)

aims at preventing the porosity ¢ from taking negative values, see [10]. The parameter values
common to the three test problems are K = k1 = 2103, ko = 33, ps = pr = 103, u = 0.035,
¢o = 0.1 and v = 20 (all ST), while Table 1 gives the parameter values that differ. The same 2D
square geometry is considered in all test problems, albeit with different dimensions as specified
in the table. The mesh is obtained by a regular splitting of the domain into 72 triangular
elements, as shown in Fig. 1. As discretization spaces we use continuous-P1 elements for the
solid displacement and for the fluid mass, as well as for the pressure. For the fluid velocities, due
to the Stokes-like nature of Step 2a we use continuous-P1 with an additional internal “bubble”
degree of freedom.

Remark 8 (Calibration of stabilization constant)

Regarding the choice of the stabilization constant 7, the mathematical analysis of Proposition
2 has shown that it should be conditioned by the lower bound given by C;., the constant in the
inverse inequality (11). For the latter constant, a rough estimate obtained by assuming linear
shape functions and constant fluid fraction would be 2 in 2D (3 in 3D). In practice, we have
chosen v = 20 to be conservative — see also Remark 3 — and after numerically checking that in
this case the impact of the penalization term in the overall energy balance remains small.
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D

Parameter H 10| ‘ At ‘ Ks ‘ 74 ‘ Npor | L, ‘

Swelling || 107* [ 107% [210° [0 [0 [107L
Drainage || 107 | 21079 | 210° | 68 | 1.5 | 410°L
Energy 1074 107* | 2102 |0 |0 1071

Table 1: Parameters with different values among test problems (SI units).

4.1 Implementation considerations

We implemented our proposed method in FreeFem-+-+ [26], for the two-dimensional version
of the poromechanical model.
Three Newton algorithms are implemented in the code, namely,

1. for the solution of the fluid-pressure problem (7);
2. for the solution of the solid problem (8);
3. for coupling these two sub-steps within the implicit step.

We used the same convergence criteria for these three iteration loops, i.e. tolerance parameters
for the absolute and relative — with respect to initialization step — values of the residuals, set
to 1077 and 10713, respectively.

The FreeFem++ environment is very powerful, in particular for prototyping purposes, but
does not allow as much control as an in-house finite element software on the numerical operators
to be implemented. For this reason, we resorted to several simplifications in this numerical study,
namely:

o for 6—\11 it we used the simpler rule

Oe

oW nts3 ﬂ 8\1}( n+3 ﬂ n+1)
62 de ’

as already considered and assessed in [25], instead of the approach of [22] considered in
(9D);

e in addition, the convective term in (6) — namely, the third term — was computed on the
domain Q! instead of O, which leads us to changing S; into

1

"
Si=y [ TP (oo 0 — )0
Qptt

1

1

— 2/Qn Wm(:”+1| )Vz' (pf¢n—1 (y?—y?”)) 0
f

e finally, the computation of ¢ at Step 0. is performed weakly by L? projection in the finite
element space, instead of exactly at quadrature points as specified. This introduces an
extra consistency perturbation to be added to &1 and S, viz.

"oe J(y™) — n—1 J n—1 n_ ,.n—1
33:1/ (¢ prl(yl) = " Iy )  mt —m )w (lop 1 1?) de2.
0o

2 At At
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Nevertheless, we provide below a numerical assessment of the energy balance in order to check
that these simplifications do not significantly affect this balance. In what follows, we introduce
the following notation

YH g2 2
Sy =—|lvs ? — 2 .
0= o e s, — o e g
Skeleton Fluid
@ up
infl
inflow .
omi
p
—
lo
[
¥ sliding —  pressure
— traction free — rough and fluid proof
fluid pressure
1,000 1.002e+03
0 lo E
% 500 Il —751.24
up =
O ‘ -500.87
1.5 2 3
Tlme(s) -250.51
0.6
g lo 1 -01
£ 04 . 444e
g 0.2 m1
2
Tlme(s)

Figure 1: Swelling under porous flow. Top row: geometry and boundary conditions — Bot-
tom row: (left) fluid pressure and mass at three points shown on top-right; (right) fluid velocity
and pressure at steady state on deformed configuration, with initial configuration contour in
white

4.2 Swelling test under porous flow

In the swelling test, no external force is applied to the system, and a gradual pressure
increase is prescribed on the inlet side, see Fig. 1, in the form pey = 103(1 — exp —t2/0.25)
as a Neumann boundary condition applied on the fluid only, while maintaining pext = 0 on
the outlet side (on the right of the sample). The top and bottom sides are assumed to be of
no-sliding type (v = v,), and normal displacements are prevented for the solid on the left and
bottom sides. We have no volume-distributed fluid source nor sink. As expected, the system
is gradually filled with fluid until a stationary state is reached, in which the fluid pressure is in
equilibrium with elastic forces. The simulations results presented in Fig. 1 are consistent with
those given in [9].
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Figure 2: Drainage test. Pressure, fluid mass and jacobian of deformation in time

4.3 Drainage test

In the drainage test, geometry and solid essential boundary conditions are the same as in
the swelling test. An external pressure peyx; = 10%(1 — exp —t2/0.04) is applied on all the sides
of the square. All sides are of no-sliding type, and a volume-distributed sink linearly related
to the pressure (0 = —p¢3(p — Psink), With psnk = 0 and 8 = 0.01) allows the fluid to escape
the material. As shown in Fig. 2, in a first phase, the fluid is drained out of the system nearly
completely, until m/ps approaches —0.1 (i.e. ¢ ~ 0). Then, only the solid phase remains,
and the material behaves like a standard solid, that compresses according to its bulk modulus
Ks. Solutions are here homogeneous in space, and we can verify that the solutions satisfy the
following identity that comes from (7a)

n+1 n

m —m

pAE A

This illustrates how the penalization term WP°" used in the energy is effective to prevent ¢ from
reaching negative values.

Remark 9

In the end of this simulation, m is stable and the denominator of (9b) vanishes. In an in-house
finite element software, a test could be performed at quadrature points in order to replace, when
it is not well defined, the finite difference definition of p (9b) by its asymptotic expression. As
FreeFem-++ does not allow this, we used in this simulation for the pressure law the mid-point
rule

ptttoo1 ov ny ov
om

= it | = (J",m

J’n n
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4.4 Enmnergy balance monitoring

We consider here a test case that satisfies the assumptions of the stability analysis, with
no external loading, and no energy sources, but only an initial deformation prescribed on the
skeleton (of about 20%). Geometry and boundary conditions are the same as in the drainage
test, but the fluid remains in the skeleton as there is no volume-distributed fluid source nor sink.
The monitoring of the energy increment gives an illustration of Proposition 2 and of the various
perturbations induced in the energy balance by spatial discretization, see Fig. 3. We observe
that the departures from exact energy stability — namely, when the energy rate is positive — are
very limited, and appear to be primarily explained by the perturbation S3 induced in the GCL
due to computing ¢ by projection instead of exact expression at quadrature points. Of course,
this perturbation could be easily removed in an in-house finite element software.
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Figure 3: Energy balance monitoring in a homogeneous test case. Top: bound of the
energy increment by the consistency term —8] — Sy — S5 — Sy in time, according to (24), and
—&83 alone — Bottom: plot of the separate contributions —87, —Sa, —S3 and —S&4; note that Ss,
and then Sy, are an order of magnitude larger than S; and Ss

5 Concluding remarks

We have proposed an effective partitioned time scheme adapted to the poromechanics for-
mulation of [10], and established a discrete energy estimate for this time scheme. This energy
estimate is consistent with the continuous energy balance, up to some numerical dissipation
effects, and some perturbations that have been carefully identified and numerically assessed.
Among these perturbations, our assessment reveals that the major effect — albeit quite limited
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quantitatively — lies in a departure from a GCL type property that can be easily treated by
evaluating the fluid fraction quantity at the Gauss quadrature points, when this is possible in
the finite element software.

In addition, we have provided some numerical illustrations of our numerical strategy by
reproducing some test cases proposed in [9], with typical features of large strains and rapid
flows as enabled by our general poromechanical formulation, and also a singular transition
related to total drainage in the second example.

Further work will focus on spatial discretization issues, and in particular on the treatment
of numerical locking — and associated pressure instabilities — phenomena that arise when the
solid behavior approaches incompressibility.

Acknowledgement: The authors are grateful to Miguel Angel Ferndndez (Inria) for some
insightful discussions on partitioned methods with Robin coupling conditions.
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Chapter 4

Total convergence analysis of a
monolithic scheme for linear
poromechanics

4.1 Introduction

In Chapter 3, we established an effective and energy-preserving time discretization of (1.3).
The purpose of this chapter is to study spatial discretization aspects of our poromechanical for-
mulation, in order to guarantee numerical stability. To that purpose, we establish in Section 4.2
a linearization of (1.3) and we perform its theoretical and numerical convergence study.

It is known that the discretization of a Stokes problem involves mixed finite elements, that
velocity and pressure must be approximated separately, and that the couple of spaces must
be compatible in the sense of an inf-sup condition, see (Ladyzhenskaya and Silverman, 1969;
Babuska, 1973; Brezzi, 1974). Numerically, the violation of this condition often leads to strong
node-to-node spatial oscillations in the pressure field. Our poromechanical model involves a
Stokes-like fluid sub-problem, coupled with a solid matrix. It is natural to thoroughly investigate
how this problem translates in our framework, and to perform both a theoretical convergence
analysis to see how numerical oscillations arise, and numerical tests to illustrate them. Our
approach is inspired from (Le Tallec and Mani, 2000) which establishes the total convergence
of a linearized fluid structure interaction problem, using an energy conservative scheme.

4.2 A linear porous flows and elastic coupling formulation - the
continuous problem

4.2.1 Linearization of the weak formulation for convergence analysis

We consider the poromechanical formulation introduced in Section 1.4 with a total stress
tensor given by
0¥ (e, m)

E == E . ‘ 9
= ¢:Vls + 8g m

with W (e, m) the Helmholtz free energy of the mixture. Due to fluid incompressibility, ¥ (e, m) =

VU, (e, Js) with Wy the solid free energy — meaning that the fluid cannot store any energy — hence,
we also have

o¥(e, Js)

; = (b;vis + 8@

—pJC!
L pJC 7,
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see (Chapelle and Moireau, 2014). Recalling (1.1), this gives for the solid contribution

g = em o e S| IR
In addition, we have
oV (e,m) oV (e, Js)
— = = 5= 4.1
P Pt om e 8Jb e ( )

We consider a linearization of (1.3) around the solution at rest : (y_, v, 0¢,m) = 0 (then

p =0). Then ¢ will vary around ¢g = ¢ # 0, and the Green-Lagrange strain tensor e reduces
to its linear expression €. As in (Chapelle and Moireau, 2014), we construct the free energy
functional as follows

U, = Uel(g) + WP ), (4.2)

2
\I/bulk<,]s) _ % < Js . 1) :

with

1 — oo

and Ukl 3 quadratic form of . Furthermore, we assume the coercivity of ¥kl that is, there

exists a A > 0 such that Uskl(g) > /\HEH%2(Q)7 and we also assume that sufficient boundary
conditions are imposed on the structure to prevent any rigid body transformations. Therefore
the Korn inequality gives the equivalence between the norm defined by ¥*<! and the H' norm
on Q. Let us notice that if we add the assumption of isotropy, it is known that ¥kl can be
written as the Saint-Venant-Kirchhoff constitutive law.

In our linear frame, J — 1 reduces to tre(y ), hence TPk turns into

2
phulk( 7y = s (tra — m) ,
( S) 2(1 o ¢0)2 :(gs) 0f
and (4.1) gives the following relation between p, m and Y,
KRs m . m (1 - ¢0)2 .
p=—"7--——-|——tre ) or equivalently — =-——p+div(y ),
i (2 ety y ool v,
with which ¥PUK rewrites
1 — ¢p)?
\Ijblﬂk — ( 2' 4.3
“on P (4.3)

skel | .
:Skel = ‘N’T, independent of m and p in order to have

Now we define the tensor

ov kel Ks < m) kel
=gkl (g ) — — | 1= g% pl,
O ln =2 T gep M T ) 2T 0
and X reduces to
o =™ — (1 - ¢p)pl. (4.4)

=S

We assume that the fluid viscosity tensor is given by g = 2HE. When we keep only first order
terms, and we express m as a function of p, (1.3) becomes — y, resp. a borders I'y, reduces to
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Q0 that we will denote by €, resp. I, J to 1, and ALE terms disappear —

/pso(l — ¢0)0vg - VX dQ+/
Q

[ ctwan— [ (= v ot o1 an

+/ DY o - 0L — / pao(1 = o) f - v7 dOY +/ (1= do)ty - v dS
Q Q = ro,

+ [ o2 dS— [ Golmety) -2 — REV(L) (450)
1—‘Nnof U 1—‘Nnos 1—‘Nnof

/ prdoOtvy - vf dS2 — / Ouvg - vfdS2 + / (—pdiV(qboy?Hcﬁogvis(yf) é(y?)) df)
Q Q Q

+ [ —v) o v da = [ pronfevian bty - v} dS (4.5b)
Q - Q B FNLJFNnof

/ <(1_¢0)28tp + tr €(Us)> p* dQ) + / dlv(¢0 (Qf - Qs))p* dQl = ﬂp*de (45C)
Q s - Q Q Pt

with

REM () = / prodhvs - v dSY — / Ovp - v2dQ + / (—pdiv(gor)) + do g, (vr) : £(el) ) a2
Q Q Q

+/(Uf—vs)-¢§kfl - g dQ—/pfgbof-v;‘ dQ—/ boly - vgdS — po(mrty) - vg dS.
Q - Q - I'n ' Nnot
(4.6)

Remark 5
The corresponding strong formulation reads

préodiug — div(dog . (vr)) + ¢ p + dok; - (v — v5) = prdhof + Oy, in

—V1is

1— 2
Pt <(Kl¢0)8tp + diV(US)> + diV(pfqbo(Qf — QS)) — 9’ in Q
Uy = Vg, on FNnos
pso(l = $0)dw, — dive, +p¥ o — ¢k - (ur —v) = po(l = do)f  in Q
vs = Oy, in Q

(gs(gs) + gf(yfap))ﬂ =1y on I'npos-

Remark 6 (Existence and uniqueness of a solution)

Existence and uniqueness of a solution of the continuous problem were established in a fluid-
structure interaction linear (Du et al., 2003; Boulakia, 2005) and non linear frame (Grandmont
and Maday, 2000). It would be interesting to propose an adequate treatment of the fluid portion
¢o and of the volume friction term in order to translate these results to our frame.

4.2.2 Nitsche’s linear weak formulation

We define
Q=L*9),
and for any (wp) in W = H'(Q)3,

W(wp) ={v" € W | v'r, =wp},
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We also introduce the state vector as

X = [yf,ys,ys,p} that belongs to V' =W (u{") x W x W(yP") x Q
and its corresponding test functions vector

X* = [QF,QS,Q;F,])*} that belongs to VO = W(0) x W x W(0) x Q.

We consider €, (with borders I'nnosh, I'Nnoth, I'pp and I'y ) a discretization of € of
refinement h —typically, the maximum diameter of all the elements in the mesh. We use a
finite element strategy and we assume that the solid displacement and the solid velocity are
discretized in the same space W7, the fluid velocity is chosen in W}fL and the pressure in Q)j,. For
any wy p in W,ﬁ and any w, p in Wy we define

£ £
Wi(ws p) = {v* € W, ‘ vrp, =W p},

Wiws p) = {v" € W, | v"|r,, = ws p}-

Then the finite element spaces associated with V and V? are
Vi = Wi (up}) x Wi x Wi(yP,) x Qn,
Vi = Wi (0) x Wi x W (0) x Qp,

for (g?’rh,gsl;l) in Wi x Ws.
We will use the elasticity and weighted L?-scalar product notations

(y,y*)skelz/QUSkd(y): (y*)d, and (G,b)QQ:/QCCLbdQ.

