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Résumé

Notre compréhension de la physique de la source sismique, qui donne naissance a des séismes
de toute magnitude, requiert |'observation d'une large population d'événements. Les méthodes
d’analyse systématique de la sismicité mondiale remplissent ce rble et permettent d'extraire
les propriétés des séismes puis de les confronter aux modéles de rupture sismique. La méthode
SCARDEC fait partie de ces méthodes et retrouve les fonctions source d'événements sur une
large gamme de magnitudes (M,, > 5.7). La fonction source, puisqu’elle décrit I'évolution tem-
porelle du taux de moment, est un observable privilégié pour I'analyse des propriétés transitoires
de la rupture. L'objectif de notre étude est d’observer le développement de la rupture lors de
ces séismes afin de plus précisément contraindre les modéles cinématiques et dynamiques de
la source. La premiére partie de notre travail s'intéresse au développement des séismes a partir
du catalogue SCARDEC. La phase menant au pic de la fonction source (“phase de dévelop-
pement") est extraite pour caractériser son évolution. A partir du calcul des accélérations de
moment pour des taux de moment donnés, nous observons que |'évolution du taux de moment
pendant la phase de développement est indépendante de la magnitude finale. Une analyse
quantitative de I'augmentation du taux de moment en fonction du temps indique que cette
phase ne respecte pas la dépendance en t? de la loi auto-similaire, suggérant une variation
transitoire de la vitesse de rupture et/ou de la chute de contrainte. Ces observations sont dans
un deuxieme temps confrontées aux modeles cinématiques de la source. Un modeéle de crack
avec des variations radiales de la vitesse de rupture, associées a une faible chute de contrainte,
met en évidence que la corrélation entre vitesse de rupture et vitesse de glissement est un
ingrédient nécessaire au comportement transitoire de la phase de développement vu dans les
observations. Nous générons ensuite a partir du modeéle composite fractal RIK des catalogues
synthétiques de fonctions source. Ces derniers montrent également que la corrélation entre
la vitesse de rupture et la vitesse de glissement, ainsi que la durée du temps de montée, ont
une influence sur les valeurs de I'accélération de moment. Nous développons finalement des
modeéles dynamiques hétérogénes qui prennent en compte la physique de la rupture. Les dis-
tributions hétérogenes du parametre de friction D, et de la contrainte initiale 79 sur la faille
participent a générer des scénarios de rupture particulierement réalistes. La propagation de la
rupture est en particulier influencée par ces deux parametres dynamiques qui entrainent une
direction de propagation préférentielle couplée a une variabilité plus locale de la vitesse de
rupture. La corrélation entre vitesse de rupture et vitesse de glissement, mise en lumiére dans
les modeles cinématiques précédents, est retrouvée et permet la reproduction des observations
SCARDEC. Ces résultats devraient fournir des contraintes additionnelles pour la constitution
de scenarios réalistes de la dynamique de la rupture.

Mots-clés : développement de la rupture, fonctions source, auto-similarité, cinématique de la
source, chute de contrainte, vitesse de rupture, vitesse de glissement, modéles dynamiques






Summary

Our knowledge of earthquake source physics, giving rise to events of very different magnitudes,
requires observations of a large population of earthquakes. The development of systematic
analysis tools for the global seismicity meets these expectations, and allows us to extract the
generic properties of earthquakes, which can then be integrated into models of the rupture
process. Following this approach, the SCARDEC method is able to retrieve source time func-
tions of events on a large range of magnitude (M,, > 5.7). The source time function (which
describes the temporal evolution of the moment rate) is suitable for the analysis of transient
rupture properties which provide insights into the generation of earthquakes of various sizes.
The purpose of our study is to observe the rupture development of such earthquakes in order
to add better constraints on kinematic and dynamic source models. The first part of our work
focuses on the development of earthquakes through the analysis of the SCARDEC catalog. The
phase leading to the peak of the source time function (“development phase”) is extracted to
characterize its evolution. From the computation of moment accelerations at prescribed mo-
ment rates, we observe that the evolution of the moment rate during the developement phase
is independent of the final magnitude. A quantitative analysis of the moment rate increase as
a function of time further indicates that this phase does not respect the steady t2 self-similar
growth, suggesting a transient variation of rupture velocity and/or stress drop. In a second
part, these observations are compared with kinematic source models. A crack model with ra-
dial variations of the rupture velocity combined with low stress drop highlights that correlation
between rupture velocity and slip velocity is a key feature for the transient behavior of the
development phase previously observed. We then generate, using the composite fractal RIK
model, synthetic catalogs of source time functions. This also supports that the correlation bet-
ween rupture velocity and slip velocity, as well as the duration of the rise-time, have a strong
effect on moment acceleration values. We finally develop heterogeneous dynamic models which
take into consideration rupture physics. Heterogeneous distributions of the friction parameter
D, and the initial stress 7y contribute to generate highly realistic rupture scenarios. Rupture
propagation is strongly influenced by these two dynamic parameters which induce a clear pre-
ferential direction of propagation together with a local variability of the rupture velocity. The
correlation between rupture velocity and slip velocity highlighted by the previous kinematic
models is retrieved and allows to reproduce the SCARDEC observations. These findings are
expected to put further constraints on future realistic dynamic rupture scenarios.

Keywords : rupture development, source time functions, self-similarity, source kinematics,
stress drop, rupture velocity, slip velocity, dynamic models
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Préambule

Les séismes sont des événements soudains conduisant a reldcher, en partie sous forme
d’ondes sismiques, la contrainte accumulée au niveau des failles. Les observables sismo-
logiques sont donc porteurs d’information sur la source sismique, en plus de celles sur la
complexité du milieu traversé. Les enregistrements de ces ondes révelent une grande diver-
sité parmi les séismes, en premier lieu a cause de leur taille trés variable. Un séisme peut
se produire sur une zone de quelques metres, ou bien rompre des centaines de kilometres
de faille. Cette variété au sein de la dimension des événements souléve une question fon-
damentale : petits et grands séismes partagent-ils le méme mécanisme de rupture ? Si oui,
comment se développent-ils 7 Pour répondre & cette question, il est nécessaire de pouvoir
analyser les ondes générées par les séismes pour une large gamme de magnitude. Bénéfi-
ciant de la bonne résolution des données sismologiques a distance télésismique, le catalogue
SCARDEC est un outil privilégié pour une analyse systématique de la sismicité mondiale.
Cette base de données contient les fonctions source d’événements d’une magnitude variant
de M, = 5.7 a M,, = 9.1, et offrent par conséquent I'avantage de pouvoir extraire les
propriétés de source pour des séismes de magnitudes variables. De par I'histoire spatio-
temporelle de la rupture qu’elle décrit, la fonction source donne également I'opportunité
d’étudier les phases transitoires du processus de rupture. Parmi celles-ci, cette thése va se
concentrer sur la caractérisation du développement de la rupture, dans le but de le relier
a des modeles cinématiques et dynamiques des séismes.

Cette thése s’organise en trois axes principaux et un chapitre d’introduction. Ce premier
chapitre introduit tout d’abord les concepts fondamentaux de la source sismique et les
principales relations entre les différents parameétres de source. Nous décrivons ensuite la
méthode SCARDEC afin de présenter la base de données de fonctions source optimales
qui constituent nos observations. Un apercu des études utilisant cette base de données
est fourni, de maniere a identifier les propriétés globales auto-similaires et transitoires de
la source. Les modeles théoriques de source sont finalement exposés pour distinguer les
différents types de comportement proposés pour le développement de la rupture.

Dans le second chapitre, nous utilisons les fonctions source optimales comme observables
du développement des séismes. En utilisant une méthode calculant les accélérations de
moment a des taux de moment donnés, nous montrons que 1’évolution du taux de moment
vers le pic de la fonction source est indépendante de la magnitude du séisme. Une analyse
quantitative de I'augmentation du taux de moment nous permet d’extraire le compor-
tement caractéristique de la phase de développement des séismes. Les observations sont
mises en relation avec le cas de la croissance d’'un crack auto-similaire.



Le chapitre 3 explore les origines de nos observations a partir de modeles cinématiques
de la source. Une premiere analyse utilise la base de données SRCMOD rassemblant
des distributions du glissement de séismes afin de calculer la chute de contrainte sur
les zones les plus actives de la faille considérées comme représentatives de la phase de
développement. Un modele de crack avec des variations radiales de la vitesse de rupture
est ensuite développé afin d’estimer 'effet de la variabilité de la vitesse de rupture et de
la valeur de la chute de contrainte sur la phase de développement. Le modeéle composite
RIK, dont la distribution du glissement est fractale, est utilisé pour générer des fonctions
source diverses. Nous estimons le role d’une vitesse de rupture variable et du temps de
montée sur les valeurs d’accélération de moment.

Enfin dans la chapitre 4, nous utilisons des modéles dynamiques afin d’avoir une description
complete du processus de rupture lors de la phase de développement. Des distributions
hétérogenes du parameétre de friction D, et de la contrainte initiale sont imposées sur la
faille et génerent des propagations complexes de la rupture. Nous estimons l'effet de ces
deux parametres dynamiques sur le comportement des parameétres cinématiques durant la
phase de développement.

Cette these se conclut par une synthese des résultats obtenus et des perspectives d’amélio-
ration des modeles développés dans les précédents chapitres. Nous mentionnons finalement
les implications de nos travaux pour la dynamique de la source.
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Chapitre 1 — L'apport des fonctions source : de la description globale des séismes a leur détail

Ce premier chapitre aborde dans un premier temps les principales notions nécessaires a
la description de la source sismique, avec un accent mis sur le lien entre la taille finale
d’un séisme et les parametres globaux de la rupture. Les principales étapes de la méthode
SCARDEC sont ensuite exposées afin d’introduire le lecteur a la fonction source qui est
I’observable principal de ce manuscrit. Dans un second temps, un bilan des études utilisant
la richesse d’informations du catalogue sur le processus de rupture permet d’aborder le
concept d’auto-similarité. Enfin, ce chapitre se termine par une description plus détaillée
sur le développement de la rupture sismique, avec ’analyse des propriétés des fonctions
source dans leur période de croissance en lien avec les modeles théoriques de propagation

de la rupture.

1.1 Généralités sur la source sismique

Un séisme est la conséquence d’'une augmentation des contraintes tectoniques le long d’une
zone de faiblesse existante, appelée faille. Lorsque la contrainte exercée sur cette faille
devient trop importante, la déformation accumulée est rapidement relachée et les deux
blocs séparés par la faille glissent. L’état de contrainte global de la zone rompue avant et
apres le séisme n’étant pas connu, une grandeur caractéristique associée a un séisme est la
chute de contrainte. Puisque la modification de la contrainte est a ’origine du glissement le
long de la faille, la vision statique d’un séisme est résumée par la relation liant le glissement
moyen D & la chute de contrainte statique moyenne Ao :

D

Ao = U (1.1)
avec ¢ une constante, p la rigidité du milieu environnant et L la longueur caractéristique
de la faille. Méme si la distribution de la contrainte initiale est trés hétérogene sur le plan
de faille, conduisant & une variation spatiale complexe du glissement et de la chute de
contrainte statique, ’équation 1.1 est une robuste approximation pour estimer les para-
metres globaux de la rupture. Elle implique que la valeur de la chute de contrainte est
notamment controlée par le rapport entre D et la longueur caractéristique L.

Afin de quantifier la taille des séismes et d’apporter un éclairage sur les processus les
caractérisant, la théorie de la dislocation élastique est appliquée a la sismologie. Le moment
sismique My est utilisé pour définir la taille d’un séisme (Aki, 1967). Une faille de surface
S avec un glissement D est représentée par un systeme de forces double couple dont le
moment My pour chaque couple s’écrit comme

M() = MDS, (12)

avec S la surface de la faille rompue. L’amplitude des ondes longue-période générées par
le séisme est proportionnelle & My, qui peut donc étre évalué une fois la géométrie de la
source et les effets de propagation corrigés. En considérant 1 comme un parametre variant
peu pour les séismes peu profonds, un séisme avec un fort moment sismique est donc la
résultante d’un glissement important sur une grande surface, ce qui implique également
une grande valeur pour L. Cette relation entre D et L a une conséquence importante,
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1.1 — Généralités sur la source sismique

en particulier sur I’évolution de la chute de contrainte en fonction du moment sismique.
Si ces deux parametres augmentent en moyenne de la méme maniere, alors la chute de
contrainte est constante pour tous les séismes. Plus précisément, pour une faille de longueur
L et largeur [ proportionnelles (S oc L?), on peut écrire grace aux équations 1.1 et 1.2 :

My

(1.3)
C’est dans cette optique que des études estimant le moment sismique puis les dimensions
de la faille ont été menées pour déterminer la valeur moyenne de la chute de contrainte sur
des larges gammes de moment sismique (Chinnery, 1964; Kanamori and Anderson, 1975;
Abercrombie and Leary, 1993). Ces analyses suggeérent une valeur variable en fonction
des séismes mais sans dépendance systématique du moment sismique, et indiquent par
conséquent un processus de relachement de contraintes similaire quel que soit la taille des
séismes.

Au-dela de son aspect purement spatial, un séisme est une fracture qui s’initie a I’hypo-
centre et se propage le long de la faille en un temps fini. Une vitesse de rupture intervient
donc dans la caractérisation de la rupture et quantifie la rapidité avec laquelle la surface
de faille va étre rompue. Dans un cas de figure simple, on considére une rupture bidi-
mensionnelle et bilatérale, c’est-a-dire que le front de rupture utilise les deux dimensions
de la faille, sans direction préférentielle de propagation. Deés lors, ce front de rupture est
circulaire et la longueur caractéristique L devient le rayon de ce cercle. A la fin du séisme,
si 'on suppose une vitesse de rupture V, constante, L est égale a V. x T avec T la durée
totale du séisme. Cette hypotheése permet d’exprimer la taille d’un séisme en fonction de
sa durée totale sous la forme

My < AcV3T3, (1.4)

et introduit ainsi la notion d’auto-similarité de la rupture, qui sera largement discutée
tout au long de ce manuscrit. L’auto-similarité des séismes est une notion développée par
Aki (1967) selon laquelle petits et grands séismes sont issus d’un seul et méme phénomene
physique. Les grands événements sont seulement des versions mises a ’échelle des événe-
ments plus petits, sans caractéristiques qui leur sont propres. Cette définition implique
donc que la chute de contrainte et la vitesse de rupture sont indépendantes de la taille
finale de la source, qui est elle uniquement contrélée par sa durée totale.