As in the splitting time-scheme of Chapter 3, fluid and solid constituents are implicitly
and weakly coupled on I'ypes through vy = v, with Robin coupling conditions derived from
Nitsche’s interface method (Nitsche, 1971; Burman and Fernandez, 2007). Unlike in (4.5b), this
condition is weakly imposed in the fluid resolution, so the fluid test function v; has no reason
to vanish on I'nyes. Therefore, the integration by part that leads to (4.5b) involves the new
term ((gv (ve) —p) - m, y}‘)qﬁ in the fluid equation right hand side (RHS). Furthermore,

0,1 Nnos

we use that R?hn(g*) = ((gvis(yf) —p)-n, Q;k)

S

11

#0," Nnos

We can derive the following equation, satisfied by the solution of (4.5), X = (nyﬂsﬂsyp) in
V, for any X* = (vf, v}, y’, p*) in V°
Pt (atyf’y?)¢0,ﬂ + (J i (Qf)aé(ﬂf))% o + Pso (8tQ579:)(17¢0),Q + <8tys - %,Q:)

—Vis skel

g (Q%k)—i_p*) 'ﬁagf_ys)

- ((gvis(yf) —p) n,vf — Qs) ol ((jis

¢0’FNHOS
ol - .
o (0 = 05,08 = 05) g T vpo, T (0 000 U — W)gzio10

+ (p*, div(¢o (v — v5)))a — (p, div(do(vf — v5)))a

+ (gsé(%))g = (P, div(vg)) gy 0 + . (00, P") (1-g9y2.0 + (7, diveg)g
_ / pso(1 = do)f - vF dS2 + / (1= do)to - vt dS + / ty-vrdS — [ golmity) - vidS
Q - F(])\; anofUFNnos I—‘Nnof
0
+/avf-v;*dsz+/pf¢of-v;‘dn+/ ¢oto-v;ds+/p*cm,
Q Q - T'n UT Nnot Q Pt
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where the fourth and sixth terms of the left hand side (LHS) are both consistent, and are here
respectively to impose weakly the solid velocity, and to bring some symmetry. We now use the
relation

(20e@)), — vy = (go0)  — (.divied)g

to get that the solution X in V of (4.5) satisfies, for any X* in V°

pi (Orvg, vF ) g, 0 T (3::}07 ) a—gor2,0 1 s (0106, 05) 1 _py 0 + (atysag:) + M (X, X7)

skel
:/pso(l—¢o)f-g;*d9+/(1—¢o)to-Q§dS+/ to-vsdS— | ¢olmrty) - vgdS
Q - F(I)\J 1—‘Nnof U 1—‘Nnos l_‘Nnof
—|—/ Ovg - v;dQ —|—/ pedo |- vf dQ —i—/ boty - vfdS —|—/ Op*dQY, (4.7)
(9] Q - 1_‘NLJFNnof Q

where we introduced the bilinear form
M( 2N (g Uf ) + <y57ys>skel - (Qsays>skel
—(p le(qﬁovf + ( — ¢0)vs)))q + (07, div(govs + (1 — ¢0)us)))q

_ (gf(gf,p)n, vf — Q’;)%INW - (yf — v, 0, (v, —p*)@)
Ay

0,1 Nnos

+ T Vg UF = US) g Pavmow T (L — Vs, UF — Q:)%gl,ﬂ . (4.8)
Remark 7
Note that — (gf(yf,p)g, vf — y;f) - involves the trace of p and g(v) on I'ypes, which is not
T 051 Nnos -

properly defined in the spaces considered. Nevertheless, when (vy, vg, Yy p) is the continuous
solution, this term can be defined by duality as the residual of the fluid equation.

4.2.3 Time continuous energy balance

For the sake of simplicity in this section, we will assume that ¢, = 0 on I'nnos, I'nnor and
I'n, f=0,0=0,y" =0and vf" = 0. For any X, we define the following energy norm

2 _ Pt 2 Ps 2 1 2 1 2
1X1le = 5”%”%,9 + 5”%”(17%),9 + §”ysHske1 + QTLS”PHQ—%)?,Q

where the first two terms are the fluid and solid kinetic energy, and the last two correspond to
the total Helmholtz free energy [, ¥ dQ.

Let us recall the trace inequality and, for discrete functions, the trace inverse inequality (see
Lemma 1 in Chapter 3).

Lemma 1 (Trace inequality)
There exists a constant Cy, depending only on § (a Lipschitz domain) and T'ny0s such that
2 2 170)3
01,y g < Cullolingy, Vo€ H'(® (4.9)
Lemma 2 (Trace inverse inequality)
If h is the typical maximal diameter of all the finite elements in the mesh, there exists a constant
Cie that depends on €, I'nnos and the type of shape functions, such that

Cie
o le@n)llz @) Vun € Wi, (4.10)

le(wn) - nll72r g, <
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Note that (4.7) comes down to a Cauchy problem, so existence and uniqueness of the solution
in the finite dimensional space V}, is guaranteed. Let X} in V3 be the semi-discrete solution of
(4.7), for any X* in V0. The energy of Xj becomes &, = || X||2. Now, the evaluation of (4.7)
with the test functions X* = X, gives:

T
0&n + 2MH§(Qf,h)”§>O,Q + [lvgp — %,h\@ggl@ + THQf,h —Usp @O,FNHOS

B 4’“ (g(gf,h)ﬂa Qf’h — Qs,h) =0.

¢07FNHOS

Then, we use Young’s inequality (a,b) < 5-|lal|>+ %Hsz, with L homogeneous to a length here,
and the inverse inequality (4.10), to get

Ap (e(ve p)m, vgp — vg)

1
®0,I" Nnos S 2“ |:L||€(vf7h) ) EHQ%(MFNHOS + ZHvah B ysvhH%OJ—‘Nnos

CieL 1
< 2#%\@(%,11)”;0,9 +27 [l — Vgl B rmee (411)
We end up with the following energy balance

CieL Y
h

2
) eeen o (3 = 2 ) et = toa B+ licn = 2ualger 0 <0

0:&n+ 21 <1 —

which ensures the stability of semi-discrete solution X provided that v > 2C.

4.3 The fully discrete problem

4.3.1 Time scheme

We consider in (4.7) a first-order backward Euler method in the fluid, for both v; and p, to

keep it as close as possible to the splitting scheme of Chapter 3 (otherwise p”+% would have

been a natural choice to avoid numerical dissipation), and a midpoint scheme for the solid.
. . 1. gntlign 1. gntl_gn .
Using the notations a”+2:% and D,ya"T2=4 ~x7 > we look for (Q?,hvﬂg,hvygh’pz)nzﬂ in

VhN such that, for any n in N and (Q}‘,y;‘,g:,p*) in V,?,

+1 +1 1 41
Pt (DTU?,hQ’UF> erS (DTU:hQaQ:) +<DTPZ 27p*>
b0, 1—¢o,2 s (1—¢0)2,Q

ntg * n+1 nty ntg n+1 ® ko ok
+ (Drys,hQ,yJ + My Ve Ysp oo Pn )y (OF 08, Y7, 7))
skel

_ / peo(1— o) ™+ -uf dut / (1= o)t of dS+ / gt dS— [ go(motn ) vt ds
Q o F?\] ' Nnof U I'Nnos T'Nnof
+ / 0n o - ude + / pedo f7HY - vEdQ + / go 12 - vt dS + / 0rprdS, (4.12)
Q ’ Q - l—‘NLJFNnof Q

with adequate initial conditions.

4.3.2 Stability analysis in energy norm

In this section again, and for the rest of the document, we will assume that t; = 0 on I'ypes,
Fnnot and 'y, f=0,60=10, gé’r =0 and Q?r = 0 (as a consequence, V = VO). The evaluation
of (4.12) with admissible test functions

1 1

*
U =Yp» Us =Usp™H Y
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gives

41 1 41 IR R
0= p¢ <D7vzh 271}2?:1) +— (DTPZ 2 mZ“) + <D7y:h 2,y:h 2)
0,92 (1—¢0)

Ks

nt+i n+ n+i
+ ps (DTﬂ h ? ' Us b > +2u (g(ﬂ?j{l)v g(”?ﬂ)) —Adp < (U?Zl)ﬂ; B?j;l —Ysp 2)
1 ¢)07 0,82 ®0,I" Nnos

Y pp1 b opg1 ntg ntl _,nts pgl g
T L —Usp 0 — gy, Ty —Un o Yn Ush
¢07FNnos ¢2k—1

We introduce the state vector X' = [U?h,ygh, y”h,pﬁ] and its energy £ = || X7||% at iteration

n. Then, we apply twice the identity (a — b,a) = 3||a|[* — 3|[b]|* + 3||a — b||* to v and to p, to
get

g]:Hrl_g}?—i_ an—i—l e H +_—— 1 Hp n+1
At 2A¢ “hhllgo T o At

= DRIt gez0 + 20l D13, 0

eyt - ot

Y, ntd
Yy H¢2k 1Q+ h H : e

n+i
Sh _Ufh Hd’O:FNnos_Ll//L(g( n+1) e ’

Vep )Y —Ygp )é0.T wnos = 05

Ti
(4.13)

using that

n+l _ . n n+1 n 1
kel (ys,h yh> (ys,h +ys,h> =00 A b
At =

Ks At N

Ny ) el = W) te(Wl) (1 — go)?

= — —= 5 ; n+1y2 ntl 2
B 2At + 2 At [(ph ) (p) +<ph ph)]

Uyl i) pn ™) = Ul 0h) (1 — )2
_ h = /0 ER (2,%202 <p7}1l+1 _ph) ]

In (4.13), the increment of &£}’ is followed by two terms of numerical dissipation, two terms of
physical dissipation, and the dissipative term in 4 that comes from Nitsche’s method. We

1
apply the bound (4.11) to v"“ and QZZQ to control the remaining term 77, and to get that for
any length L,

5}?“ - & o2 1 n+s
T +2p(1 — )H e(vf )H¢0, +ply = )HU”+ —ﬂshQH%,FNms
43 +1 +1 +1
+ 72At||y?:h - Q?,h”%,ﬂ + o A7 ST ||Pn ph” —¢0)2,0 T H -, ||¢3§;1,Q <0.

Therefore, the energy stability of the scheme is ensured provided that we can find L such that
1> % and % > %, i.e. when v > 2C;.. We note here that the numerical perturbation
that appears in Chapter 3 (because of the splitting and the non-linearities) and the CFL-like

condition it introduces, do not intervene anymore.

4.3.3 Inf-sup property on the static problem

In order to establish the total convergence of our scheme, we will resort to the projection
P associated with the bilinear form M, see Section 4.3.4. The purpose of this section is to
establish for M an inf-sup condition that will provide a control of P — I, with I the identity.
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We introduce the following discrete norm, associated with the stabilisation,

. oIt
HXHh:HQf”%{l(Q) + ||2s||i11(9) + HQSH?{I(Q) + ||p|’%2(9) + f”ﬂf - Qs”%%FNDOS) + [l _ys||2L2(Q)‘

For physical reasons, ¢g is bounded by 0 and 1, and in what follows we will make the two
following assumptions,
igf(ﬁo >0 and sup¢g<1
Q

and
I(a1,a9) € (RT)? [V(x,w) € xR onw® <w -k (x) - w < agw?,
in order to ensure the equivalence between norms |[|[|g.0, [I"ll1=ge),0s [Il[l(1=¢0)2,05 H'”d)gk—l O
K :f 9
[Nl 22

Our objective in this section is to establish a stability (inf-sup) property for M defined by
(4.8) for ||||n-

We begin with establishing a lemma, that we will use in the following proof to construct virtual
fluid and solid velocity fields.

Let V), and 9, be finite dimensional subspaces of Hilbert spaces V and Q with scalar products
(-,-)y and (+,+)g. Let a(-,-) and b(-,-) be continuous linear forms on V x V and V x Q, and f
and g linear forms on V and Q. We look for (vp,pp) in V, x Qp solution of

a(vp,v*) +b(v*,pp) = f(v¥), Yo* €V,
b(vn, p*) = g(p*), VD" € Q.

We can introduce operators Ay, from Vj to V; and By, from Vj, to Q). B denotes the continuous
operator from V to Q'.

(4.14)

Lemma 3
Let us suppose that Ker B! = {0}, and that a(-,-) is elliptic on V, that is, there exists g > 0
such that

a(v,v) > allvl}, Vv eV,
If, moreover, b satisfies an inf-sup property, that is, there exists ko > 0 independent of h such
that

b(v
inf sup _bp) > ko, (4.15)
peuve, [ulvlipllo

then, the system (4.14) has a unique solution (up,pp). In addition. one has the bound

Jall , |\ 1
1) — /
ool -+ (1201) gl

Jal . lall (llal
1 1 .
Ipnlo %(%+ I + T (o +1) gl

Proof. The inf-sup condition (4.15) ensures that Ker B} = {0}, then Proposition 2.2, §I1.2
in (Brezzi and Fortin, 2012) ensures that g € Im By,. The ellipticity of a on V}, inherits from the
one on V, and the application of Theorem 1.1, §I1.1 in (Brezzi and Fortin, 2012) on the discrete
problem gives the results. |

| /\

[[onllv
(4.16)

IN

Remark 8

In the case of a Stokes problem, a(-, -) is elliptic and it is known that Ker B! = Ker(—grad) = {0}
when a Dirichlet condition is applied on a non-empty portion of the boundary, so the issue is
in checking (4.15), with b(v, q) = [ ¢ divv dQ.
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Proposition 4 (Inf-sup property on M)
Let us make the following assumptions:

e there exists A\¢ such that

inf sup (p, div(dove))q
PEQR y i HPHL?(Q)HQfHHl(Q)

> At >0, (4.17)

e there exists \g such that

inf sup (p,le((l _ ¢0)ys>)ﬂ > )\S > 07 (418)

peQnyews |IPlz2@llvsl o)

) W}fL and W} have identical traces on I'ny0s, that is
f
{2t/ 01 € WE} = {24l 0 € Wi, (4.19)

e the Robin coefficient satisfies
v > 2Ce.- (4.20)

Then the operator M defined by (4.8) satisfies an inf-sup property for ||-||n: there exists
8 > 0 independent of h such that

o s MOGXD
inf sup =P
Xevi x+ev;, [ X[Inll X,
or, equivalently
VX eV, 3X eV | || X% < |IX||p and M(X,X™) > ﬁHXH,?l

Remark 9
When ¢ is homogeneous in space, the condition (4.17) takes the following form

I >0]| inf sup (p, divug)g
PEQn v eWE HPHH(Q)HQfHHl(Q)

> X\ > 0. (4.21)

In the numerical resolution, the condition (4.21) is easier to verify than (4.17) because it doesn’t
involve ¢g, and comes down to a well known condition on W,ﬁ x Qp, for variables vy and p. In
practice, we will see (see Section 4.4) that the condition (4.21) plays a prominent role in the
stability of numerical scheme especially when the solid constituent approaches incompressibility
(ks — 00). In addition, perturbations induced by spatial variations of ¢y in the condition (4.17),
or by violations of conditions (4.18) or (4.19) are generally of secondary importance.

Proof. Let X = [vah’ysvh’gsfﬁph} in V3, we will build an X}, in V3, and a 8 > 0 that
satisfies the above condition in several steps, in order to control the different terms that appear
in |||

1. We define X} = [0,0, —ysyh,O], then M (X, X}) > a1||gs7h||12ql(m, with a7 > 0.
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2. We pick X ,QL = X},. The energy bound derived in Section 4.2.3 gives for any length L

2 2 T 2 2
M(Xp, Xj) = 2MH§(Qf,h)H¢O,L2(Q) + WHQf,h - Qg,hH¢O,L2(anOS) + Hﬂf,h - Qs,hH(bggl,LQ(Q)
— Ap(e(Vg 1)1 Vel = Vs 1) o, L2 (T prmos)
> 2p (1 - h> leQe ) l150,20) + nT I lo8.h = Vs nll50,L2(0 vnoe)

+ HQf,h - Qs,h”igéf*l,[/z(ﬂ)-

Thanks to the assumption on «, and norm equivalences, we build as > 0 such that
M(Xp, X2) > 2 g, — o, |2 —u |2
(Xn, Xj,) = o2 ||Qf,h||H1(Q) + h [T Qs,h||L2(rNHOS) + [log Qs,hHLz(Q) :
3. Thanks to (4.19), we define L(y_, ) a lifting of y_, |1y, in W} satisfying

1£Cy ey < Cllggull s -

According to Remark 8 and thanks to (4.17), Lemma 3 ensures the existence of (w3, p;)
in W}fl X @Qp such that for any (w*,p*) in W;ﬁ x Qp

(e(w}),e(w")),, + (b}, div(gow™)), =0,
(v, divigowd)) = — (p"div [(1 = d0)y, , + #0L(y,,)])

3 _
wh’FNnos - O’

(4.22)
and for C' and C’ independent of h, see (4.16) and (4.9),
lwill i) < C'(Ily, ) + €¢I @) < Clly, @)
Now let us construct X; = Qih,gs’h,O,()], with Q?’h = E(g&h) + w3 ; then we have
[ Cllyg 1 (-
The purpose of this construction is to get Q?’h such that (p, div((bog?yh + (11— ¢0)y5 h) =0

w

Q
and Qih =y, on I" Nnos, which finally allows to write that, for any (n1,19,73) in (RT)

M (X, X3) = 201 (elven)  £0n) gy o+ (Bupo Vo) = 200 (i) vy — v4)

¢071 Nnos
(L)f h L)S h» —U? h y h) .
: - )

Using Young inequality we have

1
MO0 X0 2 = (mlEt) B + el ) + Cl, o

1
- () B+ 5~ 2ol )
1

_ (muvf,h — vl + il (m> ,

88



And the trace inverse inequality finally gives

C; u
M(Xh,Xiz) > {C — <w71 + lmzf + 773)] Hys,h\lip(m — a”i@ﬂhﬂ@o,ﬂ
H 2 1 )
_ %Hyf,h — Vs nll G0, rvmos — 27:)’Hyf,h - QS,th%Ef_m
Choosing for example
< Gie) ™ h ¢ C 2
N = 7 <M+ 16) , 2 = ﬂ, n3 = —, and defining a3 = — and [ Zmax('u,>
v i 4 5 G

—a3 and (3 are obviously independent of h —, we end up with

M(Xp, Xj}) > 0‘3”33,}1”%{1(9)

Yh
— B3 (HQf,h”%l(Q) + = lven — U F2 (s T 1260 — Qs,h||%2(9)> - (423)

In addition, there exists y3 > 0 such that

%7h“%1(9) +lwf, - ysh||%2 Q)

< MwEn @) + Iy, 1 @) + 0B allZ2) + 19, 1 7200) < slly, 4120 @) < 301 Xnlln-

4. As a consequence of (4.17), we can construct yﬁh such that for a positive A,

||Ufh||H1(Q < lIpnll2 (@)

(4.24)
— (pnodiv(oonty)) > Auphum)
pE

Once again, (4.19) allows to introduce £ (v} lifting of vf 0 vmee 1 W3 such that

HE(Ufh HHI(Q S CH thHQ(FN os)

According to Remark 8 and thanks to (4.18), Lemma 3 ensures the existence of (w},p})
in W3 x Qp, such that for any (w*,p*) in W} x Qp,

(e(wp),e(w")), + (Ph, div((1 = go)w™)), = 0,
(P, div((1 = go)wh)) ¢, = — (", div [(1 = ¢0) L(wE4)])
M%I|FNDOS = 07
and for C'; C’ and C” independent of h, see (4.16) and (4.9),
lwi i) < CIL@E R (0) < C gl o)-
Finally, we build X! = Q;l,h’gih’ 0, O] with Q;L,h = [,(Qéh) + wj; then
e nlli ) < llwhllme) + 1£@E) @) < Cletallae) < Cllpallzz o)

This construction gives a control on pp through the divergence term, neutralizing the Q;L,h
contribution. It also imposes Qi} h= Q;{h on I'nnoes, and finally allows to write that, for any

(771777277737774) in (R+)4)
M(Xn, Xp) =20 (elvgy) s € (Q?,h))%’gﬂ‘ <’ysh,,s h) e (JIS( th) gy, — Qs,h>

®0,1" Nnos

89



Young and trace inverse inequalities now give
C
MO0 XE) 2 = (mClcalBine + muphuim)) (€l oy + - CllmlEz))
Cie
- (w )+ —Clugy - s,hré(pm))

- (mehH%?(Q) + mCllus p, — Us,h”%?((z)) + Allpall7z o)

We apply it to

o _@ _h)\
nm ="mn2="mn4= )\’173_7501'@’

A ie
and we define oy = 3 and B4 = max <mC 5C C)

T ypA
ay and B4 don’t depend on h and we end up with
M (Xp, Xp) = aallpnll 2o
TH
— B (HQf,hH%{l(Q) + ||ysjh”%{1(sz) + THQf,h - Qs,hH%2(anos) + llogn — Qs,hH%Q(Q)) :

We also have the following bound

2 4 12 4 4 12
@ T s nlline) + luen = 2snllzz )

< Nl ) + sl E ) + 10Eal @) + 12snllEn o) < vallpallZz) < vall Xallf-

Now, let us define the following positive coefficients, that don’t depend on h,

a9 303 . s 03003
3 s 1 255" 4 ST and mm(2 , Qrp, , 4a4>

and let us introduce X, = X,1L + X,% + 53X2 + 54X,A;. By construction, we end up with

M(Xn, Xn) 2 aullvanlifra + 02 (ool o) + 22 v = anlBarn + leen = voalia)
+ 53043Hys7hH§{1(Q) — 0303 <Hyf,hH?{1(Q) + V#“Qf,h — Vs nll72 ()
Hleen = venl2a) ) + drcllpnll 2y = 3181 (leealdng)
+lly,, h||%{1 + wHQf h— Qsh||%2(anos) + llven — Qs,hH%?(Q))
> (ap — 6383 — 0af31) (va wllFr @) + 8 ||Uf h = Usnll72(r o + Ve — Qs,h”%z(m)

+ alHQs,hH]QLIl(Q) + (d3a3 — 5454)’\ysﬁ||f11(9) + 54044||ph||%2(9)
> Bl Xallx

and
1 Xnlln < (2+ 0373 + 6474)[| X |-

We conclude the proof with the following two inequalities

|
2+ 0373 + 0474 ||,

Xh ,8 2
< ||X and M [ Xy, > Xnll-
< 11 Xnlln ( h 2+5373+5474> - 2+53’Y3+5474H nli
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4.3.4 Convergence in time and space of the fully discretized scheme solution
We introduce a new state function space with more regularity V+ = (H2(Q)3)3 x HY(Q),
and denote as follows the two natural norms over V and V+:
2 2 2 2 2
XN = Nlwe iz @) + sl @) + 1yl @) + 1Pz
2 2 2 2 2
X5+ = Mol ) + lusllarz @) + 15152 @) + 1P1E o)-
We also introduce V— = (L2 ((2)3)2 X Hl(Q)?’ X L2(Q), whose natural norm is equivalent to ||-||¢.
We denote that under the assumptions of Proposition 4, existence and uniqueness of a
solution XZ”rl to the discrete problem (4.12) results from the invertibility of the total operator —

both dynamical terms and static form M. It stems from the positivity of M — see the proof of
Proposition 4 — and from the following argument. For X}, in its kernel, we have

1 1 1 /1
0= px (@1,@?;1) T <+) L <pz+1,pz“)
A ) G0 AL T ) g Rs \AL (1-0)2,2

1
n+1l | n+l n+l ,n+l ntl  n+l n+l n+l _ntl  n+l
+ (?J Yor k1+M((yf,h SRS TAFAY VAN N ORI VAR /AR )
ske

AtZs,h
Pt ‘ n+1’2 Ps n+1H2 1 n+1(2 1 nt1||?
S P Ps = . (425
= At "0 b0, * At |I%sn 1—¢0,Q + ks At 1P H(1—¢0)279 * At IZsh g (4.25)
hence X, = 0.

The continuous solution X = (vg,vg,y_,p) in V of (4.5) satisfies, for any (vf, o], y’,p*) in
V, at any time £,

* 1 >k
P (Owvg, 07 ) g 0 + Ps (O, 05)1_ gy 0 + ((%gs,gs)skel + o (012, 7%) (1-g0)2.02
S

+ M((Qf&g,ys,P)a (Q?’Q:vy;p*)) =0. (4'26)

The discrete solution (X}' = (y?h,p’i,ygh&;fh))nzo in (V3,)Y is such that for any n > 0, and
any (vf,vf,y’,p") in Vy

n+ i n+3 nt3
Pt <D»ﬂ)f7h2,v§> + ps (DTQS’h27Q;“> + (DTJ,h%ﬁ:
$0,Q2 1—¢0,02 skel

1 n+l * n"'l n""l * ok ok ok
e () el Gt ) =0 a2
1—¢0)%,02

S
The purpose of this section is to establish the following convergence result.

Proposition 5 (Total convergence)
Assuming that conditions (4.17), (4.18), (4.19) and (4.20) are satisfied, that the solution X of
(4.5) belongs to C*(0,T,V*)NC%(0,T,V ™), with T the simulation time, and that (X}'),>0 is the
solution of (4.12). There exists a constant C' depending only on || X || zec (o 1,v+)s |0+ X || oo jo,r,v+]
and |0 X || oo [o,1.¢] Such that, denoting

Xp = X(t%) = [vfy — we(t"), h = p(t"), 2y — v (), 97, — ()]

)

we have
[ Xy — X(t")]e < C(h+ At).
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Proof. Let us introduce the projection P = [Pf, P§, P}, PP] such that,

VX = (vf, 0yl p") € Vi, M(PX,X*)=M(X,X*) ie.
M((PffLva PfSLQngys, P,E)p), (Q;,Q:,g:,p*)) = M((Qﬁys’QS?p)ﬂ (Q;Q;kvgzvp*))' (4'28)
We begin with establishing

Lemma 6
Under the hypothesis of Proposition 4, there exists a constant C' independent of h such that,
for any X in VT satisfying X1 = X2 on I'Nnoss

|PX — X||e < Ch||X|y+.

Remark 10
More generally, with shape functions of order k > 1 for PX we have that for any X in V¥ =
(H*1(Q)?)3 x H*(Q) satisfying X1 = X5 on T ypos,

IPX = X|ls < CH¥| Xy
with [|-||;+ the natural norm on V*. To fix the ideas, we will restrict ourselves to the case k = 1.

Proof of Lemma 6. Under these assumptions, let us introduce the Clément (Clément, 1975)
interpolation I X in V} that satisfies

| X — I X|lv < Ch|| X||y+,
[1n Xl < ClIX]lv,
(InX)1 = (InX)2 on I'npes,
IR X = X)all 220 o) < CH2 Xl 02
1UhX = X1l (o) < R X ] 120

For X* € Vj, let us look at the terms of M (X — I, X, X*) that are not controlled by [|-||5.
Thanks to the above properties and the Cauchy-Schwarz inequality,

* * 1 * *
(P = 100, (0F = 20) * Wrer < D200 = Dbl 20 17 107 = 22 lE20nen)

< ChlIX [y +[[ X |

The same argument enables us to control 2u(g(vy — Ipvg) - M, VF — V5 ynes» the Robin term
vanishes since by construction (X — I, X); = (X — I X )2 on I'nyes, and all other terms are
controlled with Cauchy-Schwarz. We end up with, for C' independent of h,

M(X — I,X, X*) < Ch||X||y+]| X || (4.29)
Now, Proposition 4 ensures the existence of X™* in V}, such that
|X*|ls = 1 and M(PX — I,X, X*) > 7||PX — [,X],
and we recall that by definition of P,
M(PX — I, X,X")=M(X — I,X,X"),
therefore, using (4.29)

NPX = InX|n < M(X — I X, X*) < Ch[| X|[y+.
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Finally, using that ||-||¢ < ||||n, and by construction of I, X, the triangular inequality gives,
with C independent of h,

|1PX — Xe < [|PX — InX|le + [[InX — X||e
< Chl|X||ly+ + Ch|| X||y+.

|
Proof of Proposition 5. The inclusion Vj, C V enables us to choose discrete test functions in
(4.26) and by construction of the projectors we get, for any X* = (g}‘,y’s",g:,p*) in V

* * * 1 *
Pt (01, V5 ) yo o + Ps (0106, 05) 1 g0 0 + (@ys,gS)Skel +— (O P™) (1— 012,00

S

+ M((Phuy, Bius, PYy,, Prp), (v, v5,y%,p%)) = 0. (4.30)

We average the evaluations of (4.30) at time ¢ and t"*!, and gather consistency errors on

the right hand side, to get that for any X* = (Q}k,y;‘,g’s",p*) in Vg,

L
pi ((DrPlo)" vf) 4 ps ((DrPio)™ 2,0t )

$0,82
1

P, \n  x

o + 7/{',5 ((DTPhp) P )(1_¢0)27Q

1 1
,(PYy )", (PEp)"2), (vf, 08, 92, p"))

1 1
go0 TP <(DTP’§QS)TL+2 a (8&5)%2’%)1—%,9
1 1
DTPy n+1 —(H n+i *) s ( DTPp n_ (9 n+j *) 4.31
+ <( hys) 2 —( tﬂs) 2,y skel+ s ( hp) (Op)"T2,p (1-60)2.0 ( )

where we defined for any function g continuous in time,

_ gt —g(t") (Dag)" = gt —g(t" 1)
9 T 2At 9

g(t"*t) +g(t")
At ’

2

N|=
[SIE

(D-g)"* )"

and (g =
Now we introduce

Xip = Xjp = (PX)" with  (PX)" = |(Pfug)"™%, Piu,(t"), By, ("), (PPp)" "]

and we denote by A(vf,vZ, y7, p*) the right hand side of (4.31) (the consistency terms). Then
the subtraction (4.27) - (4.31) gives, for any X* = (y}k,y;,y:,p*) in Vy,

~n+% ~n+% 1 1

n+3 * * * ~ *
P <D7'vf7h27vf> +ps <D’rvs,h ,’US> +<D7ys’h 7ys> +; (DTph *p )
$0,02 1—¢0,92 skel S (1—¢0)2,Q
M ~n+1 ~n+% ~"+% ~n+1 k% ok K\ A(vr . o* * % 4.39
+ ((yﬁh ’Qs,h 7&57}1 7ph ))(Qf;ysagsup )) - (yfvys7ys7p ) ( N )

Following the steps of the energy stability analysis, we evaluate the previous equation with
the following functions that are admissible:

1 1
x*  _ ~n+1l Y x _ ~Ntg * _ ~n+1
Vin = Oppy s Ush = Uy and y ) =g, % P =D, -

We introduce, for the evaluation of the right hand side of equation (4.32)

1 1
_ ~n41 ~NT5 ~Nt5 pyl
A—A(Qf,h ’Qs,h2’gs7h2’ph )
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and the energy of the error at iteration n

’U

p
5 Il

sn _ PE - 1 1
& = || fh||¢0,ﬂ + —¢0,Q + §||yzh||§ke1 + TIQSHPhH%—m)Q,Q

Then the same derivation as in Section 4.3.2 gives

cn+1 ~'rL
£ -& ~n+1

A= At 2At HUf no — Ur hH¢0,Q + o AtH ~n+1 ﬁh”%l—qﬁo)?,Q + 2#“5(1)??:1)”20,9
~n+ ~ n+ - J,_
” 2 = O B e + 186 — F—}tlH&k Lo =A@ T = B0 % ) d0.T wuons
T

(4.33)
with for any length L

~ n—i—
T < 2u | L@ )nl3) rye + 7 Hv??fl A A

We use the trace inverse inequality to get that HE(U?ZI)nHéOINm < (“;ie g@?zl)H% and

2 - n+
1 1
71 S 2 (U??‘L— )”3)079 + L ”’U?;’Z_ : H(z)O’FNnob

so that (4.33) turns into

Entl _ gn CieL 2 - ntl
s <2 (S ) L@+ (5~ ) I - 2 B, + A

Now we must control A, which we decompose as follows:

¢

Ay = pr (DePfaey — Gy agt),
1 1 nis3
Ao = (e B = @il
1—go,

A= ( (D.PY n+i _ ) n+3 _n+3
3 = ( T hgs) ( tgs) ' Ysn )
skel

1 1
_ DTPp n _ n+s5 ~n+l )
A= (DcPEp)" = @) 2.5, >(1—¢o)2,9

The linearity of P gives

1

(D;Plvg)" = (Qwy)"™* 2 = Pi(Dyug)" — (D) + (Drvg)" = dywg(t") + Oyog(t") — (Do) 2.