En conséquence, la loi théorique 1.4 a été confrontée aux observations afin de vérifier la
dépendance du moment sismique comme le cube de la durée du séisme, confirmant ou
non son indépendance avec les parameétres tels que V. et Ao. Une premiére approche est
d’analyser le spectre des ondes télésismiques U, a partir d’'un spectre théorique utilisant
le modele de source “w-squared” de Brune (1970)

U(0)

L A A T

(1.5)

Ce spectre est caractérisé par un plateau & basse fréquence U(0), proportionnel & My, une
fréquence coin f. puis une décroissance inversement proportionnelle au carré de la fré-
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Chapitre 1 — L'apport des fonctions source : de la description globale des séismes a leur détail

quence. f. est un observable proportionnel a I'inverse de la durée T" dans des modeles a V.
constant (avec un coefficient dépendant de la géométrie de la rupture), i.e. My ox Ao f3.
(Boore, 1983; Boatwright and Choy, 1992). Allmann and Shearer (2009) ont testé ces hy-
potheses de Ao et V,. constants en compilant toutes les études qui permettent d’associer
fe et My des séismes a I’échelle globale. Ils montrent distinctement sur un intervalle de
magnitude allant de 10° & 10?2 Nm.s~! un comportement auto-similaire (Figure 1.1). Les
droites en pointillés Figure 1.1 de pente —1/3 en échelle log-log donnent une estimation
des valeurs extrémes de Ag, allant de 0.1 & 100 MPa. La méme analyse sur ’accord des
parametres de source a la loi auto-similaire a été effectuée dans le domaine temporel, afin
de directement comparer les observations a la loi 1.4. Furumoto and Nakanishi (1983)
sont parmi les premiers & estimer une durée de source a partir du modele d’Haskell (Has-
kell, 1964) en tirant profit du spectre des ondes de surface longue-période. Vidale and
Houston (1993) utilisent le contenu courte-période des ondes télésismiques enregistrées
dans un dense réseau régional, puis Houston et al. (1998) exploitent plus largement les
sismogrammes large-bande pour estimer la durée de la source d’événements a différentes
profondeurs. Au-dela de la différence de comportement observée dans ces études entre évé-
nements superficiels et profonds, qui n’est pas développée dans ce manuscrit, la principale
observation est la distincte augmentation de la durée des séismes comme le cube du mo-
ment sismique. Des lors, ’équation 1.4 sert de référence pour considérer le comportement
global des séismes comme auto-similaire. A I'inverse, tout comportement déviant de cette
loi est considéré comme atypique, et implique des dépendances de certaines propriétés de
la source avec le moment sismique final.

1.2 La méthode SCARDEC : accés a un catalogue de fonctions
source pour une description compléete de la rupture

Une étape supplémentaire dans la caractérisation du processus de rupture est d’évaluer
son évolution temporelle afin d’extraire des parametres cinématiques. La fonction source
remplit ce role puisqu’elle offre une vision intégrée sur la faille de la vitesse de glissement
au cours du temps. Cette histoire spatio-temporelle de la rupture est décrite par le taux
de moment M (t) sous la forme :

M(t) = u/gudS, (1.6)

avec u la rigidité considérée constante, @ la vitesse de glissement et S la surface rompue
au temps t. Cette relation montre explicitement que le taux de moment est dépendant
de la vitesse de glissement et de la surface rompue, résultant a un temps ¢ en un fort
taux de moment quand une grande surface de faille est rapidement activée. Les grandeurs
telles que la durée de la source T et le moment sismique M introduites dans la Section 1.1
correspondent & la durée de la fonction source et a son intégrale temporelle, respectivement.

Les fonctions source, appelées STFs (Source Time Functions) dans la suite de ce manuscrit,
sont sous certaines hypotheses liées aux déplacements enregistrés a distance dite télésis-
mique, qui correspond & une distance épicentrale A comprise entre 30° et 90°. A cette
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Figure 1.1 — Estimation de la fréquence coin f. en fonction du moment sismique et de la magnitude pour un
ensemble d’études. Les lignes rouges en pointillés ont une pente de —1/3 pour indiquer le comportement auto-
similaire. La compilation de tous les résultats indiquent que les valeurs de chute de contrainte sont comprises
entre 0.1 MPa et 100 MPa. Graphique issu de Allmann and Shearer (2009).

distance suffisamment lointaine de la source, le champ lointain du déplacement prédomine
car la longueur d’onde est beaucoup plus petite que la distance source-station. Dans le
méme temps, cette distance source-station est bien supérieure aux dimensions de la source,
ce qui implique que le rayonnement des ondes est approximé par un “point-source”. Cette
représentation simple d’un séisme implique que dans un milieu infini non-atténué, la fonc-
tion source correspond au déplacement de I'onde P, en prenant en compte le diagramme
de radiation, la distance a la source et les propriétés élastiques du milieu. Cependant,
I’hypothese d’une source ponctuelle n’est plus vérifiée pour des séismes de magnitude im-
portante, dont ’extension spatiale induit un effet “directif”. Cet effet a pour conséquence
une représentation différente de la fonction source en fonction de la position de la station,
appelée fonction source apparente (ASTF). La méthode SCARDEC (Vallée et al., 2011) a
été développée dans le but de prendre en compte cette complexité de la source sans intro-
duire d’hypotheses simplificatrices sur le processus de rupture. Son approche déconvolutive
permet d’obtenir différentes ASTFs a chaque station et ainsi s’affranchir de la représen-
tation ponctuelle de la source, tout en retrouvant les caractéristiques globales des séismes
(moment sismique, mécanisme au foyer et profondeur). La détermination de ces caracté-
ristiques de source est faite de maniere systématique, 45 minutes apres le déclenchement
de séismes modérés a forts, et est disponible via le lien http://geoscope.ipgp.fr. Une
version consolidée de ce catalogue, intégrant également les séismes passés depuis 1992 a
été rendue disponible sur le lien http://scardec.projects.sismo.ipgp.fr (Vallée and
Douet, 2016). La méthode SCARDEC, détaillée dans Vallée et al. (2011), est résumée
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ci-dessous, et donne naissance a un catalogue de STFs qui sera par la suite notre base
observationnelle du processus sismique.

Les ondes de volumes utilisées dans la méthode SCARDEC sont issues des stations FDSN
(Federation of the Digital Seismograph Newtork), dans la gamme télésismique (30° <
A < 90°). L’analyse débute par une estimation de la durée du séisme, difficilement visible
dans les signaux bruts notamment en raison de 'interférence entre les ondes directes et
les phases de profondeur (pP, sP, sS). Pour les grands séismes (M,, > 7), le déplacement
vertical est filtré entre 1 Hz et 3 Hz, puis une estimation de la durée est faite dans cette
bande de fréquence ou I'onde P directe domine le signal. Pour les séismes plus petits,
I'équation GCMT (Ekstrom et al., 2012) est appliquée (voir Figure 1.2). Cette durée est
ensuite légerement augmentée pour déterminer le moment sismique du séisme.

Les ondes & distance télésismique ont la particularité d’étre relativement simplement mo-
délisables en raison de la relative homogénéité du manteau. Le calcul de la propagation
des ondes dans ce milieu peut étre effectué par des techniques basées sur la théorie du
rai sismique. Les fonctions de Green des phases directes (P et SH) et réfléchies (PP,
SS, PcP et ScS) sont calculées par la méthode de Bouchon (1976) associée a la méthode
de réflectivité de Miiller (1985). L’inclusion des phases de profondeur dans I’analyse est
nécessaire pour les séismes superficiels car leurs arrivées se font avant la fin du passage
des ondes directes aux stations. Les temps de trajet des ondes sont calculés par le biais
du modele de Terre radial TASP91 (Kennett and Engdahl, 1991), dans lequel ’expansion
géométrique et I'atténuation anélastique du manteau sont également prises en compte.

L’isolation des ondes de volume et la robuste modélisation de leurs fonctions de Green
permettent d’introduire I’approche déconvolutive. Pour une Terre radiale, le théoreme
de représentation (Aki and Richards, 2002) pour une ligne-source permet d’exprimer le
déplacement U(t) comme un produit de convolution de la forme :

U(t) = GYsr(ze,t)* F(t), (1.7)

avec G% SA (zc, t) le champ d’ondes généré a I’hypocentre par un mécanisme double-couple
d’azimut, pendage, rake et profondeur ¢, 6, A et z. respectivement. F'(t) est la fonction
source apparente propre a chaque station, et peut donc étre obtenue via la déconvolution
de Gg@)\(zc,t) a partir de U(t). La stabilité de ’approche déconvolutive est assurée par
cing conditions physiques sur F' qui doivent étre simultanément satisfaites :

F' est positive;

F' est causale;

F a une durée finie;

L’intégrale de F' est constante a toutes les stations;
(v) F varie peu entre les stations.

L’ajout de ces conditions permet de contraindre suffisamment la déconvolution pour que les
parametres de source et les ASTFs puissent étre correctement retrouvés par une procédure
d’inversion.

Les parametres de source ¢, §, A et z. sont dans un premier temps estimés & partir
des signaux filtrés dans une bande de fréquences donnée (Figure 1.3a)). La limite basse
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f the Apparent STFs (ASTFs)

P and SH wave displacements highpass
filtered above Hp

ASTFs with duration T, and moment M, are
obtained by stabilized deconvolution from the
synthetic point-source waveforms [computed for
(strike, dip, rake, depth) = (g, &, A, z,.)]. ¥

‘ STEP 1 : Focal mechanism, depth, and M, determination

Assumed information for the earthquoke (from NEIC) : epicenter location and initial
magnitude M {and assoclated moment M, in N.m)
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optimization is difficult for large earthquakes).

STEP 3 : Extraction of the optimal and average S5TFs

|

- Selection of good ¥ P-wave ASTFs (obtained at depth z,).
- Stack to retrieve the common behavior and determine the average duration (< T,) after which the moment release
becomes not significant.
- Each good P-wave ASTF is cut when it approaches zero in the vicinity of the average duration, at a time referred as T,
- The average 5TF is the stack of the ASTFs, each windowed in the time [0 T,].
- The optimal STF is a good 'Y ASTF, as close as possible from the average STF, windowed in the time [0 T,].

(1)  See Valiée et al., 2011 and in particular Figures 2,3 and 4.
| {2)  T,=>T, inorder to allow for a longer duration than the one given by classical scaling lows : better estimate of the
1 moment magnitude for abnormally long events.
I (3)  Surface-reflected phases (e.q. pP,sP,s5) are only included for shallow events, when the pP phase arrives before T,.
| (4) Quality is quantified (1) by the agreement between real and modelled waveforms, the latter being here the
I reconvolution of the ASTFs with the point-source synthetics, and (2) by the similarity with on aoveraged 5TF.

Figure 1.2 — Résumé de la méthode SCARDEC issu de Vallée and Douet (2016). Trois principales étapes
sont nécessaires pour obtenir les fonctions source moyenne et optimale. La premiére étape optimise la valeur
des parametres de source a partir du contenu basse fréquence. La seconde étape utilise une plus grande gamme
de fréquence afin d’obtenir les fonctions source relatives (ASTFs) a chaque station. La derniére étape extrait les
fonctions source moyenne et optimale. A noter que la méthode différe légérement entre les séismes de magnitude
modérée (5.5 < My, < 7) et forte My, > 7.
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Figure 1.3 — Exemple de la procédure de déconvolution pour la station NWAQO pour le séisme de Gorkha (15
avril 2015, M,,7.9). a) Composante vertical des signaux filtrés. b) Fonction de Green GY ;5 5 (zc,t) incluant les
ondes directes et réfléchies calculée pour le jeu de paramétres optimal. c) Fonction source apparente obtenue
apres la déconvolution de b) par a). d) Comparaison entre données brutes et synthétiques. Cette illustration est
issue de la thése de doctorat d'Agnés Chounet (Chounet, 2018).

fréquence varie de 0.0125 Hz pour les séismes de plus faibles magnitudes a 0.003 Hz pour les
plus grands afin de ne pas prendre en compte la phase W (Kanamori and Rivera, 2008) tout
en ayant une valeur inférieure a la fréquence coin. Un filtre passe-bas est également utilisé
dans cette étape, dont le but est de retrouver les caractéristiques moyennes de I’événement.
Une premiere déconvolution de G% 5, 1(2e, t) sur les signaux filtrés est effectuée en tenant
compte des hypotheses (i) a (iii), & partir de laquelle le moment sismique des ASTFs
est extrait. Le jeu de parameétres ¢, §, A et z. optimal est alors déterminé grice a une
seconde déconvolution incluant les conditions (iv) et (v) et le moment sismique déterminé
précédemment. La détermination du jeu optimal dans I’inversion est basée sur la capacité
de ces ASTFs contraintes a expliquer les données, une fois reconvoluées par Ggﬁ,é, \(Ze, B)
(Figure 1.3d)).

A la suite de la procédure d’inversion, une seconde étape consiste & inclure le contenu haute
fréquence des sismogrammes afin d’obtenir des ASTFs dont le détail n’est pas contraint
par un filtre passe-bas. Une déconvolution finale basée sur la méme approche et avec les
parametres de sources optimaux est effectuée. Il ressort de cette étapes deux jeux d’ASTFs,
I’'un issu des ondes SH, I’autre des ondes P. Par la suite, seules les ASTFs de ’onde P sont
utilisées pour déterminer les fonctions moyennes et optimales de chaque séisme. Comme
défini précédemment, les ASTFs different & chaque station, ce qui ne donne pas un acces
direct a la fonction source absolue. Un moyen utilisé pour la reproduire est de calculer
une fonction source moyenne et optimale. La fonction source moyenne est le “stack” des
ASTFs apres avoir été corrélées en temps (pour corriger des imprécisions de temps d’arri-
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Figure 1.4 — Représentation des 3395 fonctions source optimales du catalogue SCARDEC de 1992 au 31
décembre 2017. Chaque ligne représente une STF avec son amplitude normalisée par rapport au maximum de
la fonction. Les magnitudes varient de 5.5 a 9.1 avec le séisme de Tohoku-Oki en 2011.

vée). Cette opération a pour but d’obtenir une STF qui réduit leffet directif et certaines
caractéristiques présents uniquement dans quelques ASTFs. En contrepartie, la fonction
source moyenne subit un lissage, qui tend a faire disparaitre des variations de courte pé-
riode. Pour des mesures locales, ce lissage peut avoir des conséquences, par conséquent une
fonction source optimale est également extraite, et correspond a I’ASTFs la plus proche de
la fonction source moyenne. Elle revét donc 'avantage de conserver ’ensemble du contenu
fréquentiel des données originales tout en étant peu affectée par I'effet directif. L’ensemble
des étapes menant & 1'obtention du catalogue de STFs est résumé Figure 1.2. A partir de
1992 et jusqu’au 31 décembre 2017, le catalogue SCARDEC contient 3395 STFs d’évé-
nements allant d’une magnitude 5.5 a 9.1 avec le séisme de Tohoku-Oki. La Figure 1.4
représente le catalogue : chaque ligne est une STF dont 'amplitude est normalisée par la
valeur maximum de la fonction. La longueur des lignes donne une indication sur la durée
des STFs. A noter qu’a l'instar du catalogue NEIC-PDE, le catalogue SCARDEC montre
que les séismes analysés suivent une loi de Gutenberg-Richter illustrée dans la figure par
le grand nombre de séismes ayant une courte durée.