By assumption, (D,X)™ belongs to VT and has equal first and second component, so Lemma 6
gives

|1P(Drvg)"™ = (Drwg)" [l g0, < I1PH(D-X)" — (D-X)"||le < Chl[(D-X)"||y+
< Chl|0eX || pooto,rv+-

Then, thanks to Taylor-Lagrange inequality,
[(Drvg)™ — Oy (") || go,00 < CH8162X||L°°[O,T,£]Ata
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and v; being C?,
1
100w (") — (rvg)" 2 || g, < CllOF X || Loojo, 1.6 At
A final use of the Cauchy-Schwarz inequality gives
Ar < Ci(h+ AD|0F 60,0,

The same derivation gives the following bounds for As, A3 and Ay,
_nti
Az < Co(h+ At)[|Dg p, *[l1-60,0,
_n+i
Az < C3(]’L + At)Hys h 2 Hskela
Ay < C4(h+At)”ﬁn+1|| —0)2,Q-
We note that the Ci’s depend on [|07X || e[o7,e] and 10:X || Loofo,7,v+]- We end up with, for

1
CA = Maxj<i<4 CZ

gn+1 —gn <CieL > 2 Y n+l 2
&7 & s, @D ,Qw( )\@"“ ;
At h ° L h d)O l—‘Nnos

Ve —Yp

+ Cy(h+ At) (Ilv?illlm,nﬂlvsh I Hske1+th+1H ¢02Q>

Again, the assumption v > 2Cj. enables us to choose L € [2h/v,h/Cie] in order to have

gn-i-l _ gn , i —_
T Ar < Cy(h+ At) <’U?h Hfbo,ﬂ + Hysh2 ll1- ¢0,Q T Hysh2 kel + th H 1- ¢0)27Q) ’

or, with the triangular inequality,

gt - 5Z<CAAth+At< gi+l 4 )

VERT _VE < Ol At(h + At).
We sum those inequalities for ¢ from 1 to n + 1 to obtain
Veéntt < C'y(n+1)At(h + At) + Ve,
This gives a L? convergence of U by Usp, and pp and a H' convergence of gs’h, in (h,At), i.e
IX7 — (PX)" ¢ < Calh+ Ab), (4.34)

with C4 dependent only on [|02X || 0,7, and [|0: X || peojo r,v+)- In addition, by definition of
(PX)", and thanks to the continuity of P and the C! nature of X, we have

I(PX)" = PX(t")|le < C"At|0:X | oo o176 (4.35)
The triangular inequality and Lemma 6 conclude the argument:
X5 = X(")le < 1X5 — (PX)"|le + [[(PX)" = PX(t")]le + |1PX (") = X (@")lle
< Ca(h+ At) 4+ C'At)|0: X || Lo o,1,6) + ChIIX || Loojo v+ -

i.e.

Remark 11

The order of the time convergence is only 1 because of the specific choices we made on Sec-
tion 4.3.1 — namely a first-order backward Euler in the fluid and midpoint scheme for the solid —,
that aims at keeping a time scheme as close as possible to the splitting scheme of Chapter 3.
Naturally, avoiding the shifting between fluid and solid discretizations (choosing for example a

Crank—Nicolson method (Le Tallec and Hauret, 2002) for fluid) would give us a convergence in
A2,
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4.4 Spatial convergence - numerical illustrations

In this section, we present various numerical results to illustrate the relevance of the above
study and of Proposition 5 that ensures the total convergence of the numerical scheme (4.12)
when conditions (4.17), (4.18), (4.19) and (4.20) are satisfied.

Remark 12 (Solid discretization and the condition (4.18))

We see in the proof of Proposition 4, and in the construction of Xy, that pressure is stabilized
by v, therefore the inf-sup condition (4.17) plays a prominent role. In Section 4.4, solid velocity
and displacement are in the same finite element space, and both the discrete unknowns for fluid
pressure and solid velocity and displacement are in P;. Despite the violation of (4.18), the
numerical instabilities that we will observe when W}fL X Wp x Qp is in Py x Py x Py will disappear
in Plb x P x P;. Of course, attempts to bring stabilisation through the solid, in P; x Plb X Py,
were unsuccessful. In any case, the condition (4.19) is satisfied. This leads to the conclusion
that when (4.19) and (4.20) are satisfied, (4.17) might be sufficient, and (4.18) not necessary.

The inf-sup condition (4.17) can be hard to impose in the numerical resolution, as it requires
a non natural variable for the discretization of the fluid velocity. Therefore, it is natural to try
to relax (4.17) into (4.21) and to study to what extent this simplification affects the numerical
stability.

We propose here different situations to illustrate how numerical perturbations appear, and
what is the relative importance of conditions (4.17), and (4.21).

First of all, let us notice that, compared with a classical Stokes mixed formulation, ks and
the dynamical term in 0;p adds a diagonal term on the mixed formulation matrix and therefore
brings stability. For that reason, it is natural to look for numerical instabilities when this
dynamical term is neutralised, that is, when kg grows and the solid constituent approaches
incompressibility.

In Section 4.4.1, we illustrate the importance of (4.17) when ¢ is spatially constant. In
Section 4.4.2, we study the effect of spatial variations of ¢y on spatial convergence of the scheme,
for different discretization methods, and perform a numerical study of the relevance of (4.17)
compared to (4.21). In Section 4.4.3, we extend our study to check that our conclusions remain
relevant in the non-linear framework of Chapter 3.

We consider a linearization of the 2D swelling test case (Section 4.2 in Chapter 3) with
a prescribed fluid velocity, presented in Figure 4.1, with parameters given in Table 4.1, and

for wkel a Saint-Venant-Kirchhoff strain energy density of parameter A = x — M and
w=2(K1 + K2).
Parameter H | ‘ At ‘ ~y ‘ K, K1 ‘ Ko ‘ Pss Pf ‘ 1 ‘ 0N ‘ D ‘ max(y?r)

Section 4.4.1 | 107* | 1072 | 210%,210° | 2103 | 33 | 103 [ 0.035 | 0.1 | 107L | 10~*
Section 4.4.2 | 107* | 107% | 210%,210° | 210% | 33 | 103 | 0.035 | ¢§° | 1071 | 1073
Section 4.4.3 || 10~ | 1072 | 200 210% | 33 | 103 | 0.035 | 0.1 | 107 | 0.05

Table 4.1 — Parameter table. All units are SI.
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Poiseuille profil for v,
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rough & fluid-proof (sec. 4.4.1, 4.4.3)
p=0 (sec. 4.4.2)

sliding
traction free

Figure 4.1 — Swelling test boundary conditions

4.4.1 Inf-sup compatible finite element spaces for fluid pressure and velocity

First, we assume that ¢ is constant in space. Therefore, the inf-sup condition (4.17)
reduces to the classical condition (4.21), widely studied in the context of the resolution of
Stokes problems. It is well known that (4.21) is satisfied for example when W,E X Qp is in
Plb x Py, but is violated in P; x Py.

The spatial step-length h will vary from 1/800 to 1/6400 and a reference configuration is
obtained with h = 1/7200, 5 quadrature points are used, and ks will take the values 2e2, 2e4
and 2e8. . The test case here is as follows (see Figure 4.1):

e v, -n =0 on the bottom and left faces

e Horizontal fluid velocity is imposed with a Poiseuille profil of amplitude 10~ on the left
face

e v, = v; on the bottom, top and right faces.

Figure 4.3 illustrates the pressure instabilities that appear for a non inf-sup-compatible
couple of finite element spaces.

We notice that these instabilities grow with . For smaller v, they also appear, but disturb
less the actual solution, and in that case the interface condition cannot be imposed with as
much precision (see Figure 4.4).

Pressure perturbation is also more important when internal fluid-solid friction decreases
because friction brings stability, or when the regularity of the solution of the problem decreases.
More generally, for vy P, they often appear, their amplitude depends on the regularity of the
actual solution, on the friction and on ~, and under certain circumstances, the perturbation
they introduce may override the actual solution. The conclusion of this section is that choosing
Vg in Plb definitely brings more robustness and stability.
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Figure 4.2 — Spatial convergence graph, relevance of inf-sup compatible finite element
spaces. On the top, v = 2e4, on the bottom, v = 2e5. We compare the L? convergence of p
and v for two finite element spaces choices for v¢, and for increasing kg, at t = 2. Here, ¢g
is chosen constant in space. For higher values of g, Plb discretization of v, p converges in L?
better than P;.
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Figure 4.3 — Pressure profil. v; is P; on the left and Plb on the right. Here, 1/h = 3200,
ks = 2e8 and v = 2¢eb, pressure is disturbed when W}f X @Qp isn’t inf-sup compatible.
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Figure 4.4 — v and the condition on I'ypos. When W,ﬁ X @Qp, isn’t inf-sup compatible, the
boundary condition vy = v, on I'ypes cannot be imposed as precisely as when (4.21) is satisfied.

I

4.4.2 Discretization of a non-spatially-uniform ¢

Then, we consider a non-spatially-uniform ¢,

1 1
o0 = ¢p°(x,y) = 0.5+ 0.4sin < ng> sin < Ogy) ,

and illustrate in Figure 4.5 the relevance of solving the fluid mixed problem with unknowns
(wg = Povg, p) in W,ﬁ X Qp, instead of (vg, p). We consider the same test as before, but with a
Poiseuille amplitude of 1073 on the left side and p = 0 on the right side ; for kg = 2e4 (results
are similar for 2e8), with 5 quadrature points -which is common- and for v = 2e4 (results are
similar for 2e6). We compare the spatial convergence curves of the following finite element

choices:

e Choice 1: according to the above study, and in order to satisfy (4.17), unknowns are
(ws = dug,p) in PP x P;. Then, we get v; as a H! projection of (¢v) /¢

e Choice 2: unknowns are (v, p) in Plb x Pp, and ¢ is calculated at the integration points

e Choice 3: unknowns are (vs,p) in P? x Py, and ¢ is interpolated into Pj.

In the second and third methods, (4.17) is violated but (4.21) is satisfied. We see in Figure 4.5
that even if (4.17) gives better spatial convergences for fluid pressure and velocities, satisfying
the relaxed conditions (4.21) gives converging algorithms and good numerical results. It’s
interesting to know as (4.17) is in most cases (especially in a non linear framework) much harder
to impose at the discrete level than (4.21), as it requires to choose w = ¢v; —as proposed in
(Berger et al., 1999) — as discrete unknown for the fluid velocity, which is not as natural as v;.

4.4.3 Extension to a non-linear framework

In this last section, we illustrate the relevance of this study for choosing adequate spatial
discretization in a non linear framework. We perform simulation on the test case of Section 4.4.1,
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Figure 4.5 — Spatial convergence graph, relevance of (4.17) vs (4.21). We compare the
L? convergence of p and vy (or w; for Method 1), for Methods 1, 2 and 3, for ks = 2e4, at t = 2.
All method are effective, but the first gives a better spatial convergence than the 2 others. In
other words, ensuring (4.21) gives good results, (4.17) is even better. Each method is compared
to its own reference solution (gotten with 1/h = 7200).

using a splitting time scheme in the Arbitrary Lagrangian-Eulerian formalism. We consider a
Saint-Venant-Kirchhoff law for the solid, and the free energy considered in the Section 4 of
Chapter 3, with ks = 2e5, 1/h = 1600, and parameters of Table 4.1. We compare the pressure
that we obtained when discretizing v¢ in P; and in Plb .

In order to satisfy (4.17), our discrete variables in the implicit fluid projection substep
should be (¢, p,m). Nevertheless, the H' projection that enables us to go back from (¢v;) to
vs (necessary for the explicit step) needs to reach ¢ at the integration points. The fluid portion
¢ varies in time and space, and its definition calls function that are defined on different meshes.
Simulations are performed with FreeFem++ (Hecht, 2012), that present many advantages, but
doesn’t allow such manipulations. In the light of the relatively good results of the third method
of Section 4.4.2, it is legitimate to relax (4.17) into (4.21), which is much easier to verify in the
implementation. We illustrate in Figure 4.6 that the condition (4.21) is sufficient to prevent
pressure perturbations.

4.5 Conclusion

To conclude, we began this chapter with deriving a linear problem (4.5) close to the porome-
chanical formulation (1.3). In this context, at the discrete level, a monolithic solver directly
computes X,?H in function of X;'. This simplified framework enabled us to establish conditions
under which the convergence of our numerical scheme in (h, At) is ensured, see conditions (4.17),
(4.18), (4.19) and (4.20), and Proposition 5. Nevertheless, satisfying all of these criteria at the
discrete level is generally very tedious. Therefore, we performed different numerical tests to
illustrate the relative importance of these conditions. We verified that (4.18) is in practise not
mandatory, and that (4.17) can be relaxed into (4.21) without affecting too much the stability
properties. Therefore, we propose to choose discrete variables (vg, vg, Y p)in P x Py x Py x Py,
as a good compromise between implementation difficulties and stability properties.

This choice allows to envision an adequate choice of spatial discretization for the non-linear
case as revealed by our numerical tests. This paves the way for further implementation of the
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Figure 4.6 — Pressure profil in non-linear, at ¢t = 1, on the deformed configuration. In
white is the reference configuration. v; is P, on the left and Plb on the right. Pressure is
disturbed when finite element spaces for W,ﬁ X Qp, isn’t inf-sup compatible, and satisfying (4.21)
is enough to bring stability.
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complete non-linear 3D poromechanical model of Chapter 3. We mention that 3D simulations
of pressure wave propagation through porous cylinder were recently obtained in (Vuong et al.,
2016).
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Chapitre 5

Conclusions et perspectives

Plus de la moitié des pathologies cardiovasculaires sont la conséquence de troubles de la
circulation dans le réseau de coronaires. Dans un contexte ot de nombreux outils de modélisation
cardiaque avaient été développés, cette these est née de la volonté de ’équipe M=ZDISIM de faire
un pas supplémentaire vers la prise en compte de la perfusion du tissu cardiaque par le réseau
coronarien, jusqu’a présent généralement absente dans les modeles. Compte tenu de la finesse
du réseau de capillaire en bout de chaine, et des objectifs de modélisation, le myocarde perfusé
peut étre assimilé a un milieu poreux. Cela avait motivé 1’élaboration d’une formulation de
poromécanique générale, adaptée au contexte cardiaque (Chapelle and Moireau, 2014). Nous
avons donc proposé dans cette these des outils mathématiques et numériques pour discrétiser
cette formulation de poromécanique dans le but de I'intégrer aux modeles de coeur. Ce dernier
chapitre présente les conclusions que ’on peut tirer de ces travaux, ainsi que les perspectives
que l'on imagine pour leur faire suite. Il est organisé en fonction des trois chapitres de la these.

Chapitre 2

Conclusions

Nous avons commencé par rappeler les différents éléments des modeles cardiaques existants
(Chapelle et al., 2012), en remplagant le myocarde hyperélastique par un compartiment po-
reux (Chapelle and Moireau, 2014), pour prendre en compte sa perfusion par un réseau de
coronaires s’intégrant au modele de circulation sanguine au niveau de 'aorte. Cela nous per-
met d’introduire formellement un modele 3D de coeur perfusé. S’inspirant de (Caruel et al.,
2014), nous proposons ensuite une réduction dimensionnelle de modele pour simuler en 0D un
ventricule sphérique perfusé. Nous proposons une discrétisation temporelle de la formulation de
poromécanique réduite compatible avec un bilan énergétique. Utilisant la librairie Matlab locale
CardiacLab et apres calibration, ce schéma nous permet de simuler des cycles cardiaques avec
perfusion en 0D pour un cotit de calcul tres faible. Cette amélioration du modele nous permet
de modéliser la perfusion (pression et masse sanguine), jusqu’a présent inobservable dans les
modeles, et de retrouver notamment le phénomene de flow impediment connu des physiologistes.
C’est une étape majeure vers la modélisation des maladies coronariennes. Nous terminons par
illustrer la pertinence de notre modeles dans un cadre d’applications cliniques, en reproduisant
le mécanisme de vasodilatation et en étudiant des cas de sténoses.

Remarques et Perspectives

e Les temps de simulations restent élevés (une heure) car une quarantaine de cycles sont
nécessaires avant d’atteindre un régime périodique. Cela est di a 1’état initial, trop loin
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du cycle ciblé, qui n’est probablement pas calculé de maniere optimale. Des progres sur
sa détermination permettraient facilement de réduire drastiquement les temps de calculs
(un cycle prend de l'ordre d’une minute).

e De nombreuses applications cliniques sont envisagées, afin de modéliser toujours plus fi-
nement les maladies micro et macro-vasculaires coronariennes. Un enjeu demeure dans le
couplage de ce modeles aux signaux accessibles sur des patients spécifiques, par acquisi-
tions de données.

e Parmi les pistes d’améliorations du modele on peut citer une meilleure modélisation de la
circulation, notamment au niveau de l'aorte et le couplage de deux ventricule sphériques
0D pour un coeur complet.

e Ce modele peut servir a la calibration de modeles plus complexes. L’enjeu est crucial
en terme d’efficacité de calcul. Sa facilité de mise en oeuvre et son efficacité permettent
également d’envisager de ’embarquer sur des systemes de type smartphone, afin de le
coupler a des capteurs et de 'acquisition de données, pour faire du suivi de patient.