Les limitations de la méthode SCARDEC sont détaillées dans Vallée and Douet (2016), et
une attention particuliére est portée dans ce manuscrit a la précision du temps hypocentral
des STFs. Le temps hypocentral NEIC-PDE est tout d’abord défini comme le temps 0 de
chaque ASTF de notre étude. L’hypotheése d’une terre sphérique pour établir le début
des ASTFs est une source d’incertitude sur le début des ASTFs, car le calcul des temps
de trajet entre le séisme et la station ne rend pas compte des hétérogénéités du milieu
traversées par les ondes. Ce biais a été confirmé par une étude de Chounet et al. (2017) ou
un modele de Terre 3D améliore le temps d’origine prédit des ASTFs. Afin de calculer la
STF moyenne, une recorrélation en temps de toutes les ASTFs est effectuée afin d’obtenir
un coefficient de corrélation maximal. Le temps 0 est ensuite désigné comme le temps ou
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le premier moment sismique est libéré dans la fonction source optimale. Pour des ASTFs
cohérentes et avec un clair début, ce temps 0 peut étre précisément recalculé. Cependant,
leffet directif génere des ASTFs avec des durées différentes, qui peuvent débuter par des
phases peu impulsives pour certaines ASTFs. Ces phases sont vues comme les premiers
moments sismiques libérés, mais peuvent étre apparues dans le processus de déconvolution
a cause d’'une mauvaise modélisation de la source et/ou du milieu. Ces écarts de quelques
secondes sont en particulier non négligeables pour les séismes faibles et modérés, et doivent

étre traités en conséquence.

Ces incertitudes impliquent donc que la richesse d’information présente dans le catalogue
SCARDEC ne doit pas faire oublier que les références des temps des STFs ne sont pas les
parametres les mieux contraints. Certaines études faites a partir de cette base de données
et détaillées dans le paragraphe suivant en prennent compte et déterminent par exemple
la durée des STFs de maniére indirecte.

1.3 Propriétés globales et transitoires extraites des catalogues
de fonctions source et leur lien avec les modeles de rupture

1.3.1 Parametres de source macroscopiques

Ce paragraphe fait le bilan des études qui ont utilisées le catalogue SCARDEC de ma-
niere exhaustive pour caractériser le processus sismique. Le nombre sans précédent de
STFs permet d’obtenir des statistiques robustes sur les parametres de source sur une large
gamme de magnitude. En particulier, ces études sont une alternative aux méthodes clas-
siques décrites dans le paragraphe 1.1 car (1) la mesure de la fréquence coin f. ne contient
pas le spectre large-bande de la STF et (2) des observables sur la gamme de magnitude
SCARDEC sont souvent issus de méthodes d’extraction différentes qui empéchent une
comparaison objective.

Les premieéres applications tirant profit du catalogue ont cherché a confirmer la compor-
tement auto-similaire a I’échelle globale de tous les séismes superficiels. Cette tendance
est confirmée par Vallée (2013), ou la loi 1.4 est respectée lorsque la durée totale T est
estimée a partir des fonctions source et comparée au moment sismique M. Les hypotheéses
de chute de contrainte Ao et de vitesse de rupture V, constantes sont particulierement
explorées par Courboulex et al. (2016) et Chounet et al. (2017) respectivement, et leur
approche quantitative révele une indépendance de ces deux parameétres avec la magnitude.
Ces trois études citées s’inspirent notamment des limitations exposées dans le paragraphe
1.2, et calculent la durée totale comme T' = 2Mj/F,, avec F,, le pic de la fonction source.
L’incertitude sur le temps hypocentral et la fin du séisme est alors de moindre importance,
et permet des extractions robustes de la variabilité des parametres de source, comme en
témoigne la faible valeur de 1’écart-type de Ao de Courboulex et al. (2016) par rapport
aux analyses faites a partir de la fréquence coin.

Ces caractéristiques communes pour les séismes superficiels n’empéchent pas pour autant
des disparités dues au contexte tectonique dans lequel s’effectue la rupture. Chounet and
Vallée (2018) remarquent par exemple que les séismes de subduction sont en moyenne plus
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longs et moins impulsifs que les autres événements. Cette observation est cohérente avec
les faibles valeurs de Ao de Courboulex et al. (2016), car d’apres I’équation 1.4, a vitesse
de rupture constante, Ao est proportionnel & My/T? et donc proportionnel & F3 /Mg.

1.3.2 Propriétés transitoires et déterminisme

Les analyses précédentes tirent profit d’une seule mesure au sein de chaque STF (T, F},)
pour déduire le comportement de parametres macroscopiques (Ao, V., énergie radiée),
donnant par conséquent une vision globale des séismes. Cependant, 1’évolution du taux
de moment tout au long du séisme est un observable idéal pour (1) reconstruire I’histoire
temporelle du processus de rupture et identifier plusieurs phases transitoires au sein des
STFs et (2) estimer si auto-similarité est un phénomene précoce durant la rupture ou
seulement une signature finale des séismes. L’étude de Denolle (2019) utilise toutes les
STFs pour statistiquement estimer 1’énergie radiée des séismes au cours du temps. La
tendance globale indique que la phase de croissance est plus énergétique que la phase
d’arrét de la rupture pour toute la gamme de magnitude du catalogue. L’analyse détaillée
de chaque STF conduit également a observer sa complexité, comme le montre Danré et al.
(2019) en considérant un séisme comme un ensemble de sous-événements. Ils remarquent
que leur nombre croit avec la taille du séisme, mais surtout que ’observation des premiers
sous-événements peut potentiellement contenir une information sur la magnitude finale du
séisme.

Dans la méme optique, deux récentes études se sont focalisées sur 'existence d’un signal
déterministe permettant d’estimer si petits et grands séismes partagent un comportement
similaire. L’objectif est de détecter si un signal corrélé avec le moment sismique final d’un
séisme apparait bien avant que le séisme ne se termine. Melgar and Hayes (2019) utilisent
une approche calculant les pentes moyennes des STFs en divisant le taux de moment par
une durée comprise entre le temps hypocentral et plusieurs temps donnés. Une corrélation
entre ces pentes et la magnitude apparait, a partir d’'un temps de 10s. Cette observation
s’explique principalement par le fait qu’un temps donné est une fraction plus ou moins
conséquente de la durée totale d’un séisme, en fonction de sa magnitude. A partir de
temps supérieurs a 10s, la pente moyenne pour des séismes de faibles magnitudes est
statistiquement calculée dans une zone aux alentours du pic voire méme de déclin des
STFs, résultant en une valeur relativement faible. A Iinverse, & ces méme temps, les
grands séismes sont majoritairement en plein développement, ce qui induit des valeurs de
pentes moyennes relativement fortes. Cette étude est par conséquent utile pour estimer
le temps auquel petits et grands séismes se différencient, mais n’implique qu’'un “weak
determinism” car le signal dépendant de la magnitude n’apparait que lorsque les séismes
du catalogue ont relaché une partie significative de leur moment sismique final. Le travail
de Meier et al. (2017) est la seconde étude traitant du comportement déterministe des
séismes a partir du catalogue SCARDEC. Ils s’intéressent & la forme standard des STFs en
s’affranchissant de la complexité intrinseque de ces fonctions. La Figure 1.5 reproduit leur
méthode qui consiste a utiliser les STFs d’événements supérieurs a M,, = 7 et a calculer les
médianes des STFs a plusieurs magnitudes cibles. Pour chacune d’entre elles, les 20 STFs
avec les magnitudes les plus proches de la magnitude cible sont sélectionnées, et a chaque
temps le point médian est calculé. Les STFs avec des magnitudes cibles proches de 7 sont
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Figure 1.5 — Médianes des STFs calculées par la méthode de Meier et al. (2017). Pour chaque magnitude cible
entre 7.2 et 8.4, les 20 STFs avec les magnitudes les plus proches sont utilisées pour calculer la médiane des
STFs. La magnitude médiane des 20 STFs est écrite sous chaque magnitude cible. La croissance des médianes
est similaire jusqu'a ce qu'elles atteignent leur pic, impliquant un comportement universel des séismes dans la
gamme de magnitude analysée.

nombreuses, et la magnitude médiane des 20 STFs sélectionnés est équivalente. Peu de
STFs sont proches de la magnitude cible 8.4, ce qui induit donc que la magnitude médiane
des 20 STFs sélectionnées sera plus faible. Leur résultat montre une croissance similaire
des médianes quel que soit leur intervalle de magnitude, ce comportement universel des
séismes ne permettant donc pas d’isoler un signal déterministe avant que la rupture soit
dans une phase de déclin. Malgré ce comportement similaire des séismes lorsqu’ils croissent,
le terme d’auto-similarité ne peut pour autant étre employé, car la croissance des médianes
des STFs est linéaire. Comme nous allons le voir dans la partie suivante, le respect d’un
comportement auto-similaire & n’importe quel instant de la rupture requiert davantage de
contraintes sur 1’évolution du taux de moment. Désormais, la croissance des STFs va étre
la base observationnelle de notre étude, et sera le témoin du développement de la rupture

sismique.

1.3.3 Modeéles cinématiques du développement de la rupture

La représentation cinématique de la rupture est issue des modeles de source finie et étendue
qui permettent de simuler la radiation des ondes. L’approximation d’un séisme est faite
en considérant la propagation d’un glissement le long d’un plan de faille, de maniere a
pouvoir ensuite extraire toutes les caractéristiques de la rupture, et notamment la fonction
source. Le modele de dislocation d’Haskell (Haskell, 1964) est un des premiers modeles
reproduisant certaines propriétés importantes des séismes avec une configuration telle
qu'un front de rupture linéaire se propage a vitesse constante unilatéralement d’un cété a
I’autre d’une faille rectangulaire. Derriére ce front de rupture, un glissement constant se
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Figure 1.6 — Glissement du modéle de crack circulaire auto-similaire dépendant du temps et de la distance.
A chaque temps, le glissement est nul sur le front de rupture et maximum a I'hypocentre.

met en place. Le temps de montée, c’est-a-dire la durée pendant laquelle un point a une
vitesse de glissement non-nulle, est lui aussi constant. Bien que la fonction source associée
trapézoidale reproduise le spectre “w-squared”, ce modele présente des limites car le séisme
nuclée instantanément sur la largeur de la faille, et le passage d’une quantité de glissement
finie & nulle sur les bords implique une concentration de contraintes en inadéquation avec
une vision physique de la rupture.

Un modele plus adapté a la physique de la rupture nécessite donc un glissement nul aux
bords de la faille, ainsi qu’une nucléation qui se fait a partir d’un point. Le modele de crack
circulaire auto-similaire développé par Kostrov (1964) répond & ces attentes et est des lors
une référence pour 'analyse de la source sismique. La rupture se propage du centre d’une
faille circulaire avec une vitesse de rupture constante V. Le glissement derriére le front
de rupture n’est pas constant comme dans le modele d’Haskell mais est gouverné par la
chute de contrainte Ao et s’écrit :

(Vit)2 —r?2 pour r < Vt,
u(r,t) = K (1.8)

0 pour r > V.t

avec p la rigidité du milieu, V,t le rayon du crack au temps ¢, et r la distance d’un
point a I’hypocentre. Le glissement & un temps donné est nul sur le front de rupture et
augmente derriere celui-ci pour atteindre une valeur maximum au centre du crack comme
le montre la Figure 1.6. Une particularité importante du crack circulaire vient de la forme
du glissement qui induit une chute de contrainte Ao constante derriere le front de rupture
quel que soit t. Cette propriété, associée a une vitesse de rupture constante, fait de la
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croissance d’un crack circulaire un processus auto-similaire. L’étude de Sato and Hirasawa
(1973) compléte ce modele en y ajoutant une phase d’arrét de la rupture, ce qui permet
de mieux reproduire le spectre du rayonnement en champ lointain grace a la présence
d’un contenu haute fréquence du a I'arrét du séisme. Cependant, la solution du glissement
1.8 puis celle de la vitesse de glissement 1.9 employées tout au long de ce manuscrit sont
issues de I'étude de Kostrov (1964) puisque 1’étude du développement de la rupture ne
nécessite pas la modélisation de sa phase d’arrét. La forme analytique du glissement dans
I’équation 1.8 permet de simplement déterminer I’expression de la fonction source. En effet,
d’apres la définition 1.6, la dérivée temporelle du glissement est nécessaire pour calculer
I’évolution du taux de moment, et s’écrit :

EVE— pour 7 < Vi,
a(r,t)y =< M (Vot)2 —r? (1.9)

0 pour r > V,t.

La vitesse de glissement avec sa dépendance temporelle et spatiale est représentée Figure
1.7. Pour un ¢t donné, cette fonction atteint une valeur infinie sur le front de rupture, et
décroit derriere le front pour atteindre une valeur constante a I’hypocentre (r = 0). Pour
un 7 donné, la vitesse de glissement est nulle avant le passage du front et infinie lorsqu’il
I’atteint, et décroit apres son passage pour tendre vers la méme valeur constante qu’a
I’hypocentre. Le temps de montée & ’hypocentre est alors le temps de rupture totale. La
singularité au front de rupture est cependant absente dans un modeéle ou une zone de
cohésion au niveau du front permet a la contrainte de varier sur une distance non nulle,
ce qui est discuté plus en détail dans le Chapitre 2. En insérant la vitesse de glissement
dans I’équation 1.6, I'expression de la fonction source d’un crack circulaire auto-similaire
devient :

M(t) = rdrdf (1.10)

Ao o (27 [Vt t
p—V; / / —
1 o Jo [(V,4)2 — 72

=21 Ao V32 (1.11)

Le terme d’auto-similarité employé a 1’égard des séismes renvoie donc a 1’évolution carac-
téristique en 2 du taux de moment lorsque la rupture se développe. De maniére théorique,
le modele de crack génere des fonctions source dont seule la durée du développement est
liée a la taille finale de la rupture, car les courbes de taux de moment de petits et grands
séismes se confondent et se développent en t2. Cette évolution est également retrouvée
dans les modeles de crack elliptiques (Burridge and Willis, 1969; Dong and Papageor-
giou, 2003), ou la seule nuance avec le crack circulaire vient de I’expansion surfacique plus
limitée introduisant un coefficient inférieur a 1 devant ’équation 1.11.

Le modele auto-similaire de pulse (Heaton, 1990; Nielsen and Madariaga, 2003), qui différe
du modele de crack car le temps de montée a ’hypocentre est plus court que la durée de la
rupture, génére également une fonction source avec une évolution en t? du taux de moment
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Figure 1.7 — Vitesse de glissement du modéle de crack circulaire auto-similaire dépendant du temps et de
la distance. A chaque temps, la vitesse de glissement est maximale au front de rupture (la singularité est ici
remplacée par une valeur finie) et atteint un plateau en se rapprochant de I'hypocentre.

a partir d’une fonction vitesse de glissement détaillée dans Ruff (1999). Ce modeéle, observé
aussi bien en laboratoire (Lykotrafitis et al., 2006; Rubino et al., 2017), sur les séismes réels
(Beroza and Mikumo, 1996; Melgar and Hayes, 2017) et dans les simulations dynamiques
(Zheng and Rice, 1998; Rubin and Ampuero, 2005), constitue avec le modele de crack les
deux processus décrivant quantitativement la dynamique de la propagation de la rupture.

1.3.4 Modeles en cascade et implications pour le développement de la rupture

La question du déterminisme de la rupture sismique et des modeles associés a été abordée
bien avant que des catalogues globaux tels que la base de données SCARDEC puissent
offrir une nouvelle caractérisation du processus de source. Les premieres études proposant
un modele de 'initiation de la rupture des petits et grands séismes a partir de I’'observa-
tion de signaux sismologiques analysent le début des fonctions source dans la région de
Northridge (Ellsworth and Beroza, 1995; Beroza and Ellsworth, 1996; Ellsworth and Be-
roza, 1998). Une phase de nucléation dont la durée est proportionnelle au moment final est
détectée avant que le taux de moment n’évolue de maniere quadratique. Méme si ce signal
dépendant de la taille finale a été remis en cause en raison d’effets de filtrage (Scherbaum
and Bouin, 1997), ces auteurs proposent un modele de déclenchement des séismes en “cas-
cade” qui est couramment utilisé pour expliquer les observations. Le modele en cascade
suppose qu’'un grand séisme est la conséquence de déclenchements d’événements de plus
en plus grands. Petits et grands séismes partagent donc la méme croissance jusqu’a ce que
le premier s’arréte, alors que le second continue son développement. La taille finale du
séisme est contrdlée par la dimension du dernier événement déclenché. Ce type de modele
implique donc que 'information sur le moment final ne peut étre déduite des la phase

d’initiation.
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Des observations contraires au modele en cascade suggerent cependant un certain degré
de déterminisme dans les premiers instants du processus de rupture. Ishihara et al. (1992)
étudient les fonctions source d’une séquence de séismes au large du Japon et observent que
la pente de la croissance des STFs est correlée avec la taille finale du séisme, ce qui im-
plique une différence de comportement précoce des séismes en fonction de leur magnitude.
Les études appliquées au systeme de détection précoce des séismes ont également proposé
qu’une information sur la magnitude était contenue dans les premiéres secondes du signal
de 'onde P. Zollo et al. (2006) et Colombelli et al. (2014) analysent le déplacement des
ondes P apreés un filtrage passe-bas pour plusieurs dizaines de séismes a des distances
atteignant 500 km. Leurs observations indiquent que 1’évolution temporelle de 'amplitude
maximale du déplacement est correlée avec la magnitude des séismes. En augmentant
progressivement la fenétre temporelle pour déterminer le pic d’amplitude, les auteurs re-
marquent une augmentation rapide de 'amplitude maximale pour les petits événements,
alors que celle-ci est plus lente pour les grands séismes. Leurs travaux rejoignent ceux de
Allen and Kanamori (2003) et Olson and Allen (2005) qui analysent eux aussi les premiéres
secondes du signal de 'onde P mais dans le domaine fréquentiel. Ils sélectionnent plusieurs
dizaines de series temporelles de vitesse a moins de 100 km pour des séismes mondiaux
et calculent la période dominante durant les quatre premieres secondes du signal. La pé-
riode dominante augmente avec la magnitude des séismes, et implique donc un potentiel
comportement déterministique des séismes. Par conséquent, ces études reconsiderent le
modele en cascade, en faisant intervenir des patchs sur la faille plus enclins a générer de
grands séismes. Cette hypothese fait intervenir des considérations dynamiques, et suggere
que les ruptures qui s’initient en rompant des grands patchs, ol I’énergie disponible pour
la propagation de la rupture est plus grande, ont statistiquement plus de chance de générer
de grands séismes.

Cependant, d’autres études confirment la validité du modele en casade en s’appuyant sur
I’observation de signaux bruts sur une large gamme de magnitude qui suggerent un com-
portement universel des séismes lors de leur croissance (Meier et al., 2016; Okuda and
Ide, 2018; Ide, 2019). En particulier, Okuda and Ide (2018) et Ide (2019) analysent la
sismicité de la zone de subduction de Tohoku-Hokkaido et bénéficient de la densité du ré-
seau pour comparer des paires de séismes de magnitudes différentes dont les hypocentres
sont localisés au méme endroit sur interface de subduction. A une méme station, deux
séismes initiés au méme endroit peuvent donc étre simplement comparés en superposant
leurs formes d’onde sans aucun traitement. Pour plusieurs centaines de paires de séismes
jusqu’a 0.2 s, le coefficient de corrélation moyen des stations ou la paire de séismes a été dé-
tectée est tres élevé, indiquant que les formes d’onde sont tres similaires. Ces observations
sont par conséquent expliquées par le modele en cascade et interprétées conceptuellement
par la Figure 1.8. Une structure hiérarchique se dessine sur la faille ou des petits patchs
sont inclus dans des patchs de plus grandes dimensions. La rupture s’initie systématique-
ment dans le plus petit patch (couleur gris clair), et se propage ensuite dans les patchs de
dimensions supérieures (gris foncé et noir) en fonction de leur distribution. Dans ce cas,
I’augmentation de I’énergie disponible pour la propagation de la rupture est la conséquence
de la rupture successive des patchs, ce qui signifie qu'un grand séisme ne peut se déclen-
cher qu’a partir d’une taille de patch caractéristique. Cependant, méme si cette structure
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Figure 1.8 — Représentation conceptuelle du modéle en cascade du déclenchement des séismes. Des patchs de
tailles différentes se distribuent sur la faille. La rupture s'initie sur un petit patch pour croitre dans des patchs
de tailles supérieures. Cette structure hierarchique implique que la taille finale du séisme est contrélée par la
dimension du dernier patch rompu. Graphique issu de Okuda and Ide (2018).

hiérarchique implique que la taille finale d’un séisme ne peut étre déterminée que lorsque
le plus grand patch a été rompu, la localisation des patchs parait étre une caractéristique
qui ne dépend pas du temps. Le déclenchement d’un petit ou d’un grand séisme provient
alors de I’évolution des conditions physiques sur la faille.

Tant du point de vue de ’observation que des modeles, la similarité des séismes ou la pré-
sence d’un signal déterministe reste donc une question ouverte. L’analyse de la croissance
des fonctions source est par conséquent un nouvel angle pour participer a la meilleure
compréhension du développement des séismes. Le catalogue SCARDEC a le potentiel
d’explorer cette question, avec des analyses observationnelles complémentaires a celles évo-
quées en Section 1.3.2. Ces observations peuvent étre directement comparées aux modeles
cinématiques proposés en Section 1.3.3, afin d’estimer le comportement des parametres
cinématiques permettant un accord avec les données. Enfin, comme évoqué ci-dessus, une
structure hiérarchique complexe associée a des conditions physiques hétérogeénes sur les
failles fait appel a des considérations dynamiques de la propagation de la rupture, qui
doivent étre prises en compte pour une complete description du développement des séismes.
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Chapitre 2 — How does seismic rupture accelerate? Observational insights from STFs

Ce chapitre s’intéresse a ’analyse du développement des séismes avec comme observable
les fonctions source optimales du catalogue SCARDEC. La variabilité du processus de
rupture résulte en des formes complexes de STFs, incluant par conséquent des croissances
trés diverses. Le but principal de cette étude est d’observer ’augmentation transitoire du
taux de moment vers le pic de la fonction source, qui correspond a la période ou la majorité
du moment sismique est relachée. Le large intervalle de magnitude du catalogue présente
I’avantage de statistiquement mettre en lumieére les similitudes et différences des séismes
modérés a forts de cette phase de développement. Les 2221 STFs de séismes superficiels
et non décrochants sont analysées de maniére a révéler un comportement dépendant ou
non de la magnitude finale et de quantifier plus précisément 1’évolution temporelle du
taux de moment lors de cette phase. Les caractéristiques du développement de la rupture
extraites par notre analyse permettent une comparaison avec les modeéles cinématiques
de propagation de la rupture ainsi que la création d’un catalogue de fonctions source
simplifiées qui reproduit les propriétés globales et transitoires des séismes.

Le contenu de ce chapitre est un article et des matériels supplémentaires publiés dans
le journal Journal of Geophysical Research: Solid Earth sous le titre How does seismic
rupture accelerate? Observational insights from earthquake Source Time Functions en
collaboration avec Pierre Dublanchet.

Abstract Observation of the seismic process for a large earthquake population is of
key interest to detect potential magnitude-dependent behaviors, and more generally to
quantify how seismic rupture develops. In contrast with studies focusing on the first radi-
ated waves, we here propose to characterize the growing phase leading to the main seismic
moment release episode(s), that we refer to as the development phase. Our analysis uses
the 2221 teleseismic source time functions (STFs) of shallow dip-slip earthquakes provided
by the global SCARDEC database, and consists in measuring the moment acceleration
during the development phase at prescribed moment rates. This approach is therefore in-
sensitive to hypocentral time uncertainties, and aims at quantifying how seismic ruptures
accelerate, independently of when they accelerate. Our results first show that rupture ac-
celeration does not exhibit any magnitude dependent signal emerging above the intrinsic
measurements variability. We thus use the full STF catalog to characterize the moment
rate My of the development phase, and show that, on average, Md(t) o t"d with ng equal
to 2.7. This time evolution therefore does not follow the steady t?> growth expected for
classical circular crack models, which indicates that stress drop and/or rupture velocity
transiently vary during the development phase. We finally illustrate with a synthetic STF
catalog that, due to initial rupture variability, approaches based on hypocentral time are
not expected to fully characterize the behavior of the development phase.

2.1 Introduction

The mechanisms governing the seismic rupture expansion and giving rise to earthquakes
of very different magnitudes remain debated. From an observational point of view, past
studies most often focused on the first seismic signals radiated by the earthquake rupture,
with the goal to provide useful information for early warning. Several studies (Beroza and
Ellsworth, 1996; Olson and Allen, 2005; Colombelli et al., 2014) argued for the existence of
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a magnitude-dependent initial signal, connecting the early phases of the rupture process
with its final magnitude. The existence of such a signal could be explained, for example,
if an earthquake is more likely to become a large one if its initial phase occurs in rupture-
prone areas. Large earthquakes would then start differently from small ones, at least in a
statistically predictable way. Conversely, many rupture onsets have been observed without
detecting any clues related to the final earthquake magnitude; seismic rupture is then
interpreted as a “self-similar” process, meaning that large earthquakes are only upscaled
versions of small magnitude events, without having their own characteristics (Aki, 1967).
As a result of this concept, studies showed for instance that stress drop and rupture velocity
are independent of the magnitude, or that the seismic moment is proportional to the cube
of the earthquake duration (Kanamori and Anderson, 1975; Allmann and Shearer, 2009).
The self-similar behavior can be reproduced by a cascade model, in which the rupture
starts from a very small patch, which size is undetectable by seismological investigation.
Then rupture grows in a self-similar way, implying that the final magnitude is controlled
by the earthquake duration. Such behavior has been for example observed by Uchide and
Ide (2010) in their analysis of earthquakes in the Parkfield area.

Observations of the earthquake process however reveal that real ruptures frequently depart
from such simple models, and that the peak moment rate can be reached after a non-
monotonical or delayed process. Studying how rupture behaves when entering into its most
active phase (that we hereafter refer to as the “development phase”) therefore requires an
analysis of the whole process and not only its beginning. To do so, we propose to make use
of the large catalog of moment rate functions (or Source Time Functions, STFs) provided
by the SCARDEC database (Vallée and Douet, 2016). SCARDEC database has first been
used to extract global source properties, such as source-averaged stress/strain drop or
rupture velocity (Vallée, 2013; Courboulex et al., 2016; Chounet et al., 2017; Chounet and
Vallée, 2018), and is now more and more exploited to characterize the transient parts of
STFs (Meier et al., 2017; Melgar and Hayes, 2017, 2019). With a similar objective as
the studies based on the early stages of the rupture, we will first explore if the moment
acceleration in the development phase correlates with the magnitude of the event. We will
then characterize the temporal moment evolution of this specific phase, in order to provide
observational constraints on rupture propagation models. We finally further illustrate,
with a realistic synthetic STF catalog, why the characteristics of the development phase
are difficult to retrieve from the study of the early rupture stages.

2.2 Moment acceleration in the development phase

2.2.1 SCARDEC STF database and earthquake development phase

Exhaustive catalogs of STFs (describing the time evolution of the moment rate M) can be
built with two distinct methods which both use teleseismic data from the FDSN (Federa-
tion of Digital Seismograph Network). The first approach determines a finite fault model
of the seismic source (in general for earthquakes with M, > 7, (Ye et al., 2016; Hayes,
2017)) from which the absolute STF is computed. On the other hand, in the SCARDEC
method (Vallée et al., 2011), seismic moment, focal mechanism, source depth and STFs
are more directly obtained through a deconvolution process (see also Tanioka and Ruff
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(1997)). At each station and for each phase (P or S), apparent source time functions
(ASTFs) are extracted, whose shapes differ due to space-time source effects (Chounet
et al., 2017). In order to take into account both this expected distorsion and possible out-
liers (due to nodal radiation, incorrect instrument response, etc.), SCARDEC database
(Vallée and Douet, 2016) provides two representative STFs for each event. A mean STF
is first obtained by correlating in time all P-wave ASTFs (less sensitive to space-time
source effects than S-wave ASTFs), removing ASTFs far from the beam, and averaging
the remaining ASTFs. The optimal STF is then chosen as the P-wave ASTF which is the
closest to the mean STF. Such an optimal STF is unlikely to be among the most distorted
ASTFs, and its shape is not affected by the smoothing present in the mean STF. The
optimal STFs are therefore considered in this study. Deep (> 70km) and pure strike-slip
events are removed from the database due to their specific behavior (Houston, 2001) and
the difficulty to robustly extract their P-wave STFs, respectively. The catalog is finally
composed of 2221 earthquake STFs (from 1992 to 2017), whose magnitudes range from
My, 5.5 to M, 9.1 (2011 Tohoku earthquake) and durations from 2s to 120s.

We aim here at isolating the development phase, i.e. the time period where STFs grow
toward their peak moment rate F, (that they reach at time T,,). Taking into account
that the moment rate always flattens before reaching F},, we do not consider the highest
STF values to be part of the development phase: in the following, we only select the parts
of the STF which are before T,,, and whose values are below 0.7 F},,. At low moment rate
values, we would ideally track the development phase from its very beginning. However,
SCARDEC STFs are retrieved by deconvolving the full P-waveform (under physical con-
straints such as STF positivity), and the STF fidelity at values much lower than F,, is
therefore expected to be relatively low. As a result, we do not analyze here the develop-
ment phase for STF values lower than 0.07 F},,. The value of these two selected lower and
upper limits are not critical and other choices (e.g. starting at 0.05 F,, and stopping at
0.5 F};,) do not affect significantly the following results (see Figure 2.20 in Supplementary
Materials).