Chapitre 3

Conclusions

Nous inspirant des méthodes développées en IFS, nous avons proposé pour la formulation de
poromécanique un schéma en temps semi-implicite basé sur un couplage de Robin. La difficulté
majeure ayant été le traitement de la fraction volumique fluide ¢ qui intervient dans tous les
termes, et de sa dynamique. Nous avons établis un bilan d’énergie discret en grands déplacements
et grandes déformations, garantissant la stabilité énergétique inconditionnelle du schéma. Grace
a un premier algorithme, implémenté en FreeFem++ (Hecht, 2012), basé sur ce schéma et ne
se souciant pas des problématiques liées a la discrétisation spatiale, nous avons reproduit avec
succes des simulations de gonflement et de drainage d’un milieu poreux carré en deux dimensions.
Nous avons également obtenu une illustration numérique du bilan énergétique théorique obtenu.

Remarques et perspectives

e [l est important de souligner qu’en IFS, la raison d’étre du couplage de Robin est d’in-
troduire a l'interface fluide-structure une dissipation suffisante pour obtenir la stabilité
énergétique théorique du schéma, indépendamment du ratio des masses volumiques fluide
et solide, et sans avoir a considérer une discrétisation solide dissipative. Cependant, malgré
I’absence de résultat de stabilité sous de telles hypotheses, le schéma de projection semi-
implicite dont il est issu étant plus opérationnel (le couplage est imposé en dur), il est
en pratique largement plus utilisé et a démontré d’excellentes propriétés numériques dans
de nombreux cas. Dans notre cas, il est intéressant de souligner qu’un algorithme avec
couplage en dur a 'interface (sans Robin), nous a également permis de reproduire exacte-
ment toutes les simulations de ce chapitre. Nous avons donc de bonnes raisons de penser
que cette simplification, qui facilite considérablement la mise en oeuvre du schéma, ne
menacera pas trop ses performances numériques. C’est d’ailleurs une simplification que
nous avons commencé a utiliser lors de l'intégration de ce modele de poromécanique a
I’environnement HappyHeart.

e Notons que dans la Section 4, les erreurs de consistance introduites sont la conséquence de
I'usage de FreeFem++ en particulier, mais que dans un code élément finis plus complet,
la définition de ¢ aux points d’intégration ne représente aucune difficulté.
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e D’apres la Remarque 6, la transposition de notre analyse permet d’obtenir la stabilité
énergétique inconditionnelle du schéma pour un probleme d’TFS en formalisme ALE, en
grands déplacements et grandes déformations. Notons alors que la conservation de la masse
fluide doit étre remplacée par une loi de conservation géométrique pour obtenir le résultat.

e Toujours en IFS, ’équation fluide de ’étape implicite peut étre traité comme un probleme
de Poisson pour la pression, ce qui apporte un effet stabilisateur intéressant. Bien que cela
semble difficile en gérant la dynamique de la masse fluide, il serait pertinent de voir si cela
est transposable & notre contexte, pour simplifier I’algorithme.

e Conformément a la Remarque 5, I'inconvénient majeur du couplage de Robin est qu’il est
consistent en yAt/h, ce qui impose typiquement de choisir At en O(h?). Des pistes sont
a explorer pour améliorer cela : par extrapolation et correction, ou bien par une méthode
Nitsche non-symétrique sans pénalisation (Burman and Fernandez, 2014).

Chapitre 4

Conclusions

Nous avons linéarisé la formulation de poromécanique aux niveaux continu et discret, et
avons établi un résultat garantissant dans ce cadre la convergence totale, sous conditions, de
la solution discrete vers la solution continu. Cela nous a permis de mettre en évidence les roles
de I'incompressibilité solide et de la discrétisation spatiale dans ’apparition de perturbations
numériques, que nous avons illustrés avec FreeFem++ (Hecht, 2012). Une étude de convergence
spatiale nous a ensuite permis de déterminer un algorithme de discrétisation spatiale facile a
mettre en oeuvre et gardant de bons résultats numériques lorsque le solide est incompressible.
Enfin, un retour sur 'algorithme du Chapitre 3 accrédite dans un cadre non linéaire la méthode
proposée.

Remarques et Perspectives

e De nouveau, la transcription au cadre non linéaire avec FreeFem-++ ne permet pas de
définir ¢ aux points d’intégration, ce qui oblige a l'interpoler dans P1. Cette limitation
n’aura plus lieu d’étre des lors que l'algorithme sera implémenté dans un code éléments
finis plus souple.

e Ce cadre linéaire serait propice a 1’étude des questions d’existence et d’unicité de solutions
pour le probléme de poromécanique. Une source d’inspiration étant une fois de plus I'IFS :
notamment (Du et al.; 2003; Du et al., 2004) ; ou bien (Le Tallec and Mani, 2000) qui
obtient ces résultats en linéaire grace a des arguments de conservation d’énergie ; ou encore
(Grandmont and Maday, 2000) (existence pour un fluide non linéaire et en ALE).

e Ces travaux, et les validations numériques des choix de discrétisation spatiale en confi-
guration non-linéaire, ouvrent la voie vers l'implémentation du modele complet de po-
romécanique non-linéaire du Chapitre 3. Notons que des simulations 3D de propagation
d’onde de pression dans un cylindre poreux ont récemment été obtenues (Vuong et al.,
2016).
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Perspectives générales

Au dela des perspectives énoncées ci-dessus par chapitre, I'intégration d’un modele de po-
romécanique pour modéliser le myocarde perfusé continue de présenter de nombreux défis.
Par exemple, le couplage de ce flux poreux avec des modeles éventuellement multi-échelles
représentant la circulation sanguine dans les arteéres et les veines coronariennes les plus larges
posera la question d’ou situer la frontiere et de comment traiter les conditions de transmission
(via le terme source volumique 6 ou via les bords du modele poreux). Encore, un effort reste a
faire pour prendre en compte dans l'activité musculaire cardiaque 'indispensable approvision-
nement en nutriments et en oxygene, via les coronaires. Enfin, afin de pouvoir mieux modéliser
davantage de situations et de pathologies, les modeles doivent étre validés, calibrés et couplés a
des données cliniques.
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Appendix A

Stability analysis of a Robin based
semi-implicit coupling time scheme
for non-linear fluid-structure
interaction

As mentioned in this thesis, methods and results were first derived in a fluid-structure
interaction (FSI) framework. This appendix presents what constituted a first step toward
Chapter 3, that is a stability analysis of the Robin based semi-implicit time scheme (Astorino
et al., 2009a) in a non-linear FSI framework. The scheme (Ferndndez et al., 2007) directly
inspired (Astorino et al., 2009a). A stability and a convergence results of the first one were
established (Fernandez et al., 2007; Astorino and Grandmont, 2010) but only for a Leap-Frog
time discretization scheme on the structure. The second introduces dissipation at the fluid-solid
interface that allows the establishment of a stability result with a more natural conservative
Newmark scheme on the structure (in a linear configuration in (Astorino et al., 2009a)), that
will therefore remain valid for non-linear solid. In order to establish a stability result in non-
linear and with a Newmark discretization, we propose here an adaptation of the Robin based
version. Nevertheless, the first one is easier to implement, it is widely used and has shown very
good numerical properties. Therefore, to facilitate the switching between both in analysis and
implementation, we begin with permuting the explicit and implicit steps of the Robin based
version to rewrite it in compliance with the explicit-implicit initial version.

A.1 Fluid-structure interaction strong formulation

Let us consider, for instance within a blood vessel, the coupling between a Navier-Stokes
fluid on a domain Q¢ and a hyperelastic solid on € (see Figure A.1). They both interact on
an interface 3 = Q¢ N (g, where their velocity and stresses coincides. The solid is described in
a Lagrangian frame by its displacement y_: g x R+t — R? (d = 2, 3), that governs the fluid
domain displacements. The fluid is then represented in a ALE (Arbitrary Lagrangian Eulerian)
formalism (see (Formaggia et al., 2010), Chapter 3): the current fluid domain Q¢ (t) = A(Q, t)
is given by the ALE mapping

A =TI, + Ye

where, in practise,
Y, = EXt(gJE) s Qf X RT — R?
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I'p Qg

I_‘in—out

Figure A.1 — Fluid-structure interaction modeling. Blood wave propagation within a tube.

is the fluid domain displacement, with Ext(-) a reasonable lifting operator from the reference
interface ¥ to the fluid reference domain Qf (e.g. a harmonic lifting). We denote by X(t) =
0Q(t) N Q(t) the current position of the fluid-solid interface, d;|a the ALE time derivative,
o.(vs,p) = —pL + 2ue(vy) the fluid Cauchy stress tensor that derives from a Helmholtz free
energy W, p the dynamic fluid viscosity, g(v) = %(ZQ + VouT) the linearised deformation
tensor, gs the first Piola-Kirchhoff solid stress tensor, F' ! = V A the fluid domain deformation
gradient, and Jf = det F' the Jacobian; and finally respectively ny and ng the outgoing fluid
and solid normals. a

We denote 0Q¢ = T'ijpout UX and 0925 = I'p UT y U X fluid and solid borders partitions (see
Figure A.1), p a given pressure on iy out ; pr and ps the fluid and solid densities,

The non-linear fluid-structure interaction problem considered writes as follow, (Astorino
et al., 2009a): Find v; : Qf x RT — R?, the pressure p : Qf x RT — R, the solid displacement
Y, o s ¥ R+ — R? and the solid velocity v, : Qg x R — R such that:

psOvs =V - (U (y))=f in O
POl a+ peY - (v ® (v —w)) =V - (g,(ve,p) =0, in Q) (A1)
z 'Qf = 07 in Qf(t)7

With v(0) = ve g, y,(0) =y, s 25(0) = 04, and the following limit conditions

y, = Bxt(yls), w=0dy, in Q)= (o +y)(2),
Oy, = v, in Qg
v = v, in X(t),
Hs(ys)ﬂs = —J Uf(yfvp)(F) g, on X, (AQ)
gf (Qf,p)ﬂf =t= DNy, on 11in—0ut7
y, =y, on I'p,
\ Es(ys) = 0, on I'y.

We denote that a field defined on the fluid reference domain )¢ is evaluated on the current
domain Q¢(t) by composing with A71(-,#).

Remark 13 (FSI vs poromechanics strong form)

In order to enhance the similarities between these two problem, that motivated our approach,
we propose here to write in red the terms of in the strong form of the poromechanical model
(1.2) that are added to the non-linear FSI strong form in the ALE formalism (A.1) (where the
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ALE velocity field w is replaced by the solid physical velocity vy):

(

d ,
peo(l = 60) == =V (E-B)+pJE " - Vo

—J¢* k- (v — vg) = pao(1 = ¢0) [,

1d
7a(l)f<]¢ﬂf) + V- (PbeQf & pf(gf—ys))fgyf

+0°k (v —v) = Vi (0g,) + OV xp = 1o f,
1d

ja(n]ﬂf(ﬁﬂyg (pro(vg—v,)) = 0,

A.2 Time-discrete partitioned coupling method

In the sequel we use the standard mid-point notation

nil g+ g"
2 )

in Q°, (A.3a)
in Qt, (A?)b)
in Qt. (A3C)

except when otherwise specified for some specific variables that we then denote by g""'%ﬁ. For
the solid part, we adopt a mid-point Newmark scheme given by

and

n+1 n
n-i-% — ys +ys
ys 2 )
+1
A N g S
s 2 At 9
+1 n

1 1 ol et —e
e"tet = e(y"T2), entet == =,
= =\%s = At

aeH ot = (BT et + YT B,

Assuming a sufficiently regular mapping between the reference domain )¢ and the deformed
configuration of time step n denoted by €}, we define

Q" = LX),

Vit = HY(OF)?,

Vi = H ()%,
Vi (@) = {v* € ' | vf]mn = ¢lsn}, V€ LA(E7),
Valp) ={v" € Vs | ¢'Irp = ¢lrp}, Vo € Vi

As in the continuous framework, we will use the same notation for functions defined in Q? and

o,

All the solution spaces considered here are implicitly assumed from now on to be discrete in
space, typically using a finite element type strategy, but we do not dwell on space discretization
in this paper. Nevertheless, we will denote by h the typical maximum diameter of all the finite

elements in

the mesh.

The partitioned method proposed in (Astorino et al., 2009a) writes as follow:
Given the solutions (gg, o) and (vf,p™) up to time step n, perform the following steps:
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w1 = Ext(u”
e Step 0. Mesh update: Qf ! = (Iop + Atw™ QP with { - ()

wn+1|rin-out = 0
e Step 1. Explicit step: find vnH an+1 such that Vo; € anJrl

Pt ~n+1 ~ % ~*
dQ) — Uy dS)
/m+1 At Y ap A
# e T i @ 0 ) a2 [ <) e
_1
+ 77“ (f)n—i-l

ool npds = @) g tdS (A
h En+1 Zn—Q—l
e Step 2. Implicit step (implicit coupling of two substeps, fluid and solid)

— Step 2a. Fluid projection substep

n+l  n+1 n+1 ""'%
Find (o, p*1) € 17 (02)

x Q"1 such that V(vf, p*) € V;"T1(0) x Qn+!
pPf

/Qn+1 AL (Q?Jrl @?H) vF dQ — /Qn+1 p"HZz -vf dQ
f f

+ / PV vfttdQ = / t"turdQ (A.4b)
ot b
— Step 2b. Solid step

Find (y" nHl oyt ¢ Vs(gspr(tnﬂ)) x V9(0) such that Yv* € V4(0)

s \\ n+lﬁ
Rt - o) e [ (% 2 ) Lyl A
Qs QS g -

n—l—%ﬁ a\deamp
de

1 _1
T T atas = [ atde R )
yn+l Qs
+1 n
N e
\ v 2= 5 Az == in
(A.4c)
. . . v’ on Xntl
Here, the lifting operator £ satisfies that, for any v} in V5, L7 (v}) = ¢ 3 a1
0 on Fln-out
is a function of an+17 Rt denotes the fluid discrete residual, such that for any v* in Vf"+1
Re(v) /Qn+1 gti?ﬂ.y dQ— an o - v* dQ+ Qn+1vz (prip ! @ (uf —w™ ")) v d9
f
— PV vt dQ + 2p (@) 1 e(v*) dQ — "t v dS,
Q?H - n+1 = = rntl

in-out

U |t 3t
and we make the following discretization choice for % (see (Gonzalez, 2000))
€
OV it QU W) — () o emts
OO M0 gy (MEZED Wiy o) L0 ()
de e At de enta et

In the sequel, we will choose WdamP — W tr(e)

8\I,damp
e

2 with the discretization

+ 1
n+5 4 dye n+l Sl dQ = / n dygn—i-%ﬁ T d n+ 34 N
Qs
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A.3 Stability analysis

Our objective in this section is to establish the stability of the above nonlinear scheme,
namely, a discrete energy balance similar to the one established in a linear framework in (As-
torino et al., 2009a). We will then naturally assume that there exists a solution (y:, o, v, p")
to the discrete equations (A.4) up to time step n.

Lemma 7
There exists a constant C;. such that

le(v") 'Ef”2L2(zn+1) <

' (12 * 1 3
eI pery Vo€ HYOR) (A.6)
This inverse inequality is obtained by a standard scaling argument when noting that

le@") - el 2 gy = lle@") - e[| 1 gsmsa.

For the sake of simplicity in the stability analysis, we will assume that f = 0 and Yy =0.
We then have the following result.

Proposition 8
Assuming that we have a Geometric Conservation Law

[oowtaa= [ ppraee [ 5 Grlof - w0 =0, with p" = SR (A7)
P P QF

and that

then, the time scheme (A.4) satisfies

gn—i—l _&n

+2 2
T H Vs Hzn-&-l - 2h HJ ||Zn+1
d 1
< (tn—l-l ?+1)I‘;’;t]it_/ a\I/aZmp n+2ﬁ:dggn+%ﬁ'y;‘b+% do
~ ~ 2
T O ol — o 5 e
— O [le@ ) fgpes = CE 5 2, (A9)

with C' a positive dimensionless constant, L. homogeneous to a length, £ the total discrete
energy at step n, i.e.