In order to isolate the development phases in all cases, we consider the two following
possible configurations of STFs. The simplest and most common case (representing 62%
of the STF catalog) is illustrated by the STFs shown in Figure 2.1a) and 2.1b). Here, even
when the STF does not grow monotonically toward its peak, there is a unique monotonic
domain connecting the values between 0.07 F;,, and 0.7 F},,. This specific section of the
STFs, shown in red in Figure 2.1, is selected as the development phase. STFs with complex
shapes however do not have such a unique monotonic domain (Figure 2.1¢c)). In this case,
we work on the time interval defined by two times Ty and 77: Tj is the latest time preceding
T,, when the STF is as low as 0.07 F},, and T} is the latest time preceding 7, when the
STF is not above 0.7 Fy,,. In the [ToT}] interval, there may be several local maxima F),
(p = 1, P), around which rupture is not considered to be in a development phase. The
development phase is then selected as the combination of monotonic phases preceding each
F,, from the time when they exceed the largest value of all the preceding local maxima
(or from Ty if p = 1) to the time where they reach 0.7 F},. As a consequence, if one of
the local peak values before F), is larger than 0.7 F},, the monotonic phase preceding F), is
not considered. We finally select the monotonic phase up to 77 (from the time where the
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Figure 2.1 — Examples of extraction of the development phase (in red) for representative STF shapes. In a)
and b), STFs have a monotonic section connecting the values between 0.07 F,,, and 0.7 F,,. c) is an example of
STF with complex shape in which development phase is extracted in the [TyT1] time interval (see Section 2.2.1).
These three illustrative events have different magnitudes and their development phases start at different times.
Moment acceleration is computed at the time where the development phase crosses the prescribed moment
rates (My);, if this intersection exists. Four examples of (Mg); values (for i = 1,15,21 and 27) are shown in
green. The sampling rate is equal to 0.07s. Note that the approximate reference time shown in the bottom of
each STF is not used in this approach.

STF reaches F), or from Tp if P = 0). In these complex cases, the development phase is
therefore the combination of at most (P + 1) growing sections of the STFs.

According to the aforementioned definitions, the development phase may be delayed com-
pared to hypocentral time, meaning that we do not intend to characterize the earliest
signals emitted by the seismic rupture. This approach therefore differs from studies specifi-
cally analyzing the latter signals in order to explore the concept of earthquake determinism
since the earthquake initiation (Meier et al., 2017; Melgar and Hayes, 2017, 2019).

2.2.2 Seismic moment acceleration within the development phase

Once the development phase is extracted for each STF, we aim at characterizing it without
using hypocentral time information, in order to quantify how rupture develops indepen-
dently of when rupture develops. Formally, we look for the moment evolution of the
development phase My where My(t) = M (t + T,), Ty being the unknown time at which
the development phase starts. A way to characterize My is to consider a discrete sampling
of prescribed moment rates (My);, and to compute the seismic moment acceleration (STF
slope) each time that the development phase crosses (My);. To do so, we consider 40
different values of (My); (i = 1,40), from 107 to 10" Nm.s~!, in order to sample the
development phase of most earthquakes. Outside of this range, moment rates are either
mostly below 0.07 F},, or above 0.7 F},,, and cross only a few development phases. As fur-
ther documented later, the maximum considered moment rate (10! Nm.s™1) is typically
reached 6s after the beginning of the development phase for monotonically growing STFs.
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In terms of magnitude, the smallest earthquakes of the SCARDEC database (M,, = 5.5)
can be analyzed by this sampling, and only the largest earthquakes (M,, > 8.4) are sys-
tematically excluded. Figure 2.1 illustrates the method for three STFs and four moment
rates (My); (green dashed lines). Low values of moment rate are mostly sampled by small
events (as they will lie below 0.07 F},, for large ones) and high values of moment rate are
mostly sampled by large events (as they will lie above 0.7 F},, for small ones). However,
this general behavior does not prevent us from sampling a large range of magnitudes at a
given moment rate. As shown in the example of Figure 2.1, the moment acceleration of
the development phase at the (Md)15 level can be computed from M,, = 6.2 to M,, = 6.8.

2.2.3 Variability and magnitude-independent behavior

Such slope measurements can be first used to detect a potential magnitude-dependent
behavior, in which the slope measured when the development phase crosses prescribed
moment rates would be for instance steeper for larger events. For the N; development
phases crossing (Mg);, we compute the slope values (My);;(j = 1, N;) as a function of M,,,
to observe whether or not a magnitude-dependent signal appears. Figure 2.2 shows an
example of the 892 (Md)15j values for (Mg)15 = 5.2 x 10! Nm.s~!. The following analysis
of M, values with respect to M, has to be done with care, because a given (Md)z- value
does not sample equally well all magnitude ranges (Section 2.2.2), as also illustrated in
Figure 2.2: the histogram shows the ratio of sampled STFs in each M, bin, and this
value decreases both towards low M, (only impulsive STFs reach (My);) and towards
high M,, (only STFs with relatively low F,, have (Mjy); in their development phase).
As a consequence, (Md)zj values are expected to be biased toward high values for small
magnitude events, as confirmed by Figure 2.2. We thus focus on the M,, domain where
most of the development phases cross the chosen (My); (for example between M,, = 6.3
and M,, = 7.0 in the case shown in Figure 2.2).

Figure 2.2 does not exhibit any clear dependency between (Md)lg,j and M,, and the
same behavior is observed for all the other prescribed (My); (Figures 2.10 to 2.19 of the
Supplementary Materials). This shows that if a magnitude-dependent signal exists, it is
fully dominated by the intrinsic variability of the development phase. This means that
when an earthquake develops and reaches a given moment rate (Md)z-, moment acceler-
ation cannot be used as an indicator of the final magnitude (only a lower bound can of
course be estimated based on the seismic moment already released). This observation
may appear different from the recent results of Melgar and Hayes (2019), who extracted a
magnitude-dependent signal from STF accelerations (using also the SCARDEC catalog).
Their approach is however fundamentally different as they simply computed an averaged
moment acceleration by dividing the moment rate from the rupture time, at several pre-
scribed rupture times 7 (7 = 2,5, 10,20s). Using this definition, they observe an increase
of the moment acceleration with the final event magnitude, clearly appearing for 7 equal
to 10s and 20s. In such an analysis, there is however no guarantee that the earthquake at
7 is still in its development phase, particularly when 7 is a significant fraction of the global
earthquake duration. As an example, 20s is a significant fraction of the global duration of
an M,, = 8 earthquake (whose average global duration is about 60s, e.g. Vallée (2013)).
It is therefore not uncommon, at 20s, that M,, = 8 earthquakes STFs flatten as they
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Figure 2.2 — Moment acceleration as a function of magnitude for the prescribed moment rate of 5.2 x
101" Nm.s™! ((Mg4)15). The filled histogram represents the ratio (in %, see scale to the right) of sampled
events in each M,, bin. Comparisons between moment acceleration and magnitude can be safely done when
almost all the STFs of a given magnitude are sampled (> 80%), here between M,, = 6.3 and M,, = 7.0. Red
stars are median values for each magnitude bin. Similar figures for all the prescribed moment rates are provided
in Figures 2.10 to 2.19.

approach their peak moment rate (and some of them may have already passed it). As
a result, on average, acceleration can be understood to be statistically lower than for a
M,, = 9 earthquake, for which the peak always occurs far after 20s. Melgar and Hayes
(2019) results likely reflect the magnitude-dependent shape of the earthquake STFs, at a
macroscopic scale, while we are here specifically studying their fast growing parts.

2.3 Time evolution of the development phase

2.3.1 Observational evidence of a power law between M and M

The magnitude independency derived in the previous section justifies the combined use
of (My);; for all values of i, in order to determine a generic behavior of the rupture
development. Figure 2.3 represents (in log-log scale) all the moment acceleration values
as a function of the moment rate values (yellow dots). Direct observation in Figure 2.3
reveals that M, grows with My, which first implies that the time evolution of the moment
rate in the development phase cannot be linear. In order to quantify the general behavior,
we try to fit our observations with a power law of the type M = ﬁM&". Using the method
detailed in Section 2.7.1 of the Supplementary Materials, a linear fit (in log-log scale) leads
to values of m = 0.63 +0.015 and log(8) = 6.7+ 0.28 at the 90% confidence interval, with
a correlation coefficient of 0.8 (Figure 2.3).
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Figure 2.3 — Moment acceleration M, as a function of moment rate M, (log-log scale). Each yellow dot
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to compute the linear fit (see Section 2.7.1 of the Supplementary Materials). Red line is the best linear fit
explaining the data, and its equation and correlation coefficient r are given in the figure. Green dashed lines
are fits with extremal values of m and log(3) at the 90% confidence interval. Background color represents the
number of (M,);; values normalized by N; for each (M,);. This fraction of observations is computed between
log(10'®) Nm.s~2 and log(102°) Nm.s~2 with 100 bins.
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2.3.2 Power-law time exponent of the development phase

Analytical models of rupture dynamics (Kostrov, 1964; Dahlen, 1974; Madariaga, 1976;
Nielsen and Madariaga, 2003) have shown that self-similar circular growth with constant
stress drop Ao and rupture velocity V, leads to a moment rate function of the form
M (t) = o™ with n = 2. In this model, the local slip u and slip rate @ have the shape, in
the general case of a time-varying rupture velocity v, (t):
u(r,t) = —/a?(t) — r? (2.1)
I
u(r,t) = —up(t) (2.2)
1

where p is the rigidity and a(t) = fg vr(u)du is the radius of the rupture at time ¢. The
moment time evolution therefore follows the law:

M(t) =27mp /a(t) u(r, t)rdr (2.3)
" 0

a(t)

- %”Aaaf’)(t). (2.4)

= T Ao[(ar) - )]

And if v, (t) =V, is constant, a(t) = V,t and we have:

M(t) = %Aavﬁt?’
M(t) = 2rAc V312, (2.5)

This quadratic dependency with time is also found from the seismic moment My, by using
that Ao = c,u%, My = pAUS (where ¢ is a constant, AU the average displacement,
L the characteristic dimension of the fault and S its surface), and considering a seismic
rupture growing in a bi-dimensional way with constant rupture velocity. At the time of
the end of the rupture, we have My o< AcV3T? (with T being the final rupture duration),
but due to self-similarity, this relation also holds for the moment function M at any earlier
time ¢:

M(t) < AcV3t® leading to M(t) o« AoVt (2.6)

The previously obtained M, values do not directly constrain the time evolution of the
development phase, because we only know them as a function of My (Md = BM 4 with
log(f) and m found equal to 6.7 £ 0.28 and 0.63 £ 0.015 at the 90% confidence interval,
respectively). However, reorganizing this power law equation, and integrating over time
leads to:

t Md(u) B t .
/O(Md(u))mdu _ /Oﬂdu (Ve > 0, My(t) > 0), 2.7)

with ¢ being a time inside the development phase. The lower bound of integration in (2.7)
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assumes that the observed power law between M and M holds from the beginning of the

development phase, which appears reasonable because no deviation appears at low moment

rates in Figure 2.3. As m is observationally strictly smaller than 1 (even the extreme m

values shown in Figure 2.8(a) of the Supplementary Materials are strictly smaller than 1),
equation 2.7 has the solution:

. 1-m

(Md(t)) B

1 m Ot (2.8)

where we use the physical constraint Md(O) = (0. The moment rate function can then be

rewritten as a function of time:

1 1

Mat) = (B(L—m)) T x t70 (2.9)

In the following, we now define ag = (5(1 — m))ﬁ and ng = 2. Using the values of

m and (3, the numerical expression for the time evolution of the development phase is:

Md(t) — ad X tnd — 1016.9i0.1 X t2.7i0,11 (210)

where uncertainties for ng and oy correspond to the 90% confidence intervals estimated
in Figure 2.8(b) of the Supplementary Materials.

In Figure 2.4, we show this temporal evolution of M, and indicate the time window between
~1s and ~65s (corresponding to My values between 107 and 10'? Nm.s~'), where the
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2.3 — Time evolution of the development phase

shape of M, is directly constrained by the observations. As ng is robustly larger than
2, equation 2.10 indicates that the rupture process during the development phase grows
with time with a higher exponent than what the classical self-similar equations 2.5 and
2.6 predict.

2.3.3 Implications for earthquake source physics

Our results highlight that when seismic rupture efficiently develops, it does not steadily
follow the classical t? law predicted by classical self-similar equations. While this simple
law is seismologically observed when considering the whole rupture duration 7" (i.e. My x
T3 (Houston et al., 1998; Bilek et al., 2004; Vallée, 2013; Chounet and Vallée, 2018)), it
is transiently not respected during the development phase. Such breaks in scaling laws
have been recently found by other authors (Denolle and Shearer, 2016; Archuleta and Ji,
2016). As their spectral observations are not explained by a self-similar Brune (1970)
source spectrum with a single corner frequency, they also suggest the existence of a second
timescale related to a transient accelerating phase.

As the t? law directly comes from the shape of the slip function in equation 2.2 and from
the constant stress drop and rupture velocity hypotheses, at least one of these assumptions
should not be respected during the development phase. The radial model can for example
be questioned based on numerical dynamic and kinematic studies (Das and Kostrov, 1983;
Dunham et al., 2003; Beroza and Spudich, 1988; Zhang et al., 2012) showing that the
main asperity may break inward after being encircled by the rupture front. But while
this process is expected to generate a large transient moment acceleration, it is less clear
how it can reproduce a power law similar to what we observe. If remaining in a radial
model with constant rupture velocity, we can also easily derive that a slip function of the
form u(r,t) o< t"~2,/a2(t) — r? would lead to our observed moment rate evolution of the
development phase. Such a model implies that stress drop inside the main asperities grows
with time (consistent with some studies showing a positive correlation between peak stress
drop and magnitude (Mai et al., 2006; Causse et al., 2013)), but as a consequence, it is
unlikely that the slip law can be physically written in this case under a simple form similar
to equation 2.2.

An interesting analytical configuration, inspired by the model of Sato (1994), is the case of
a crack model growing with non constant rupture velocity. We here remain in the general
configuration of an unknown average rupture velocity function, that should be regarded
as the marker of the surface expansion evolution of the rupture. We now refer to this
average rupture velocity as v,q to clearly recall that we are inside the development phase.
By equating the theoretical moment function (2.4) and the observed one (2.10), we have:

2
My(t) = §A0a3(t) - %t”d“ (2.11)

which leads to:

alt) = /Ot vra(w)du = <M;’(ZH));’{%“ (2.12)
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Figure 2.5 — Rupture velocity acceleration during the development phase, as constrained by a crack model
with constant stress drop. Each curve shows the equation v,q(t) = pt” for  fixed to the obtained value (0.23)
and different values of p (controlled by Ac). Outside the time window directly constrained by the observations
(between ~1s and ~6s, see Figure 2.4), the curves are dashed. v; is the shear wave velocity, here fixed at a

classical 3.5km.s™! crustal value.

and finally to the determination of the rupture velocity evolution:

1
agng +1)2\3 ng—2
Ura(t) = (M) £ =pt (2.13)

This derivation therefore shows that the observed power law for the moment rate function
can be fully explained by rupture velocity acceleration. Rupture velocity is shown to follow
a power law function with an exponent v ~ 0.23 and a factor p inversely proportional to
Ac'/3. The crack model considered here (equation 2.2) can be modified to include a
process zone of size J, at the tip, preventing the slip rate to diverge at the edges of
the slipping zone. In this case, equation 2.2 remains valid for r < a(t) — ¢,, where slip
rate is maximum (and finite). This leads to a rupture velocity correlated with peak slip
rate, as the slip rate calculated at or just behind the rupture front u(a(t) — o7, t) grows
as vpq(t)\/a(t)/or, or as 175t retaining only the time dependency. This derivation
is consistent with dynamic models (Schmedes et al., 2010; Bizzarri, 2012) showing that
during rupture propagation, there is a positive spatial correlation between rupture velocity
and peak slip rate. In contrast, the classical crack model does not lead to this correlation
because peak slip rate increases as v/t while rupture velocity remains constant.

We show in Figure 2.5 the time evolution of v, for three realistic values of Aco. In the
sampled part of the development phase (between ~ 1s and ~ 6s) and for the realistic values
of Ao shown in Figure 2.5, v,.4(t) gradually increases and is in a classical rupture velocity
range of 1.5km.s™! to 3km.s™! (Geller, 1976; Doornbos, 1982; Somerville et al., 1999;
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2.4 — Different behaviors between development phase and early rupture stage

McGuire et al., 2002; Chounet et al., 2017). This behavior may however be questionable for
two reasons. For rupture times approaching zero (not directly sampled in the develoment
phases), the power law predicts slow rupture velocities, that have not been observed for
microearthquakes (McGuire, 2004; Abercrombie et al., 2017). This requires that rupture
accelerates even more abruptly in the initial instants following rupture initiation. Rupture
velocity evolution also indicates that larger earthquakes, which have longer development
phases, are expected to have higher local rupture velocities. However, in the magnitude
range of the SCARDEC catalog, a scaling between rupture velocity and final magnitude
has not been clearly observed in kinematic source analyses (Hayes, 2017; Ye et al., 2016).

The origins of the observed moment rate evolution may finally be searched in models
where rupture velocity and/or stress drop have a random variability. Such models are not
expected to individually follow a power law but they may collectively reproduce the average
behavior of the development phase. This class of stochastic models could additionally
remain self-similar, without requiring to introduce differences between small and large
earthquakes.

2.4 Different behaviors between development phase and early
rupture stage

The development phase does not necessarily occur at early times of the rupture process. As
a consequence, we do not expect to find the same time dependencies as studies focusing on
how rupture starts, with reference to the earthquake origin time (Melgar and Hayes, 2017;
Meier et al., 2017). In particular, we expect the latter studies to find a less pronounced time
dependency, in an average sense, due to inclusions of earthquakes with low initial moment
release. In this section, we further illustrate how an average linear time dependency of the
growing rupture process (Meier et al., 2017) can be approached from rupture variability
rather than from intrinsic rupture properties.

To do so, we build a synthetic catalog of bimodal STFs, by summing two sub-events grow-
ing both as M(t) = a(t — tq)" where a and n randomly vary around the observational
values of oy and ng. ty = 0 for the first subevent and t; take random values between 0
and Tp/2 for the second subevent, where the STF total duration Ty takes into account the
observed variability around its magnitude-dependent scaling law (Courboulex et al., 2016).
By also varying the relative durations (and hence moments) between the first and the sec-
ond subevent, we generate a synthetic catalog with a large diversity, mimicking the main
STF characteristics observed in the SCARDEC catalog: simple STFs with early devel-
opment phases are obtained when the first sub-event dominates, while complex ruptures,
with delayed development phases, are simulated when the second sub-event dominates.
More details on the generation of this synthetic catalog are provided in Section 2.7.2 and
Figure 2.9 of the Supplementary Materials, and Figure 2.6 shows examples of five synthetic
M, =7 STFs, illustrating their large diversity.

Using the synthetic catalog, we compute the median values of the STFs at each time, as
done by Meier et al. (2017) using the real STF catalogs of Ye et al. (2016), Hayes (2017)
and Vallée and Douet (2016). Figure 2.7 shows the obtained median STFs for 6 magnitude
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Figure 2.6 — Examples of 5 synthetic STFs of M,, = 7, illustrating the diversity of STF shapes in the synthetic
catalog.

bins between M,, = 7 and M,, = 8. No early magnitude-dependent signal is observed, as
the median STFs grow in a indistinguishable way before the smallest earthquakes approach
their peak. The non-linear signal at the very beginning of each median STF is expected
since all STFs have a first sub-event growing with an n exponent distribution centered on
ng = 2.68. This early non-linearity is also observed in the average source time functions
of Melgar and Hayes (2017). Median STFs then have a flatter trend than individual
subevents (equation 2.10), as a result of STF diversity.

This synthetic catalog therefore illustrates how the early stages of the STFs can have
average characteristics which are difficult to translate in terms of physical rupture prop-
erties. The linear behavior observed by Meier et al. (2017) quantifies how rupture starts,
on average, and is useful from a practical point of view to characterize a standard STF
shape. However, as we here show that this behavior can mainly result from the combined
effects of non-linear development phases and rupture diversity, its interpretation in terms
of rupture dynamics must be done with care.

2.5 Conclusion

In this study, the development phase is defined as the growing phase directly preceding
the peak moment rate. As such, it is not expected to behave the same way as the early
stage of the seismic rupture. We here systematically extract the development phase of
2221 STFs from the SCARDEC database in order to quantify its time evolution. For
this purpose, we compute the moment acceleration (STF slope) at several moment rates,
within the development phase. We first show that no magnitude-dependent signal appears,
favoring a process where small and large earthquakes only differ in the duration of their
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Figure 2.7 — Median synthetic STFs from M,, = 7 to M,, = 8, shown in 0.2 magnitude bins. Each median
STF is computed from a large number of STFs whose diversity is illustrated in Figure 2.6.

development phase. Further analysis then highlights that rupture time evolution inside
the development phase differs from the classical steady self-similar growth (where moment
rate develops as t2): the moment rate of the development phase M, rather develops as
Md o t" with ng ~ 2.7 £ 0.11 at the 90% confidence level.

Such deviation with respect to the steady quadratic growth can be due to a combination of
factors. Non-circular rupture geometry, or transient variations of stress drop and rupture
velocity, may increase the time exponent of M;. We analytically developed one of the
end-member cases, where the exponent excedence compared to the self-similar growth is
purely due to monotonic rupture velocity variations. In this configuration, rupture velocity
vyq inside the development phase is itself shown to follow a power-law time function, with
vrq o< t%2. Due to this low exponent, v,q is expected to quickly reach classical rupture
velocities (> 1km.s~!) and then to increase only moderately in the sampled part of the
development phase (between ~1s and ~65s) More generally, even if the observed time-
dependency of the development phase may have several causes, it should give a new

observational constraint to assess the realism of dynamic rupture scenarios.
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These supplementary materials first include Section 2.7.1 and the associated Figure 2.8(a),
detailing the method used to estimate the confidence intervals of the parameters relating
moment acceleration to moment rate. Confidence intervals for the parameters of the
time evolution of the moment rate are then computed and shown in Figure 2.8(b). Sec-
tion 2.7.2 and the associated Figure 2.9 explain how the synthetic catalog of bimodal STFs
is generated, with the aim of reproducing the main shape of the SCARDEC STFs. The
independency between the moment acceleration and final magnitude is shown for all the
prescribed moment rates in Figures 2.10 to 2.19. Finally, the relation between moment
acceleration and moment rate, for lower and upper limits of the development phase at
0.05 F,,, and 0.5 F;,, respectively, is shown in Figure 2.20.

2.7 Supplementary materials

2.7.1 Statistical analysis for m, 3, ng and a4 values

In this section we show how the confidence intervals for the fitting parameters m, 3, ng
and a4 are obtained. For that, we consider the 40 prescribed moment rates (see main
text for details). For each moment rate, we randomly select 75 different (My);; values, so
that we consider the same number of observations for small and large moment rates (as
Nyo = 75). Then a linear fit (in log-log scale) is performed for the 75 x 40 data points
extracted, providing a first possible m and a first b = log 3. We iterate the procedure of
moment acceleration selection and (m,b) estimation 10000 times so that we end up with
10000 (m,b) couples characterizing the 10000 subsets of 75 x 40 data points extracted
from the initial data. We then compute the joint probability density function for m and
b, and derive the corresponding confidence map shown in Figure 2.8(a). The confidence
map for ng and ay shown in Figure 2.8(b) is obtained following the same procedure, after
converting the m and b samples to ng and log ag samples. Note that log 8 and log oy show
a negative correlation with m and ng, respectively. The confidence intervals provided in
the main text have been estimated from the marginal densities, and should therefore be
interpreted according to this trade-off.

2.7.2 Setting-up of the synthetic STFs catalog

We build our catalog of synthetic STFs by combining the macroscopic properties found
by past studies with the observed time evolution of the development phase. Intrinsic
complexity of the rupture propagation, which leads to the exact shape of each individual
STF, prevents from the constitution of a fully realistic synthetic STF catalog. However,
diversity in terms of STFs shape can be mainly characterized, for a given seismic moment
My, by a source duration with a log-normal distribution and a variable number of local
peaks. We first generate for each bin of M, a log-normal distribution of source durations
T;, with a mean Ty = 4.5 - 1075(My)/? (self-similar equation of GCMT Ekstrom et al.
(2012)) and a standard deviation o = 0.37 (Courboulex et al. (2016)). We then build for
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each T; bimodal STFs, with two sub-events growing as Md(t) = qyt"*. The first sub-event
always starts at time 0 and its growing phase randomly stops between 0 and the half total
duration T;/2. Duration of the growing phase of the second sub-event is also randomly
selected between 0 and T;/2 but its start is adapted such as the growing phase ends at
T;/2. «; and n; values for each STF randomly vary around their observational values
(8.8 x 106 and 2.68 respectively). The first subevent has a linear decline with the same
duration as its growth while the second subevent always declines linearly from 7;/2 to T;.
Figure 2.9 shows an example of how an STF is built with the constraints detailed above.
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Chapitre 3 — Rupture parameters during the development phase in kinematic models

Ce chapitre propose une analyse du comportement des parametres de source dans le
cas d’'une représentation cinématique des séismes. Dans un premier temps, le catalogue
SRCMOD, une base de données de distribution du glissement de séismes obtenue par in-
version cinématique sur une faille finie, est utilisée pour étudier la variation spatiale de la
chute de contrainte statique. La phase de développement est considérée ici comme la zone
sur la faille ou le glissement principal s’effectue. Les résultats préliminaires suggerent que
la chute de contrainte moyenne sur ces zones ne dépend pas de la taille finale des séismes,
ce qui indique que le comportement d’autres parametres cinématiques est a l'origine de
nos observations. Dans cet esprit, nous présentons alors le cas d’un crack analytique ou
une forte variation radiale de la vitesse de rupture est ajoutée. Dans ce modeéle, ou la
chute de contrainte statique est constante, les observations du catalogue SCARDEC faites
dans le Chapitre 2 sont reproduites. Méme si ce modele simple présente des limitations, il
met en évidence que la corrélation entre la vitesse de rupture et de glissement donne nais-
sance a des comportements transitoires équivalents aux observations, tout en respectant
les lois globales auto-similaires. Enfin, le modele de source RIK, dans lequel un séisme est
considéré comme un ensemble de sous-événements dont la taille et le glissement associés
suivent une loi fractale, est adapté pour étudier le cas d’une représentation plus réaliste
des séismes. Il en ressort que le temps de montée joue un role important sur la valeur
de 'accélération du moment pendant la phase de développement. La corrélation entre la
vitesse de rupture et de glissement semble également étre une caractéristique nécessaire
a la génération de fortes accélérations de moment. Cependant, le modele RIK présente
certaines limitations car a l'inverse du modele de crack, I'histoire passée de la rupture
ne contrdle pas la propagation de la rupture. Ces interprétations suggerent ’ajout d’un
aspect dynamique dans les modeles de développement de la rupture.

3.1 Stress drop analysis with SRC kinematic inversions catalog

The temporal evolution of the moment rate, which deviates from the classical steady t2
growth in the development phase requires to investigate in more detail similarities between
observations and kinematic models of seismic source. As previously explained, the classical
view of rupture propagation with a constant stress drop and rupture velocity may not be
valid when earthquakes are developing. In addition to the analytical formulation of a
monotonic increase of the rupture velocity, a second end-member case that can be directly
tested is a variation of stress drop related to the duration of the development phase. As
this duration is increasing with the final size of earthquakes, we investigate the evolution
of the stress drop as a function of magnitude. While global stress drop values have been
often estimated directly from STFs database or analysis with point-source models, this
latter parameter is not straightforward to extract for transient parts of STFs (as the
development phase). In order to overcome this limitation, we opt for a stress drop analysis
using the SRCMOD kinematic inversions catalog, a database containing more than 300
finite-fault earthquake source models (Mai and Thingbaijam, 2014). Such models are
obtained by inversion techniques using geodetic and/or seismological data and provide slip
scenarios on fault. Such a catalog has the disadvantage to have a small number of events in
comparison with the SCARDEC catalog but has the benefit of providing a complementary
description of earthquakes. Spatial and sometimes temporal slip distribution retrieved by
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Figure 3.1 — Slip distribution obtained by Béjar-Pizarro et al. (2010) for the 2007 Tocopilla earthquake M,, 7.7
using InSAR and GPS data. White star is the hypocenter location. Wess and Leyy are the effective width and
length of the fault respectively computed using the definition of Mai and Beroza (2000).

these inversions allows to determine a map of stress drop instead of a single mean value
in the case of point-source approximation.

The purpose of this approach is therefore to compute the map of static stress drop as-
sociated with coseismic slip. To do so, all the models from the SRCMOD database are
potentially useful, however, we select only joint inversions whose slip distribution has been
determined with a least two different types of data. This selection favors robust source
models, in which slip maps are well constrained. Figure 3.1 represents one of these models,
the 2007 Tocopilla M, 7.7 earthquake studied by Béjar-Pizarro et al. (2010) who image
slip distribution using InSAR and GPS data. As clearly shown in Figure 3.1 and for the
other models, dimensions of faults are often overestimated in order to be sure to include
the entire rupture process. We consequently use the effective width W, and length L. ¢
to have an appropriate estimation of the source dimensions. We reproduce exactly the
same methodology as in the study of Mai and Beroza (2000), who use the concept of auto-
correlation width. An effective average slip AU,y is also computed based on the effective
dimensions of the fault and the seismic moment found by the inversion.