EN=K{+ K +W' = %HQ?H?)? + %Ily’fnés + / () de,
o
and Ty the discrete flux of outgoing fluid kinetic energy that crosses the domain borders

1 n+12
= — ds.
i 2 Jrptt prie ek
Proof. Respectively evaluating the equations (A.4a), (A.4b) and (A.4c) with the test func-
tions

+1 — 1,73 —
o =opt, v =oftt - L7 (us %), and vl =w 2,
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we get, defining

+1 _ n+l
Ry(v*) = pfu ~vtdQ) — p"TIV - 0t dQ — t"t . y* dS
PA= Qpt At - Qp+t - = et -

in-out

and using the weighted L2-scalar product notation (g, h)q = fQ gh dS,

pf ~n+1l ~n+l1
AR

[T (i 0 (e w™) 5 AR+ 2@ gy
Qn

_1
+W<@?“—v? 275?+1> =) ne ) g (A0
Zn

Pt +1 _ ~n+l ,n+l +1 +1 +1 +1
At(n QF U? )Q;H'l_/ p" 25'2? df) + QnHPn yg'@? d2

1
(tn+1 1f1+1)1“”+1 +Rp(£"+1(gg+2)), (A.10Db)

in-out

1 d 1
R, - DIzt + (%‘P e o ”*2“) e g
Qs \ Y€ € -
1 _1 1 1
+ 1 ( I g?*) — CRe(LE)). (AL10¢)
Zn+1

For the first two terms of (A.10a), we use 2(a,b) = a® + b> — (a — b)? to obtain

PE (-ntl ~n+l Pt sl
Kt (,n 7@? )Q"‘H - At ( ?7—? )Q?
~ N 1 N
= 2 (1Y g — SR, — SRl + S - oFI ) (A1)

Then, the next term in (A.10a) can be rewritten as in the proof of (Chapelle and Moireau, 2014,
Theorem 7)

/Qn-H zz (pfv?+1 ® (Q? o wn—i—l)) . @?+1 do

1
= [ BT (o — ) 0+ T, (A2
Q

n+1 2 7
f
because w1 satisfies w1 = v on " and w"t! =0 on Fﬁfolut? and the use of (A.7) gives
1 ~n+1|2 n n+1 ~n+1 ~n—+1
5 /Q o [P o (0 — ) a2 = - (H o a9 PR W )

Gathering (A.11), (A.12) and (A.13), we get
Pt ( ~n+l ~n+l o ~n+1)m + Vg (pfv?-&-l ® (v} _Mn+1)) . @?-&-1 dQ

v v )n+1—ﬁ( v
A\t =t op At =

= (rr~"+1um+1 By + 157+ = v i3 ) + i (A14)
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Then, substituting this result in (A.l()a) and summing with (A.10b) and (A.10c¢) while applying
the identity (a — b,a) = 2a® — 2b? + 3(a — b)? to (v vptt — gttt )Q?H, we get (using

—y")

n+ i
Atvs 2 = Q;H‘l

n—l—%ﬁ 8\I/damp
+

Kt —Kp o Kett -k / oV
+ + —
At At Q 8g

+3 1
' ﬁ) 2t o2 g0
+

v (177 = el + e =7 m(( ) e - o)
f En+l

T2

n—i—l - n+ n_l _
h Snt1 sl

Ts
— (EHH’Q?H)F{LTJM —Ti —2u “g(@?+l)“;?+l . (A.15)

2At

1
We used here the following identity that comes from (A.4a) evaluated with of = E”‘H(y?sHQ)

1 1
(where we remind that £"+1(g§+2)|2n+1 — 2 [sin+1)

Re(£7 (00 2)) = Ry(£7 (00 2))

1 1 1

Fn+l nts TH A 41 n—3 ntj;
=2u<€(v?+)-nf,ys 2) ——— (ot — s Z,us 2 .
Zn+1 h En+1

Considering now

~ +l _ B
8 T/ P
we have that
1 1 1 _1 1 1 _1 1
(y:-‘rz _Q: 2 ’INJ? )EnJrl _ (y;H‘Q —QZ 2’~7f1+1 y:"r )2n+1 +( n-‘r Q: 27Q:+2)En+l.

Using 2(a,b) < ||a||?> + ||b||? with the first term, and 2(a — b,a) = [|a||* — ||b]|* + |la — b||? with
the second one, we obtain

1

+3 -4 1. ntl -1 -
(vs 2 —vs 2, 07 ) s Z—*HQ: 2wy 3 — = || P - 2H2n+1
+1 -1 n+ 1, n-g
*H ST —wg 2H22n+1+ ||vs z\lgn+1—§|!y: 2151,
hence,
+1 n+ YW, ntid
T2 0 — ol 2 B+ 2l s — 2l R (A.16)

For the term T3, we use Young’s inequality (a,b) < 5-|lal|> + 5|b]|?, with L homogeneous to a
length here, to get

- +l
~To < p |Llle(@™) - nf\lgn+1+*H o = P R |
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and the inverse inequality (A.6) then gives

CzeL n ~n nJrl
T2 > —p N le(@ +1)||Qn+1——H LR A (LS (A.17)

Using the bounds (A.16) and (A.17) in (A.15), we obtain

ntlp  gydamp

1
S S S Sl +/ <8qj Héﬁ) dyeE T 4o
Q Id=

At At e e
2At H~TL+1 y?”ﬂn 2At H'Un+l ~n+1HQn+1 + |’J+2 ||Zn+1 - 2h|| Us 2 ”E"‘H
“( )” ”“\bm1+“<‘)ﬂw*l o B
<o pen T

Furthermore, thanks to (A.5) we have

O |3t g oentis s _ 0¥ nt 34 Q”“—Q” e
e - Vg = = = = .

8e y= ae At At

Finally, we are led to

gn+1 _gn n+
— || Us

- s — 2ol 2 e

a\pdamp
< tn—H n+1 . _/
= (f Yy )F +1 0. 0¢

in-out

n—l—%ﬁ

~n+1 +1 _ ~n+l
L g — gy — Lt - 3 HW
CieL _ +1
M( ie > H ‘Q”*l — M < ) || nt+l +3 HQE"JA’ (A.18)
. CieL 1
Therefore, (A.8) ensure the existence of L such that 2 — > 0 and ﬁ -7 > 0, and
concludes the establishment of (A.9). |

Remark 14
Proposition 8 ensures the energy stability of our scheme provided yuAt = O(h). This CFL-

1
like condition and the interface term 5 || vy T2 |%, that could be incorporated to the numerical

energy if ¥ was fixed, already appeared in the linear version of this stability analysis (Astorino
et al., 2009a).

Remark 15

As in (Astorino et al., 2009a), in addition to the physical dissipation terms in this discrete
2 1 . .

balance, the terms an+1 —Q?HQ;“ |optt — ?HHQnH and ||opt! — ve 2 |%+1 bring numerical

dissipation.
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Appendix B

Total convergence analysis of a
monolithic scheme for linear
fluid-structure interaction

In Appendix A, we present an effective and energy-preserving time discretization of (A.1).
The purpose of this chapter is to study spatial discretization aspects of this fluid-structure inter-
action formulation, in order to guarantee numerical stability. To that purpose, we established
in Section B.1 below a linearization of (A.1), and we perform its theoretical and numerical
convergence study.

It is known that the discretization of a Stokes problem involves mixed finite elements, that
velocity and pressure must be approximated separately, and that the couple of spaces must
be compatible in the sense of an inf-sup condition, see (Ladyzhenskaya and Silverman, 1969;
Babuska, 1973; Brezzi, 1974). Numerically, the violation of this condition often leads to strong
node-to-node spatial oscillations in the pressure field. Our FSI model involves a Stokes-like
fluid sub-problem, coupled with a solid matrix. It is natural to thoroughly investigate how this
problem translates in our framework, and to perform both a theoretical convergence analysis
to see how numerical oscillations arise and numerical tests to illustrate them. Our approach is
inspired from (Le Tallec and Mani, 2000) which establishes the total convergence of a linearised
fluid structure interaction problem, using an energy conservative scheme. A convergence analysis
was also performed on the semi-implicit scheme of (Ferndndez et al., 2007) in (Astorino and
Grandmont, 2010). Here, we perform it on a monolithic problem using a Robin interface
coupling.

B.1 A linear flows and elastic coupling formulation - the con-
tinuous problem

B.1.1 Linearisation of the formulation for convergence analysis

We consider the FSI formulation introduced in Section A.1 with a solid stress tensor given
by
oY (e)

de '’

; pu—
with ¥ the Helmholtz free energy of the solid quadratic in g. Furthermore, we assume the
coercivity of W, that is, there exists a A > 0 such that ¥(g) > )\HQH%Q(QS), and we also assume

that sufficient boundary conditions are imposed on the structure to prevent any rigid body
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transformations. Therefore the Korn inequality gives the equivalence between the norm defined
by ¥ and the H' norm on . Let us notice that if we add the assumption of isotropy, it is
known that ¥ can be written as the Saint-Venant-Kirchhoff constitutive law.

v

In our linear frame, J — 1 reduces to tr g(gs), and we define the reduced tensor g = %=.

We assume that the fluid viscosity tensor is given by T i = 2HE. When we keep only first order

terms, the weak formulation of FSI writes —§¢(¢) and Qs(¢) (resp. a borders I'(¢)) reduces to
Q¢(0) and ©4(0) that we will denote by Q¢ and Qg (resp. I'), J to 1, and ALE terms disappear —

/ puodrvs - 7 AL+ / o () d) = / pof - vIdQ—REM(L()  (B.la)

/ pe0vs - vf d9+/ (—pdiva + 0o () ié(yF)) dﬂ+/ p* divu, dQ
Q¢ Q¢ = = O

1_‘in-out

with £ a lifting operator from functions on )5 to functions on 2, whose restrictions to 3 is the
identity, and with the linear fluid residual

R(f:’lin(g*) :/ peOyvp - v* dQ+/ (—pdivg}‘ +o .. (v) :g(y*)) dQ—/ ty-v*dS. (B.2)
Q Q r

in-out

Remark 16
The corresponding strong formulation reads
peOpvy — div(g . (ve)) + Vp =0, in Of
divye =0, in Qf
vp = g, on X
ps()atys —div g = psOi in Qg
v =0y in Qg
(c®(y )ns + op(ve, p)rg) =0 on X.

Remark 17 (Existence and uniqueness of a solution)
Existence and uniqueness of a solution of the continuous problem were established (Grandmont
and Maday, 2000; Du et al., 2003).

B.1.2 Nitsche’s linear weak formulation

We define
Q = L*(%),
Wf — Hl(Qf)g,
WS — Hl(QS)3,

Wip) = {v' e W' |v'ls = ¢ls}, Ve € IA(D),

Ws(f) = {y* ew? Q*|FD = £|FD}? Vf SAlS

We also introduce the state vector as

X = [yf,ys,ys,p} that belongs to V = Wf(ygr) X W2 x W3(yP") x Q
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and its corresponding test functions vector
X* = [Q;,Q;, v p*} that belongs to VO = W (0) x W* x W*(0) x Q.

We consider €y, s (with borders X, I'pp and Iipout,n) discretizations of € and
of refinement h (typically, the maximum diameter of all the elements in the mesh). We use a
finite element strategy and we assume that the solid displacement and the solid velocity are
discretized in the same space W7, the fluid velocity is chosen in WffL and the pressure in Q)j,. For
any wg p in L*(3,)? and any w, p in W} we define

Wi(w p) = {v* € Wj,

Q*’Z}L = wf,D}7

Wi(ws p) = {v" € Wy | v"|rp,, = w5 p}-

Then the finite element spaces associated with V and V° are
Vi = Wh(vfh) x Wy x Wﬁ(ysprh) X Qp,
Vi = Wi(0) x Wi x W (0) X @,

for (ygz,gg;l) in Wi x Ws.
We will use the elasticity and weighted L2-scalar product notations

(g, g*)skel = /Q gs(g) é(y*) dQ, and ((Z, b)Q = / ab dS).
s Q

As in the splitting time-scheme of Section A.2, fluid and solid constituents are implic-
itly and weakly coupled on ¥ through vy = v, with Robin coupling conditions derived from
Nitsche’s interface method (Nitsche, 1971; Burman and Fernandez, 2007). Unlike in (B.1b),
this condition is weakly imposed in the fluid resolution, so the fluid test function v has
no reason to vanish on . Therefore, the integration by part that leads to (B.1b) involves

the new term ((gvis(yf) —p)- m,y}‘)z in the fluid equation RHS. Furthermore, we use that
7liI‘l *
Ry ™(L(vy)) = ((gvis(yf) —p) -m%)z
We can derive the following equation, satisfied by the solution of (B.1), X = (gf,ys,gs,p)
in V, for any X* = (Q;k,g:,g,p*) in VO
pr Ore. v, + (25,20 £0) , + po0 (Drves2D)o, + (D, —vet]) |+ (voed)

- ((:,is(yf) —p) - ng, vf —Q;“)E - ((Qm( £)+p7) - np v —QS)E
T

2 (o= v~ )+ 0 diverla, — (rdiveila, = [ pafsids [ tyeofds,
Qs r

in-out

QQ

Q

where the fourth and seventh terms of the LHS are both consistent, and are here respectively
to impose weakly the solid velocity, and to bring some symmetry. We get that the solution X
in V of (B.1) satisfies, for any X* in V°

pt (Orwe, vf ) g, + ps (Orvg; v3) g, (8ty y) o T MX, X

— [ pot-zins [ tovias B3)
Qg - I

in-out
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where we introduced the bilinear form

M(X,X%) = 20 (). @), + (go02) = (2onl)  + 0" divere, = (p.dived),
o
—(Q@HMmﬁ—QQE—Q&—%gﬁﬁ—ﬁm02+z%m—ywﬁ—ﬁb-(BM
Remark 18

Note that — <gf(yf,p)@f,y;f - ys>z involves the trace of p and £(vg) on X, which is not properly

defined in the spaces considered. Nevertheless, when (yf,ys,gs,p) is the continuous solution,
this term can be defined by duality as the residual of the fluid equation.

B.1.3 Time continuous energy balance

For the sake of simplicity in this section, we will assume that t, = 0 on I'ipout, i =0 and
y?" =0. For any X, we define the following energy norm

p
> Nl

Pf
M%:ym@+ M+HMM

where the first two terms are the fluid and solid kinetic energy, and the last corresponds to the
Helmholtz free energy [, W dQ.

Let us recall the trace inequality and, for discrete functions, the trace inverse inequality (see
Lemma 1 in Section A.3).

Lemma 9 (Trace inequality)
There exists a constant Cy,. depending only on € (a Lipschitz domain) and ¥ such that
ol o < Corlllyy: Vo€ H'(P (B.5)
Lemma 10 (Trace inverse inequality)
If h is the typical maximal diameter of all the finite elements in the mesh, there exists a constant
Cie that depends on §2, ¥ and the type of shape functions, such that
CA
le(wn) - nll 72y < f\

é(%)”%%ﬂ)v Yoy, € Wi, (B.6)

Note that (B.3) comes down to a Cauchy problem, so existence and uniqueness of the solution
in the finite dimensional space V}, is guaranteed. Let X}, in V}, be the semi-discrete solution of
(B.3), for any X* in V}). The energy of X, becomes &, = || X,,|%. Now, the evaluation of (B.3)
with the test functions X* = X, gives:

Y

OhEn + 2ple(ve p) I, + THQf,h — v nll® — 4 (e(vg )y, vp gy — Usp)y = 0.
Then, we use Young’s inequality (a,b) < 5-|lal[*+ 5|b]|?, with L homogeneous to a length here,
and the inverse inequality (B.6), to get

Ap (e(vg p)ng, vg g, — g h) [ e(vep) - nel|3 + — HUfh —Qbth

CieL
<2u 5 le (Ufh)HQf'f'? v p, — 7sh||2 (B.7)

We end up with the following energy balance

CieL v o2
ouen+ 2 (1= S8 ) Netwrlly + 0 (7~ ) oa = 2l <0

which ensures the stability of semi-discrete solution X provided that v > 2C.

118



B.2 The fully discrete problem

B.2.1 Time scheme

We consider in (B.3) a first-order backward difference discretization in the fluid, for both
vy and p, to keep it as close as possible to the splitting scheme of Section A.2 (otherwise p’”%
would have been a natural choice to avoid numerical dissipation), and a midpoint scheme for
the solid.

Using the notations a

n+i o a™tlia” n+i~antl_an A T
2 =% and D;a""2 =%, we look for (yﬂh,y&h,gs’h,ph)nzo

in VhN such that, for any n in N and (g}‘,y’s",g:,p*) in V,?,

Pt (D 'Uf;t 'Uf) + ps (D vn+27v*> + (DTZ/:Z27Q*)
Q¢ Qs skel

+ +3 * ok k% * *
+M((U?21;7:h aQ:hQaPZ+1),(QfaQs7QSaP )) = /g;pSOfn—’—l 'Qs dQ+/ fg+1 'Qf dS7 (BS)
s T

in-out

with adequate initial conditions.