The 76 slip maps inferred from joint inversions are then used to compute stress drop maps.
We apply the formula of Sato (1972) which derives an expression of the static stress drop
at each point (x,y) of a finite fault such as

+oo 400 9 g2 )
dotey) = oy [ [T EEE D e wagay, ()

V&2 +n?

where Au*(§,n) is the spatial Fourier transform of the coseismic slip Au(z,y) with £ and
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Figure 3.2 — On the left, slip distribution obtained by Hartzell and Mendoza (1991) for the 1978 Tabas
earthquake M,, 7.1 using Strong Motion and Teleseismic data. On the right, stress drop distribution inferred
from the coseismic slip. Dashed line represents the area where the slip is greater than 1.2AUcf¢. A0main is
the average stress drop inside this area.

At
A2
prevent bias due to the slip discretization of each fault, we interpolate slip values so that

1 the spectral coordinates, p and A the Lamé coefficients and v = In order to
all the slip maps have the same 150 x 150 discretization points. Stress drop maps of three
different slip models are shown in Figures 3.2, 3.3, 3.4. Positive values of stress drop are
well correlated with area of high slip values and negative stress drop patches are associated
with low slipping zones in the vicinity of high slip areas.

Stress drop distribution on the entire fault presents an overall view of the rupture process,
however a spatial selection is required to approximately locate where the development
phase occurs. Following the work of Causse et al. (2013), we select areas that slip more than
1.2% of AU.yy, which are represented by dashed lines in Figures 3.2, 3.3, 3.4. Such areas
containing most of the slip are likely to contribute to the development phase, in the sense
that they are responsible for the main seismic moment episode(s) on the fault. We finally
average the stress drop inside these areas that we call Aonqein and we test its variability
with respect to the seismic moment of events. According to our observations in Chapter 2,
we expect an increase of Aoyqin if considering that rupture velocity increase is not fully
responsible for the non self-similar behavior of the development phase. We represent
in Figure 3.5 Aopmain as a function of the seismic moment of earthquakes. As some
earthquakes have been widely studied (Tohoku, Denali, Maule, etc.), resulting in several
slip models and consequently stress drop maps for one event, Ao, in this configuration
is the mean of Ao, Of each stress drop map.

Figure 3.5 exhibits no particular correlation between Acqin and My, but rather a high
variability of Acynein, with values varying of more than one order of magnitude. These
results indicate that from the smallest M,, 5.5 to the biggest Tohoku M,, 9.1 earthquake,
there is statistically the same Aop,qin. This scale independence, as in case of the global
static stress drop, would imply that the ratio between the maximum slip over the length
of the main patches remains constant for a large magnitude range. Such observations
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Figure 3.3 — On the left, slip distribution obtained by Yagi (2004) for the 2003 Tokachi earthquake M, 8.1
using Strong Motion and Teleseismic data. On the right, stress drop distribution inferred from the coseismic
slip. Dashed line represents the area where the slip is greater than 1.2AUcrs. A0main is the average stress
drop inside this area.
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Figure 3.4 — On the left, slip distribution obtained by Béjar-Pizarro et al. (2010) for the 2003 Tocopilla
earthquake M,, 7.7 using INSAR and GPS data. On the right, stress drop distribution inferred from the coseismic
slip. Dashed line represents the area where the slip is greater than 1.2AUcss. A0main is the average stress
drop inside this area.
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Figure 3.5 — Acyain, defined as the average stress drop in areas where slip is greater than 20 % of U.yy,
is represented against the seismic moment. For earthquakes which have several slip models, and consequently
several stress drop maps, final Ac.mqin is the mean of the Ao main of each stress drop map.

imply that large earthquakes which are characterized by large slip patches and longer
development phase do not produce higher local stress drop. A monotonic increase of the
stress drop leading to a time exponent greater than 2 for the moment rate during the
development is therefore very unlikely.

Our analysis however could benefit from a more accurate description of the development
phase, if temporal criterion were used in addition to the current spatial constrain to
isolate Ao pain. As the development phase is extracted in time domain in the SCARDEC
database, slip models with also a time history would be more suitable. Few of such slip
models are present in our selection (a large number of them are inferred from geodetic
data and do not constrain the time evolution of the rupture). Ideally, a large catalog as
the one of Ye et al. (2016), but with a broader magnitude range and regional data to have
more details on the rupture, would be extremely useful to make a more robust comparison
with the development phase properties found in the SCARDEC catalog.

3.2 Source characteristics of a circular crack model with rupture
velocity variability

3.2.1 Analytical slip solution and generation of a random temporal evolution
of the rupture velocity

Seismological evidence does not support the simple view of a model with a monotonic
increase of stress drop and/or rupture velocity when earthquakes of various sizes develop,
and therefore favors the self-similarity as a robust average source property. As rapidly
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3.2 — Source characteristics of a circular crack model with rupture velocity variability

introduced in Section 2.3.3, random variability of these parameters has instead some ad-
vantages that allow to add more realism into kinematic rupture models. Indeed, the
observation of a constant average rupture velocity for all sizes of earthquakes does not
exclude a high variability all along the rupture process, with for example local supers-
hear (Bouchon and Vallée, 2003; Dunham and Archuleta, 2004) or very low (Meng et al.,
2012; Kiser and Ishii, 2011) rupture velocities. This variability, which does not affect the
global self-similarity, has also the potential to modify some transient moment rate evolu-
tion such as the development phase. Resulting STFs can be composed of several growing
parts, instead of a monotonic growth from the initiation to the maximum moment rate. It
can consequently reproduce a complexity often retrieved in SCARDEC STFs (see Section
2.2.1).

We introduce the analytical solution of the slip for the circular crack as follow:

Ao
u(r,t) = i a?(t) —r? (3.2)

with the different parameters already defined in the previous sections. A rupture velocity
variability can be included in the evolution of the crack radius at each time a(t) with the
following definition

a(t) = /Otvr(u) du. (3.3)

In order to remain in a configuration where equation 3.2 is the solution of the slip, equation
3.3 requires that v, depends only on time, or equivalently, on the radial extension. The
solution of the slip in a case of an additional azimuthal variability is not as simple as
the scalar form of equation 3.2 and is not introduced yet. We consider a stochastic one-
dimensional brownian noise for the time evolution of the rupture velocity, modeled by a
Wiener process, which we write as an iterative scheme:

{ Ur(t + dt) = Ur(t) + N(O7 A2dt) (3.4)

vr(0) = .

N(0,A%dt) is a normally distributed random variable with 0 mean and variance equal to
the product between A, a free parameter controlling the amplitude of the variable, and the
time interval dt. vg is an initial condition, here the rupture velocity at ¢ = 0. At time t+dt,
rupture velocity is a random value selected from a normal distribution with a mean equal
to the rupture velocity at time ¢. At any time, rupture velocity is therefore influenced by
its preceding value but is randomly higher or lower. Such an iterative approach is thought
to be a good approximation at first order of the real rupture velocity evolution. Indeed,
in a context of barriers and asperities models, complexities on fault create more or less
favorable conditions for rupture propagation, implying changes in the rupture velocity
values, but they likely cannot have a radical change in such short times.
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Figure 3.6 — Radial rupture velocity generated with equation 3.4. Crack rupture starts with an initial rupture
velocity vo = 2.5km.s™! and randomly evolves during the rupture process. The parameter A controlling the
amplitude of the random values is here equal to 450 m.s~3/2. The average rupture velocity Ty is represented by
the gray dotted line and is equal in this case to 2.8 km.s™ .

The initial value is vg = 2.5km.s~! and the time interval dt = 0.1s. We then apply the
iterative scheme detailed above for a given value of A and generate random rupture velocity
values as a function of rupture time, as illustrated in Figure 3.6. The rupture velocity
value transiently increases and decreases around an average value 7,.. If the rupture time
is long enough, 7, is close to vg. As this rupture velocity profile is a function with no
analytical primitives, the radius of the crack at each time is numerically computed with
equation 3.3. In contrast with the propagation of a circular crack at constant rupture
velocity, the increase of a(t) is no longer linear but randomly varies as a consequence of
equation 3.6. Such heterogeneous propagation is shown Figure 3.7 with the black dotted
lines representing the position of the rupture front every 1s. The radial distance between
these lines for example exhibits the fast propagation between 3s and 4 s induced by high
transient rupture velocity values seen in Figure 3.6.

3.2.2 Kinematics of the modified crack model

In order to evaluate the slip evolution of this modified circular crack, the numerical com-
putation of a(t) is included into equation 3.2 which allows to compute the slip at every
point on the fault and at every time. As depicted in Figure 3.7, we set a hypocenter in
the middle of a 40 x 40 km fault, and a rupture propagates following the evolution of a(t)
until reaching the fault bounds, i.e. at T, = 7.2s after the rupture initiation. At this final
stage, the radius of the crack is equivalent to the half-length of the fault. The final slip
is exhibited in Figure 3.7 with stress drop Ao = 2 MPa and rigidity p = 40 GPa, and the
maximum slip is around 1 m. With the slip distribution at each time of the rupture, we
determine numerically the seismic moment M (¢) with the equation,
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Rupture time = 7.2 s

20
1 Rupture front

Slip (m)

Figure 3.7 — Final slip of a crack-like rupture with random rupture velocity, using equation 3.2 with a stress
drop Ao = 2MPa and rigidity © = 40 GPa. Fault dimensions are 40 x 40km, and the rupture front in red
propagates until reaching the fault bounds, i.e. T}, = 7.2s after the rupture initiation. Black dotted lines are
the position of the rupture front every second, and highlight the variable rupture velocity.
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Figure 3.8 — Top: in red the evolution of the moment rate function during the propagation of a crack with
random rupture velocity until the edges of the fault. The blue line is the evolution of the moment rate for a
constant rupture velocity value equal to the average velocity value 7, of the random model. Botttom: same
graph as the Figure 3.6 to observe the effect of the rupture velocity on the evolution of the moment rate.

M) = /S u(r,t) dS. (3.5)

When including equation 3.2 into 3.5, we observe that p disappears and has no effect
on the value of M(t). Such formulation implies that only A, Ao and vy are the critical
parameters affecting the following results. We finally differentiate to obtain the temporal
evolution of the moment rate M (t):

Mt +dt) — M(t)

M(t) = y7 . (3.6)

The generated source time function shown in Figure 3.8 therefore grows until 7;, when
the rupture is stopped by the fault bounds, providing only the growing phase of the
crack. The area under the STF represents the seismic moment released and is equal to
M(Ty,) = 3.4 x 10" Nm. Figure 3.8 shows at the top and the bottom the evolution
of the moment rate and the rupture velocity with time, respectively. The observation
of these two graphs as a function of the rupture time clearly highlights the effect of an
increase/decrease of the rupture velocity on the shape of the STF. Taking as reference a
classical crack growing at a constant rupture velocity with value equal to 7, we observe
a distinct STF for our current model. Among the different phases observed in the red
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10
B Median value = 2.59 km.s™!

% of STFs

2.0 2.5 3.0
STFs average rupture velocity V; (km.s™1)

Figure 3.9 — Average rupture velocity distribution for a catalog of 200 synthetic STFs. The A value is here
equal to 450 m.s~3/2 and explains the large range of o, values. Since all STFs have as initial rupture velocity
value vg = 2.5 km.s™!, the median of this distribution tends also to vg.

curve in Figure 3.8, we can distinguish three main behaviors. First, as the value of M (t)
is notably controlled by the surface of the ring created between the position of rupture
front between ¢ and ¢ — dt, a drastic decrease of the rupture velocity in the next time step
involves a very low surface expansion leading to a lower value for M(t + dt). A second
configuration is a slight decrease of the rupture velocity which still causes enough surface
expansion to produce a small increase of the moment rate. The last behavior having a
direct connection with the development phase of an earthquake is a transient increase of
the rupture velocity. A significant example is the phase in the time window between 5.5
and 6.5s in Figure 3.8, where the normally distributed random variable N'(0, A2dt) is
mostly positive such as rupture velocity evolves from around 2.3km.s~! to 3.1km.s~! one
second later. This causes a rapid increase of the moment rate, which is more and more
drastic late in the rupture process as a larger broken surface is involved.

3.2.3 Effect of rupture velocity variability on synthetic Source Time Functions

Variation of rupture velocity shows a significative effect and can produce STFs with de-
velopment phases composed of several monotonic phases. In order to investigate if this
modified crack model is able to reproduce our observations in Chapter 2, the procedure
detailed above is applied to create a catalog of synthetic STFs. We generate catalogs of
200 synthetic STFs for each given couple of (A, Ac) that we select in realistic ranges. For
each catalog, A controls the random realization of rupture velocities while Ao is constant.
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Figure 3.10 — m,,, and log(8)syn coefficients extracted from the power laws relating moment acceleration
and moment rate. The size of the points scales with Ao, and the discrete colorbar indicates the A values. The
star refers to the SCARDEC coefficients found in Chapter 2.

Each STF has an initial rupture velocity vg, however the normal random process which
follows implies that T, is different for each event. As an example, Figure 3.9 represents the

—3/2 with values ranging from

distribution of 7, for one of the catalogs with A = 450m.s
around 1.5km.s™! to 3.8 km.s~!. Such approach therefore leads to a distribution with a
classical median value roughly equal to vg and a dispersion in agreement with rupture ve-
locities extracted from seismological observations (Somerville et al., 1999; McGuire et al.,
2002; Chounet et al., 2017). The distinct rupture velocity value for each event combined
with a regular fault dimension leads to a rupture front reaching the edges at different

times, creating STF growth with different durations but a similar seismic moment.

Overall, 25 synthetic catalogs are created in order to explore various (A, Ac) configura-
tions. To do so, we define a sequence of 5 A values from 50 to 450m.s~3/2 for a given
value of Ao and we compute 200 synthetic STFs for each case. Such procedure is applied
for 5 different A¢ ranging from 1 MPa to 5 MPa. Once each catalog is created, we extract
development phases with the method detailed in Section 2.2.1, apart from the lower limit
at 0.07F,, which is now not taken into account. Moment acceleration values are then
computed according to the procedure in Section 2.2.2. These values are finally plotted
against moment rate values and a fit is achieved following the power law My = ﬁsynMénsy”
so that 25 (mgyn, 1og(B)syn) couples are directly comparable with m and log(3) found
from SCARDEC observations. Figure 3.10 represents the (mgyn,l0g(8)syn) couples with
the size of points proportionnal to Ao and the color associated to A. The star location
referring to the SCARDEC coefficients m and log(f) is clearly not compatible with most

~3/2

of the cases. For example, the 5 catalogs with the lowest A = 50 m.s value (in purple

Figure 3.10) share an identical ms,, = 0.5, far from m = 0.63. As a reminder, m = 0.5

refers to self-similarity as My(t) = at™ and ng = ﬁ = 2. Figure 3.11 shows one of
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Figure 3.11 — Moment acceleration M, as a function of moment rate M, (log-log scale). Each blue dot
corresponds to an individual (Md)ij value used to compute the linear fit. Red line is the best linear fit explaining
the synthetic data. Red dotted line is the linear fit for the SCARDEC observations. The value of the (A, Ao)
couple is indicated in the bottom right corner.

these examples with the catalog with (A = 50m.s~3/2, Ac = 3MPa). According to this
observation, such a very low rupture velocity variability is not sufficient to move the STFs
shape away from the self similar behavior. Synthetic STFs roughly follow equation 2.6,
which is also confirmed by the distinct increase of log(3)syn with Ao in Figure 3.10. In-
deed, when comparing equations 2.6 and 2.9, we observe that Ao correlates with 5 for a
given m and rupture velocity V.