B.2.2 Stability analysis in energy norm

In this section again, and for the rest of the document, we will assume that ¢, = 0 on I'ip_gut,
f =0and y?" =0 (as a consequence, V = V). The evaluation of (B.8) with admissible test
functions

* + n+1
VE =00, VS =007, YL =Ysy s and pt=pp

gives
n+l 4l ”+ n+y
Pt ( TUf h U?Zl> +Ps ( (A Q’QS,h 2) + (D‘rys h oo Ysh > +2u (e < (U?Zl)vé(y?jgl))
ol skel i
—4pu

1 1 1
n+1 nts TR ol nty | ntl nts —
< (Uf h )”fv Vep Y >E + 7o\ Eh T Y% Y T Y . = 0.

We introduce the state vector X' = [Qﬁh,ygh,ggh,p’,}] and its energy £ = || X[|2 at iteration

n. Then, we apply twice the identity (a — b,a) = 3||a|[* — 3|[b]|* + 3||a — b]|* to v and to p, to
get

e

+1 +1y)12
e Py + 2l I3,
nti n+i
— (o et =) 2RI - 0 (B
T1
using that
(o (e et e,
=s At = 2 At ’

In (B.9), the increment of £ is followed by a term of numerical dissipation, a term of physical
dissipation, and the dissipative term in 2 that comes from Nitsche’s method. We apply the

1
bound (B.7) to U"H and 2:722 to control the remaining term 77, as that for any length L,

5}7;4-1_5}7; Yy 2 +1 nti +1 2
. o [ A T e S < B 7S )
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Therefore, the energy stability of the scheme is ensured provided that we can find L such that
1> % and 7 > %, i.e. when v > 2C,,.

B.2.3 Inf-sup property on the static problem

We introduce the following discrete norm, associated with the stabilisation,
IX 122 = :
h= Ufoll(Qf + ||U5HH1 )+ 1y, HHl ) T ||pHL2 @) T lvr = vsll72s)

Our objective in this section is to establish a stability (inf-sup) property for M defined by
(B.4) for |-

We begin with establishing a lemma, that we will use in the following proof to construct
virtual fluid and solid velocity fields.

Let V), and 9, be finite dimensional subspaces of Hilbert spaces V and Q with scalar products
(-,-)y and (+,-)g. Let a(-,-) and b(-,-) be continuous linear forms on V x ¥V and V x Q, and f
and g linear forms on V and Q. We look for (vp,pr) in V, x Qp solution of

(B.10)

a(vp, v*) +b(v*,pp) = f(V*), V' €V,
b(vn, p*) = g(p*), Vp* € Qp.

We can introduce operators Ay, from Vj to V; and By, from Vj, to Q). B denotes the continuous
operator from V to Q'.

Lemma 11
Let us suppose that Ker Bt = {0}, and that a(-,-) is elliptic on V, that is, there exists ag > 0
such that

a(v,v) > ag|v|l%, Yo € V.

If, moreover, b satisfies an inf-sup property, that is, there exists ky > 0 independent of h such

that "
inf sup 2P

> ko, (Bll)
pEQhUEVth”VHp”Q

then, (B.10) has a unique solution (up,pp). In addition. one has the bound

lall

1 1
HwWSMW+(+Qmw

Jal  lal (Ll
lovle < - (L 1) v+ B (B0 e

Proof. The inf-sup condition (B.11) ensures that Ker B = {0}, then Proposition 2.2, §II.2
in (Brezzi and Fortin, 2012) ensures that g € Im By,. The ellipticity of a on V}, inherits from the
one on V, and the application of Theorem 1.1, §I1.1 in (Brezzi and Fortin, 2012) on the discrete
problem gives the results. |

(B.12)

Remark 19

In the case of a Stokes problem, a(-, -) is elliptic and it is known that Ker Bt = Ker(—grad) = {0}
when a Dirichlet condition is applied on a non-empty portion of the boundary, so the issue is
in checking (B.11), with b(v,q) = [ ¢ div v d€Q.

Proposition 12 (Inf-sup property on M)
Let us make the following assumptions:
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e there exists A\¢ such that

(p,divup)g,

inf sup > A >0, (B.13)
p€Qn g ewi 1Pl L2 ol )
° W,E and W} have identical traces on X, that is
{vrlssve € Wi} = {uuls v € Wi, (B.14)
e the Robin coefficient satisfies
v > 2C. (B15)

Then the operator M defined by (B.4) satisfies an inf-sup property for ||-||p: there exists
B > 0 independent of h such that

e M(X, X™) >3
inf sup o =6,
XeVi xeev, I Xl X*

or, equivalently
VX eVp,3X* eV, | IX¥n < || X||p and M(X,X*) > 5HXH}21

Remark 20
In the numerical resolution, condition (B3.13) comes down to a well known condition on W} x @y,
for variables vy and p.

Proof. Let X, — [yﬁh,g&h,gs N ph} in Vi, we will build an X, = [g;h,g;h, Y, p*} in V,

and a § > 0 that satisfies the above condition in several steps, in order to control the different
terms that appear in ||-||p.

1. We define X} = [0,0, —ysyh,O], then M (X, X}) > a1||ys7h||1%]1(gs), with a; > 0.

2. We pick X }QL = X},. The energy bound derived in Section 4.2.3 gives for any length L

TH
M(Xp, X}) = 2#”;(%,}1)”%2(99 + WHQf,h - Qs,h||%2(2) — 4p (e(vg ), vp g, — Qs,h)Lz(E)

CieL vo2
) letwrn) gy + (1 = 7 ) e — el

Thanks to the assumption on «, and norm equivalences, we build as > 0 such that

22u<1—

Y
M (Xp, X)) > az (Hyf,hulzﬁll(ﬁf) + - len — Qs,h”%ﬂ(E)) :
3. Thanks to (B.14), we define L(y_,) a lifting of y_, |5 in W} satisfying

||£(Es,h)”H1(Qf) < CHgs,h”H%(z:)'

According to Remark 19 and thanks to (B.13), Lemma 11 ensures the existence of (w3, p})
in W}fl X @Qp such that for any (w*,p*) in W;ﬁ x Qp,

(Q(M?x)aé(w*))gf + (p%,divy*)ﬂf =0,
(p*, divw%)ﬂf = — <p*7div .C(ys7h))9f , (B.16)
wpls =0,
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and for C' and C’ independent of h, see (B.12) and (B.5),
HQ%HHI(Qf) < C/HE(QS’h)||H1(Qf) < CHQS’hHHl(Qf)-
Now let us construct X; = Qf”h,g&h,o,()], with Q:fg’h = E(gs,h) + w?; then
[0f 1l ) < Cllyg i)

The purpose of this construction is to get a Q?’h that satisfies (ph,div Q?,h>ﬂ = 0 and
f
v, = y_, on ¥, which finally allows to write that, for any (n1,72,73) in (RT)3

M (Xn, X3) = 20 (e(vep) : £(080)) g, + (gs,hv y57h>skel =2 (e(vfn) 6, 0pp — Vo) -

Using Young inequality we have
1
MO X0 2 e (b B+ el ) + Cll o
1
3 2 2
i (llB + s - ).
And the trace inverse inequality gives

Ci p p
M0 X0 2 €= (s + G )]y = 2 letenl, = 2 s = ol

Choosing for example

—1
e h .
m = g <Iu, + C > , M2 = ﬂ7 and deﬁnlng a3 — g and /83 = s
2 2] Vh 2 m

— a3 and (3 are obviously independent of & — we end up with

YH
M (Xn, X3) 2 aslly, oy = Bs (Nl o) + 2 loen — vunlBes) -

In addition, there exists 3 > 0 such that
X3 ln = 192l ) + 19, 700y < 0y, 7 00 < sl Xnln-

4. As a consequence of (B.13), we can construct v, such that for a positive A,

”Q?,h”Hl(Qf) < thHLQ(Qf)7

. B.17
- (phvleﬁ?,]JQf > )\thH%g(Qf)- ( )

Once again, (B.14) allows to introduce yih = L’(yﬁh) a lifting of Q?’hlg in W} such that

£t ) o) < CHQ?JLHH%(E),

and we have, see (B.5), for C' and C’ independent of h
lvg sl 00y = IL@E @) < ClvEnllm e < Clipallz2p)-
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Finally, we build X,‘f = [yﬁh,y;{h, 0, 0}. This construction gives a control on p; through
the divergence term. It also imposes y? h= Q;L p on X, and finally allows to write that, for
any (7717 12,13, 774) in (R+)4a

M(Xp, Xp) = 2p (e(vg ) : g(yﬁh))gf + <gs7h,gih>skel
4 .4
- (gvis(ﬁf,h) L, Vg p 7s,h)z — (pn, div Qf’h)ﬂf

Young and trace inverse inequalities now give

C 1
M (Xp, Xp) > — (7710||Uf,h||?{1(gf) + m||ph||%2(ﬂf)> - (772C\|ys7h||?{l(gs) + 772@\1%”%2@@)

Cie 1
- (Ush\Ph\%z(Qf) + %CHQf,h - Qs,h||%2(z)> + AllpallZ2 ()

We apply it to

B _g _h)\
m="mn2= )\7773—750

7

A 4 1€
, and we define ay = 1 and B4 = max <7]1C, ¢ C) ,

YHA
ay and B4 don’t depend on h and we end up with
Y
M (X, Xp) > callpnllz2op) — Ba (Hyf,hH%'—Il(Qf) +lly, ) + o —Es,h||%2(z)) :
We also have the following bound
1Xlln = 110fal 7 ) + l0snllE (0. < vallpall7zo,) < vallXnlli-

Now, let us define the following positive coefficients, that don’t depend on h,

) o303 . (o2 b3
03 = P Y R 04 = o0n d = 5 0 » T o 0 0
3% st 25 4 25, and 8 = min < 51 4&4)

and let us introduce X, = X,% + X}ZL + (53XZ’ + (54Xﬁ. By construction, we end up with

_ TH
M(Xy, Xp) > 011||£s,h”%{1(ﬂs) + a2 (Hyf,h |%ﬂ(ﬂf) + f”yﬂh B ySv"H%Q(Z))
i
+ 630{3||ys’h”%{1(ﬂs) — 0303 <||Qf,h||12’{1(ﬂf) + FHQf,h - sth”%2(2)>
+ b -3 ; e+ e = 2ol
1004 thLQ(Qf) 104 ||Qf,h||H1(Qf) + Hys,hHHl(Qs) + h Hyf,h QS,hHLZ(E)
i
> (ag — 6383 — 041) <||Qf,h||%—[1(ﬂf) + e = e |%2(E))

+atllognllin o, + Osas = 0aBa)lly, 170 () + dscallpnlfzo,

> B Xnll7,
and B
[ Xnlln < (2+ 0373 + 6a74) | X |-
We conclude the proof with the following two inequalities
X > S B
240373+ 0472/ — 2+ 0373+ 0414

%,
H X2,

2 + 0373 + 0474

SHXhHh and M(Xh,
h
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B.2.4 Convergence in time and space of the fully discretized scheme solution

We introduce V' = H2(Q)? x (H?(%)%)? x H'(Q¢) a new state function space with more
regularity, and denote as follows the two natural norms over V and V',

X% = loelEr ) + leslEn e, + gl o) + 117200
X5+ = el Fan + sz + 19,0 + 1217 -

We also introduce V= = L2(Q)3 x L2(£)3 x H' ()3 x L?(Q), whose natural norm is equivalent
to [|-[le-

The continuous solution X = (vg,vg,y_,p) in V of (B.1) satisfies, for any (vf,vf,y’,p") in
V, at any time ¢,

+ M((vr, v, ¥, p), (vF, 25,9, p7)) = 0. (B.18)

The discrete solution (X}' = (y?h,p’i,ygh&éﬁh))nzo in (V3,)Y is such that for any n > 0, and
any (vf,vs,y’,p") in Vy

n+l * n+l * n+l *
Pt <DTUf,h %, Uf) s (DTUS,h ? Us + DTySJl g Zs
Qs Qs skel

M((p"+H ndby My ndly o e x —0. (B.19
+ ((Qﬁh 'Ushn o Ysp "1 P ),(Qfaﬂs»ysap ))=0. (B.19)

The purpose of this section is to establish the following convergence result.

Proposition 13 (Total convergence)

Assuming that conditions (B.13), (B.14) and (B.15) are satisfied, and that the solution X of
(B.1) belongs to C*(0,T,V*)NC?(0,T,V~), with T the duration of the simulation , then there
exists a constant C' depending only on || X || o (o.1,v+), |0:X || Locpo,r,v+) and [|07 X || poojo 7,¢] such
that

X7 = X(t")]le < C(h+ Ab),

where (X}')n>0 is the solution of (B.8) and we remind that

Xy = X(t") = [Q?,h —oe(t"), P = p("), vgp —os(t"), ¥, —y (7))

)

Proof. Let us introduce the projection P = [P}E, Py, P}:, P}IL)] such that,
VX* = (g}‘,y:,g:,p*) eV, M(PX,X")=MX,X") ie.
M((Pyug, Pug, By, PYp), (vf, vl,y,p%) = M((vs,v5,9,, ), (vF, 03, y7,p"))-  (B.20)
We begin with establishing

Lemma 14
Under the hypothesis of Proposition 12, there exists a constant C' independent of h such that,
for any X in V't satisfying X1 = X5 on ¥,

[PX — X|lg < Chl| X|ly+.
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Remark 21
More generally, with shape functions of order k£ > 1 for PX we have that for any X in V¥ =
HFL(Qg)? x (HFL(Q4)2)2 x HF () satisfying X7 = X5 on X,

IPX = Xe < CH¥|X |y,
with ||-||y+ the natural norm on V*. To fix the ideas, we will establish it here in the case k = 1.

Proof. Under these assumptions, let us introduce the Clément (Clément, 1975) interpolation
I, X in V}, that satisfies
|X = InX|lv < Ch|X|ly+,
I X]lv < ClX]v,
(IhX)l = (IhX)Q on E,
(T X = X)allr2(s) < CHY2| Xal 1 (g,
11X = X1l g sy < CRY2 X1 20

For X* € Vj, let us look at the terms of M (X — I, X, X™*) that are not controlled by [||p.
Thanks to the above properties and the Cauchy-Schwarz inequality,

* * 1 * *
(p — Inp, (vf — %) “ne)s < W2 |p — Inpllrecs) - WHQf — vsllz2 ()
< Chl[ X v+ | X In
The same argument enables us to control 2/u(g(vs — Invg) - ng, vf —v3%)s, the Robin term vanishes
because by construction (X — I3 X); = (X — I, X)2 on X, and all other terms are controlled
with Cauchy-Schwarz. We end up with, for C' independent of h,
M(X —I,X, X*) < Chl|X||y+]| X*||n- (B.21)
Now, Proposition 12 ensures the existence of X* in V}, such that
|X*|ln = 1 and M(PX — [,X, X*) > | PX — [, X]|s,
and we recall that by definition of P,
M(PX — I, X, X*)=M(X — I,X, X"),
therefore, using (B.21)

YNPX — I X||p < M(X — I, X, X™)
< Chl|X|ly+.

Finally, using that ||-||¢ < ||-||», and by construction of I}, X, the triangular inequality gives,
with C' independent of h,

1PX — Xle < [|PX — InX|le + [InX — X||e
< Chl|X||ly+ + Ch|| X||y+.
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We can now proceed with the proof of Proposition 13. The inclusion V};, C V enables us to
choose discrete test functions in (B.18) and by construction of the projectors we get, for any
X* = (Q?7Q§7Q:7p*) in Vh

pt (Opvg, vf ), + ps (Oevs, v5) g, (&sy Y ) el
+ M((Pfug, Pivg, PYy_, Prp), (vf, vl y%,p%)) = 0. (B.22)

We average the evaluations of (13.22) at time " and ¢"*!, and gather consistency errors on the
right hand side, to get that for any X* = (y}‘,gﬁ,y:,p*) in Vj,

1
pr ((DrPfun™ v )+ ps ((DrPiw)™3,07)  + ((D-Pyy)"™ %, y7)
f s
+ M((Phog)™ 2, (Fpog)™ 2, (P)y )™ 2, (PPp)™2), (uf, oty 1))
1
= pr (D Pluy)" - <atyf>"+§,y%‘)ﬂ + ps (D P 4 = (0,)" 4, o)
f

+ (D Py = (9"

where we defined for any function g continuous in time,

skel

Qs
* B.23
y )skel ’ ( )

1 n+1y _ n n+1y _ n—1
(DTg)n+5 — g(t )At g(t >,(DTg)”= g(t )2Af(t )7

Now let us introduce

Xp = Xj - (PX)" with (PX)" = [(Phu)™ 3, Phu,("), Py, ("), (PFp)" 2]

g(t" ™) +g(t")
5 :

NI

s =

and (g

and let us denote by A(vf,vs,y”,p*) the right hand side of (B.23) (the consistency terms).
Then the subtraction (B.19) - (B.23) gives, for any X* = (y}‘,g;'f,g:,p*) in Vj,

_n+3 n+s n+
Pf <D7Uf,hzyv>fk> + ps <D7'Ush ﬂﬁ) + (DTyshQ’y )
Q¢ Qs skel

n+i n+i
+M((U?Zl) Sh27ysh27pZ ) (szay;k7gz7p*)):A(vay:7g:ap*) (B24)

Proceeding as in the energy stability analysis, we evaluate the previous equation with the
following functions that are admissible:

x  _ ~n+1l * _~”+% d _ +1 ~n+1
Vih =Y p > Ysh = YgpH AL 4h =Ysns PRL=D0p -

Let us introduce, for the evaluation of the right hand side of equation (B.24)

_ n+1 nty ntg ~n+1
A_A(Ufh ) ShQay hQaph )

and the energy of the error at iteration n

& Pt~ 2 Ps
g’n = —
9 Hyf,hHQf 9 — Il

Then the same derivation as in Section B.2.2 gives

T

gn—‘rl _ (c::n
At QA

- - Vi nty -
B ullE, + 20l @G, + 100 — o R

~ - _ +l
- 4M(§(ﬂﬁil)nf,v?21 ~50, %)z, (B.25)

T

H~n+1
t
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with for any length L

- n+
Ti < 2u Lllﬁ(v?ﬁl)nf\I%Jr IIU??{l o, 7 |I%| -

We use the trace inverse inequality to get that ||5(v’flzl)nf||E < Gie ||§(@?Zl)|]% and

C ~ _n+i
T < 2 (@ >||Qf+ Ellaps - oon? 113

so that (B.25) turns into

Entl _gn CieL " 2 R
s <2 (S ) e (- ) et g A

Now we must control A, which we decompose as follows:
b= (Db — i)
f

1 1 ntd
Az = ps ((DTP}iUS)n+2 - <8th)n+2 ?Q:,h 2) )
Qs

1 +1 on+
Az = ((DTPK?JS)”“ — Oy )" w?ﬁ) :
\ skel

The linearity of P gives,
1

(DrPluog)" — (8y00)"*2 = PL(Dyvg)™ — (D)™ + (Dyvg)™ — Bug(t™) + Bpvg(£7) — (D)™ 2.

By assumption, (D, X)" belongs to VT and has equal first and second component, so Lemma 14
gives,

1P (Drvg)™ = (Drvg)"lley < [[1P(D7X)" = (D X)"|le < Ch|(D-X)"|ly+
< Chl|0eX || oo, 1+

Then, thanks to Taylor-Lagrange inequality,
I(Droe)" = dpwe (")l < ClIOF X | oo po, 76128,
and the belonging of v; to C? gives
1
18e0¢ (1) — (Brup)™*2 [l < COFX || oo po 61 A
Finally, with Cauchy-Schwarz, we end up with
AL < Ci(h+ AD)|3E e
The same derivation gives the following bounds for Ay and As,
_n+3
Ay < Co(h + A0, 2 [le.,
_n+3
As < Cs(h+ At)||iy 2 sk
Let us note that the C;’s depend on HB?XHLOO[O’T’g] and [|0: X || oo o, v+

127



We end up with, for €'y = maxj<;<4 C;

Entl _gn CieL 2 5
Y < e n+1 2 = 7

~n+1 _n+3 _n+3
+Cly(h+ At) (uvzz o + 1122, 2l + \|y5,h2||skel> .

Again, the assumption vy > 2Cj. enables us to choose L € [2h/v,h/Cie] in order to have

gn—l—l . (c:’n

_n+3 _n+3
s <l 80 (1228 o + 1257 o + 15 )

or, with the triangular inequality,
El _ & < O At(h + At) ( £+l 4 )

i.e.

VEH _V/E < O\ At(h + At).
We sum those inequalities for 7 from 1 ton + 1 :
VEnt < Cly(n+ 1)At(h + At) + Véo,
This gives a L? convergence of Ug p» Ug p, and pp, and a H' convergence of g&h, in (h, At), i.e
IX7 — (PX)"[le < Calh + A, (B.26)

with C4 dependent only on [|07X || fe[o 1.¢) and HatXHLoo[OTer] In addition, by definition of
(PX)™, and thanks to the continuity of P and the C! nature of X, we have

I(PX)" = PX(t")|le < C"A0:X | poopo,1,6)- (B.27)
The triangular inequality and Lemma 14 conclude the argument:

[ Xy — X(#E")e <1 Xp — (PX)"[e + [[(PX)" = PX(t")|le + [[PX(t") — X (t")e
< Ca(h+ At) 4+ C'At)0: X || oo o,1,6) + ChIIX || Loo o+ -

Remark 22

Order of time convergence is only 1 because of the specific choices we made on Section B.2.1,
that aims at keeping a time scheme as close as possible to the splitting scheme of Section A.2.
Naturally, avoiding the shifting between fluid and solid discretizations (choosing for example a
midpoint scheme for fluid) would give us a convergence in At2,

B.3 Conclusion

To conclude, we began this section with deriving a linear problem (B.1) close to the FSI
formulation (A.1). In this context, at the discrete level, a monolithic solver directly computes
X,’Z'H in function of X;'. This simplified framework enabled us to establish conditions under
which the convergence of our numerical scheme in (h, At) is ensured, see conditions (B.13),
(B.14) and (B.15), and Proposition 13.
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Annexe C

Résumé substantiel

Cette these est dédiée au développement de méthodes numériques pour la poromécanique, et
a leur application dans un contexte de modélisation cardiaque. L’intérét croissant des cliniciens
pour la simulation numérique a stimulé la mise au point de modeles multi-physiques de plus
en plus complets, notamment du coeur humain. Notre démarche est motivée par la prise en
compte dans les modeles existants du réseau coronarien qui perfuse le myocarde, jusqu’a présent
absent de la plupart des modeles, afin de mieux décrire les maladies vasculaires coronariennes.
L’enjeu clinique est crucial alors qu’elles représentent a elles seules 20% des déces. Du point de
vue de la modélisation, le réseau de coronaires introduit un couplage supplémentaire entre la
circulation sanguine en sortie du coeur et le comportement mécanique du myocarde. Sa finesse,
rendant impossible une modélisation détaillée, 1égitime une approche de type mixture consistant
a modéliser le muscle cardiaque comme un milieu poreux, ou coexistent en tout point les fibres
musculaires et ’écoulement sanguin.

Nous appuyant sur des travaux existants, nous commencons par introduire formellement un
modele de coeur perfusé. La nouveauté consiste a remplacer les lois hyperélastiques représentant
le muscle cardiaque par un milieux poreux, soumis a de grandes déformations, hébergeant un
écoulement coronarien rapide interagissant avec la circulation sanguine. La difficulté de la mise
en oeuvre de ce modele réside dans les hypotheses de notre cadre de travail, et notamment la
non-linéarité des équations.

Nous effectuons alors une réduction dimensionnelle de modele permettant de reproduire en
0D, & moindre cotit de calcul, un cycle cardiaque réaliste avec en plus des indicateurs déja
accessibles (volume, pression et débit dans l’aorte) la masse et la pression de perfusion dans
les coronaires. Cela nous permet de reproduire des phénomenes physiologiques d’une grande
importance pour des applications cliniques et auparavant invisibles dans les modeles, tels que
la vasodilatation et certaines pathologies coronariennes.

L’implémentation et I'intégration du compartiment poreux pour représenter le myocarde per-
fusé dans les modeles 3D représente un défi technique d’un autre ordre. Nos travaux présentent
donc ensuite I'analyse numérique d’une formulation de poromécanique valide dans un cadre
général.

Nous inspirant de schémas en temps de type splitting établis en interaction fluide-structure
pour modéliser les vaisseaux sanguins, nous proposons une discrétisation temporelle semi-
implicite de notre systeme, valide en non-linéaire. Des arguments énergétiques nous permettent
alors d’établir la stabilité inconditionnelle de ce schéma de couplage dans un cadre non-linéaire.
La difficulté réside dans le traitement de la fraction volumique de fluide présente dans toutes les
équations, des déplacements du maillage fluide, et dans la non-linéarité de notre systeme. Afin
d’illustrer et valider notre démarche, I’environnement de calcul éléments finis FreeFem++ nous
permet de reproduire des cas-tests classiques de gonflement et de drainage de milieux poreux
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en 2D, puis de vérifier le bilan d’énergie satisfait au niveau discret.

Enfin, motivés par ’étude de la discrétisation spatiale de notre probleme, nous établissons
dans un cadre linéaire (petites déformations) un résultat de convergence totale (temps et espace)
du schéma, sous conditions. Notre couplage fait intervenir un probleme fluide en pression vitesse
de type Navier-Stokes qui demande une attention particuliere afin d’éviter tout verrouillage
numérique et instabilités de pression. Nous proposons en particulier un traitement adéquat de la
fraction volumique de fluide, ainsi qu’un choix d’espaces éléments finis pour les variables fluides
et solides du probleme couplé. Notre analyse nous permet ainsi de proposer une méthode de
discrétisation spatiale facile d’implémentation, malgré la complexité du systéme, et présentant
de bons résultats de stabilité. FreeFem++ nous permet a nouveau de valider notre démarche,
par une étude de convergence spatiale, puis en illustrant les pathologies numériques associées a
I'incompressibilité, et leur traitement efficace par les stratégies proposées, d’abord dans le cadre
linéaire puis dans une situation générale (grandes déformations).
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MODELISATION MECANIQUE ET METHODES NUMERIQUES POUR LA POROMECANIQUE
APPLICATION A LA PERFUSION DU MYOCARDE

Résumé : Cette these est dédiée au développement de méthodes numériques pour la poromécanique, et
a leur application dans un contexte de modélisation cardiaque. Elle est motivée par la prise en compte,
dans les modeles de coeur humain, du réseau coronarien qui perfuse le myocarde, afin de mieux décrire
les maladies vasculaires coronariennes.

Nous appuyant sur des travaux existants, nous proposons un modele de coeur perfusé, ainsi qu'une
réduction 0D permettant de reproduire, 2 moindre cotit de calcul, un cycle cardiaque réaliste avec masse et
pression de perfusion. Le modele mis au point nous permet de reproduire des phénomenes physiologiques
auparavant inaccessibles dans les modeles, et d’'une grande importance pour des applications cliniques,
tels que la vasodilatation et les pathologies coronariennes.

L’intégration d’un compartiment poreux pour représenter le myocarde perfusé dans les modeles 3D
représente un défi technique d’'un autre ordre. Nous inspirant des schémas en temps de type split-
ting établis en interaction fluide-structure pour modéliser les vaisseaux sanguins, nous proposons une
discrétisation semi-implicite d’une formulation générale de poromécanique, satisfaisant un bilan d’énergie
au niveau discret. Afin d’illustrer et valider notre démarche, I’environnement de calcul élément finis
FreeFem++ nous permet de reproduire des cas tests classiques de gonflement et de drainage de milieux
poreux en 2D, puis de vérifier le bilan énergétique discret.

Enfin, motivés par I’étude de la discrétisation spatiale de notre probleme, nous établissons dans un cadre
linéaire un résultat de convergence totale du schéma sous conditions. Cela nous permet de proposer
une méthode d’implémentation facile & mettre en oeuvre et présentant de bons résultats de stabilité.
FreeFem++ nous permet a nouveau de valider nos résultats en illustrant les pathologies numériques
associées a l'incompressibilité, et leur traitement efficace par les stratégies proposées, dans le cadre
linéaire puis dans une situation générale.

Mots-clés : Poromécanique ; Analyse numérique ; Modélisation cardiaque ; Réduction dimensionnelle

MECHANICAL MODELING AND NUMERICAL METHODS FOR POROMECHANICS
APPLICATION TO MYOCARDIUM PERFUSION

Abstract: This thesis is dedicated to the development of numerical methods for poromechanics, and to
their application in a cardiac modeling context. It is motivated by the introduction into existing cardiac
models of the coronary network that perfuses the myocardium, to better describe coronary vascular
diseases.

Drawing our inspiration from existing works, we propose a perfused heart model, and a 0D reduction
allowing the cost-effective reproduction of a realistic cardiac cycle with perfusion mass and pressure. The
model derived illustrates physiological phenomena inaccessible in former models, and with great clinical
application potential, such as vasodilatation and coronary diseases.

The integration of a porous compartment to represent the perfused myocardium within 3D models is
more challenging. Relying on splitting time schemes established for fluid-structure interaction to model
blood vessels, we propose a semi-implicit discretization of a general poromechanics formulation, satisfying
a discrete energy balance. In order to illustrate and validate our approach, we reproduce in the finite
element software FreeFem-++ classical swelling and drainage 2D test cases, and we monitor the discrete
energy balance.

Finally, motivated by the study of spatial discretization aspects of our problem, we establish in a linear
framework a conditional total convergence result. This allows us to propose a computational method
easy to implement and presenting good stability results. FreeFem++ enables us again to validate our
results, illustrating numerical pathologies associated with incompressibility, and their efficient treatment
with the proposed strategies, first in a linear framework and then in a general situation.

Keywords: Poromechanics ; Numerical analysis ; Cardiac modeling ; Dimensional reduction

140



	Introduction
	Contexte
	Paysage général
	Le coeur humain

	La modélisation cardiaque
	Historique
	Les différents ingrédients de la modélisation cardiaque
	Une brique supplémentaire : la perfusion du myocarde

	Du réseau coronarien à la poromécanique
	Le réseau coronarien
	Arbre coronarien et perfusion - les approches multi-échelles
	La poromécanique

	La formulation de poromécanique
	Formulation forte de poromécanique
	Parallèle avec l'interaction fluide-structure
	Formulation faible en poromécanique

	Analyse et méthodes numériques
	Discrétisation en temps
	Discrétisation en espace - stabilité et convergence

	Organisation et contributions de la thèse
	Chapitre 2 – Intégrer la perfusion du myocarde à des simulations de cycles cardiaques en modèle réduit
	Chapitre 3 – Proposer un schéma en temps qui respecte un bilan d'énergie discret
	Chapitre 4 – Etudier les problèmes liés à la discrétisation spatiale et proposer un schéma stable
	Annexe A – Analyse de stabilité du schéma en temps semi-implicite en interaction fluide-structure non linéaire
	Annexe B – Convergence totale d'un schéma monolithique pour l'interaction fluide-structure en linéaire


	Cardiac model with perfusion and model reduction
	3D cardiac model with perfused myocardium
	Active behavior and overall constitutive law
	Poromechanical formulation for the myocardium modeling
	Cardiac system

	Dimensional reduction of the cardiac model with poromechanics
	0D cardiac model
	Energy balance at the continuous level in the reduced formulation
	Energy compatible time scheme

	Numerical simulations
	Healthy heart simulation
	Macro vascular stenosis
	Micro and macro vascular diseases
	Inotropic effect

	Conclusion

	Effective and energy-preserving time discretization for a general nonlinear poromechanical formulation
	Total convergence analysis of a monolithic scheme for linear poromechanics
	Introduction
	A linear porous flows and elastic coupling formulation - the continuous problem
	Linearization of the weak formulation for convergence analysis
	Nitsche's linear weak formulation
	Time continuous energy balance

	The fully discrete problem
	Time scheme
	Stability analysis in energy norm
	Inf-sup property on the static problem
	Convergence in time and space of the fully discretized scheme solution

	Spatial convergence - numerical illustrations
	Inf-sup compatible finite element spaces for fluid pressure and velocity
	Discretization of a non-spatially-uniform 
	Extension to a non-linear framework

	Conclusion

	Conclusions et perspectives
	Stability analysis of a Robin based semi-implicit coupling time scheme for non-linear fluid-structure interaction
	Fluid-structure interaction strong formulation
	Time-discrete partitioned coupling method
	Stability analysis

	Total convergence analysis of a monolithic scheme for linear fluid-structure interaction
	A linear flows and elastic coupling formulation - the continuous problem
	Linearisation of the formulation for convergence analysis
	Nitsche's linear weak formulation
	Time continuous energy balance

	The fully discrete problem
	Time scheme
	Stability analysis in energy norm
	Inf-sup property on the static problem
	Convergence in time and space of the fully discretized scheme solution

	Conclusion

	Résumé substantiel