The effect of the rupture velocity variability on m,,, becomes apparent when A progres-
sively increases. As shown in Figure 3.10, orange and red points have systematically a
higher my,,, value. This effect is even more pronounced when high A are combined with
low Ao. As depicted in Figure 3.10, points with large size (i.e. large Ao) are systemati-
cally associated with too large log(3)syn. Such trend is understood to originate from the
correlation between Ao and log(3)syn. For STFs with large Ao, they strongly develop,
hence are characterized by moment accelerations too high to fit the SCARDEC observa-
tions. In summary, Figure 3.10 essentially reflects that the combination of high rupture
velocity variability and low stress drop leads to approach the m and log(/3) values found
in the SCARDEC analysis.
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3.2.4 Discussion and conclusion

On the basis of this analysis, the optimal couple reproducing well our observations is (Agp,
Aoopt) with Agpe = 450 m.s~%/2 and Aocopt =1-3 MPa. Though the first optimal parameter
is well constrained, a value of Aoy, between 1 MPa and 3 MPa gives consistent results.
Figure 3.12 shows this optimal configuration where mgy, ~ m and log(8)syn =~ log(5).
Such accordance with the observations is particularly interesting for moment acceleration
at high moment rate values, that can be reproduced only with a very high rupture vari-
ability. Finally, despite self-similar macroscopic properties as (1) constant stress drop, (2)
analytical slip formulation of a circular crack, (3) rupture velocity distributed around an
average value, this simple model is able to explain the average behavior of the development
phase which is itself not self-similar. These results therefore imply that rupture velocity
variability is a critical kinematic parameter. If we refer to Figure 3.8 and to our method
for extracting moment acceleration, at least three reasons lead us to believe that the be-
havior of the development phase essentially results from transient increase appearing in
the random evolution of the rupture velocity.

First, development phase is by definition composed of at least one monotonic growing
section, but does not contain decreasing sections. These latter sections, due to transient
drastic decrease of rupture velocity, are therefore not taken into account when computing
moment accelerations. Secondly, development phases seen individually show also a com-
plex moment rate evolution, with slow and fast increases. Since our method computes
moment accelerations at given moment rates, a fast moment rate increase (associated to
a rupture velocity increase in this model) is more likely to intersect a lot a given moment
rates, in contrast with slow moment rate increase which is statistically much less sampled.
These two latter arguments clearly show that according to our definition of the develop-
ment phase and to the method we implemented, it favors the computation of the moment
accelerations in rupture velocity increase phases, particularly if this increase is substantial.
The third reason that makes the rupture velocity variation a strong candidate for explain-
ing our observations is the correlation between rupture velocity and slip velocity explicited
in equation 2.2. As a result of this relation, the rupture velocity variability also leads to
modify the slip velocity form of the crack. An increase of the rupture velocity means a
larger ruptured surface together with a higher slip velocity value at each point, especially
just behind the rupture front, generating steeper moment accelerations compared to a
crack with constant rupture velocity.

In summary, we show here that even a simple model of a modified crack with macroscopic
self-similar properties is able to generate an evolution of the moment rate which is itself
not self-similar during the development phase. Strong rupture velocity variability, that
we express as Ay, = 450 m.s™3/ 2 combined with a value of Aoop = 1-3 MPa is sufficient
to reproduce our observations. It also reproduces at first order the spectrum of rupture
velocities found with the SCARDEC catalog (Chounet et al., 2017). Of course, such
very simplified model presents some limitations, the first of them being an unphysical
simultaneous velocity changes at each point on the rupture front. As we expect that
rupture velocity changes are only in specific directions, A, can roughly give a lower
bound value of the intra-variability of earthquakes rupture velocity. The circular slip
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Figure 3.12 — Moment acceleration My as a function of moment rate M, (log-log scale) for the optimal
parameters (A,p:, Acopt). Each blue dot corresponds to an individual (Mg):; value used to compute the linear
fit. Red line is the best linear fit explaining the synthetic data. Red dotted line is the linear fit for the SCARDEC
observations. This Agpt, Aoy couple for a circular crack model with variable rupture velocity agrees very well
with the observations.

distribution is also not compatible with analysis of spatial complexity from finite-fault
source inversions (Mai and Beroza, 2002), and heterogeneous model taking into account
the complex rupture propagation is developed in Section 3.3.

3.3 Rupture properties of a kinematic fractal k=2 source model

3.3.1 Ruiz Integral Kinematic (RIK) model setup

Numerous kinematic source models have been developed in order to retrieve the main
features of the seismic displacement spectrum. In particular, the challenging issue is to
reproduce both the low and high frequency contents, with the latter showing a spectrum
fallof proportionnal to w2 above the corner frequency w.. The so-called composite models
successfully model such characteristics based on the description of an earthquake as a
cascade of small events with different sizes (Frankel, 1991; Zeng et al., 1994; Bernard et al.,
1996; Gallovi¢ and Brokegova, 2007). As detailed by Andrews (1980), the w2 spectral
decay at high frequency can be generated by final slip spectrum with k=2 decay at high
wavenumbers. This specific signature of the final slip spectrum constrains the relation
connecting the number of sub-events with their size so that the number-size distribution
of sub-events is fractal, with the fractal dimension D = 2 (see Appendix of Ruiz et al.
(2011) for the complete development).
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We take advantage of the Ruiz Integral Kinematic (RIK) model developed by Ruiz et al.
(2011) to investigate the role of the kinematic parameters during the development phase.
The analysis has been enabled by the open source code made by Gallovi¢c (2016) and
available in the webpage https://github.com/fgallovic/RIKsrf. Due to the foregoing
reasons, the RI K model generates a fractal number-size distribution of circular sub-events
with random locations on a fault plane, producing slip heterogeneity including overlaps
between sub-events of various sizes. Each sub-event has a radius R, = W/n with W the
width of the fault and n an integer value. In order to respect a fractal distribution, the
number of sub-events at step n is equal to 2n — 1. The total number of sub-events, N, is
defined as follows:

Nmax

N = > (2n-1), (3.7)

N=Nmin

in which 7., and n,. are the largest and smallest sub-events numbers respectively.
Each sub-event has a slip function Au following the analytical slip solution of a circular
crack:

Au(r) = Cy\/R2 —r? (3.8)

with r the distance from the center of the sub-event. C' is a constant value that is adapted
to reach the target seismic moment. Figure 3.13 shows an example of random circular
sub-events distribution with slip following the crack solution for a target value of My =
4.8%10%° Nm. The representation with the z-axis depicts the heterogeneous slip values due
to the overlaps of sub-events and the crack-like slip formulation, while the projection in the
z direction emphasizes the size-number fractal distribution of the sub-events. Equation 3.8
fundamentally differs from equation 3.2 as it only gives a time-independent slip (final slip).
As a consequence, equation 3.8 is not used to infer the slip velocity function. Instead,
a simple boxcar function is assigned for each sub-event with a rise-time 7(R,) linearly
increasing with R,, such as:

L

- % if 2R, > Lo -

(R — 9
o2Rn) rop <1,

T

where a is a constant to define, Ly the maximum pulse width and v, the rupture velocity.
Ly is the macroscopic maximum pulse width, that we define larger than 2R, , to ensure
that 7(R,) grows with sizes of the sub-events.

The RIK model also aims at reproducing rupture directivity at all scales. In terms of
rupture initiation, points on a fault inside a sub-event with a size larger than L starts
to slip upon the arrival of the macroscopic rupture front. However, since in our case
R, < Ly , a nucleation point inside the sub-event is randomly selected, and an internal
rupture front propagates when the random point is reached by the macroscopic rupture
front.
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Figure 3.13 — Example of random circular sub-events distribution following a fractal size-number distribution
with a fractal dimension D = 2 for a target value of My = 4.8 x 10?° Nm. The spatial evolution of the slip
following the crack solution along with sub-event overlaps produce heterogeneous slip values.

3.3.2 Fault parametrization and global source properties

The RIK model has the great advantage of reproducing a realistic rupture process with
a direct access to kinematic source properties. As an example, the slip velocity history at
each grid point of the fault, combined with the rupture front position at every time enables
us to directly compute the source time function. However, the model has to be correctly
parametrized in order to retrieve consistent global source properties, before analyzing in
detail the STF characteristics. In the next paragraph, input parameters required by the
RIK model will be enhanced in bold.

The parametrization starts by defining the size of the fault where earthquakes are gener-
ated. Since the goal of this analysis is to repeat the method we applied in Chapter 2, a
relatively large fault surface is necessary to produce an earthquake with a STF reaching
high moment rates values, i.e. more than 10" Nm.s~! for the peak moment rate. Based on
this consideration, we first use the study of Mai and Thingbaijam (2014) in which an em-
pirical relation relating My and effective source dimensions is found with finite fault models
from the SRCMOD database. For My = 102! Nm, we roughly expect a fault surface of
10000 km?, that we hereafter arrange to have a fault dimension of S = 100 x 100 km. In
a second step, the value of Mj is refined because it has to accurately follow the self-similar
equation extracted from the SCARDEC catalog by Chounet and Vallée (2018):

T = M3 x 107484, (3.10)
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Figure 3.14 — Slip distribution of an earthquake with My = 4.82 x 10?* Nm. The hypocenter location (white
star) is randomly selected among the grid points. Red circles represent all the sub-events and highlight the
numerous overlaps. White circles locate the macroscopic rupture front (propagating at 2.5km.s™') every 4s.
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with 7" the rupture duration. To do so, we generate earthquakes of seismic moment of 1Nm
with random hypocenter locations over the fault plane. Kinematic ruptures propagating

1 are computed and their durations are

at a constant rupture velocity vy = 2.5km.s™
estimated with the STFs in the same manner as Chounet and Vallée (2018) in order to
obtain a mean rupture duration 7', then allowing to infer the target Mo = 4.82 x 102° Nm
with equation 3.10. Such approach is followed for two reasons: (1) as M, is reached by
adapting the constant value C' in equation 3.2, there is a simple linear proportionnality
between My and Awu. (2) for a given value of a, rise-time values are fixed for sub-events,
meaning that slip velocity is also linearly proportionnal to Au. The few largest sub-events
have radius of Ry, = 12.5km while smallest sub-events are many with a radius of
Rinmax
implying STFs with several monotonic phases, as well as smaller ones to prevent small
scales features not represented in the SCARDEC STFs. The slip pulse width is setup

to Lo = 25 km, i.e. the diameter of the largest patch. The coefficient a controlling the

= 3.33km. We avoid larger sub-events to generate complex rupture propagation

duration of 7(R,,) is adjusted in the following.

We show an example of an earthquake in Figure 3.14 with the source parameters previously
described. Maximum slip is slightly below 4m and fits with the scaling law of Mai and
Thingbaijam (2014). Red circles are the sub-events edges and often overlap each other.
This superposition leads to sum different slip velocity functions, i.e. boxcar functions with
durations 7(R,,), and create realistic cumulative slip velocity functions as shown in Figure
3.15 for a given value of @ = 0.4. For sake of clarity, the temporal evolution of cumulative
slip velocity functions is represented on a grid with point interval of 10km, while the
regular grid which is used to compute the rupture process has point interval of 2km.
The shape of these functions is surprisingly in very good agreement with the analytical
crack model solution (Yoffe, 1951), as well as with other kinematic (Tinti et al., 2005) and
experimental studies (Ohnaka and Yamashita, 1989). They reach their maximum value
at the arrival of the rupture front, which is a singular point in the analytical formulation,
before rapidly decreasing during 7(R,,).

As shown in Figure 3.14 at macroscopic scale, this event is mainly unilateral since the
hypocenter is located at the bottom left of the fault. It also seems to have a very smooth
rupture propagation due to the constant rupture velocity v,.. However, the large pulse
width Lo = 2R, ,,
each sub-event. Therefore, the rupture process is controlled by the internal rupture front,

causes a systematic random triggering from a nucleation point inside

which implies that the rupture expanding at v, is more or less bilateral depending on the
stochastic location of the nucleation point. This heterogeneous rupture front propagation
is clear in Figure 3.16 where snapshots of the slip velocity values are represented at two
different times. The triggering of the slip velocity is beyond the macroscopic rupture front,
and the stochastic nucleation point location for each sub-event results in a more complex
rupture propagation.

A suitable parametrization in terms of fault dimension, final seismic moment and source
duration enables us to reproduce global source properties and consistent kinematic rupture
scenario. In particular, the realistic shape of cumulative slip velocity functions combined
with a heterogeneous rupture propagation provides an opportunity to produce robust
synthetic STFs.
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Figure 3.15 — Temporal evolution of cumulative slip velocity functions on a grid with point interval of 10 km
with @ = 0.4. Most of these functions are characterized by a maximum value at the arrival of the rupture front
before a rapid decrease during 7(R,). They show a high similarity with the analytical slip velocity formulation

of Yoffe (1951).
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Figure 3.16 — Snapshots of the slip velocity together with the position of the macroscopic rupture front
(black line) in two time steps (10s and 30s) for a = 0.4. The grey star is the location of the hypocenter. The
stochastic rupture triggering from a nucleation point inside each sub-event creates an internal rupture front
which is not coherent with the macroscopic rupture front.

3.3.3 Rise-time evolution and its effect on synthetic Source Time Functions

As the rise-time 7(R,) is influenced by the a value, the RIK model has the ability to
approach the two main rupture modes: crack-like and pulse-like ruptures. According to
equation 3.9, a is the slope of the linear law relating 7 to R,, and hence has an effect
on its the absolute value. It means that for the same fractal size-number distribution of
sub-events, a low a value results in a low duration 7 of the boxcar function for each R,,.
For example, Figure 3.16 clearly exhibits a self-healing process since positive slip velocity
values extend on a small fraction of the area behind the rupture front, as a consequence
of the low value of a = 0.4. The rupture mode has significant impact on the shape of the
slip velocity functions which in turn affect the ground motion (Galetzka et al., 2015). We
therefore expect to see different STFs if the a value is modified. Figure 3.17 represents
5 STFs generated by simulations with the slip distribution and rupture propagation of
Figure 3.14, and a different a value in each case. The earthquakes start at the same
hypocenter on the same fault, implying that the STF durations are longer when a value
increases (i.e. 7(R,,) increases), as confirmed by the longest STF in blue for a = 1. Apart
from its effect the on rupture duration, a has also a critical impact on the moment rate
evolution, and hence on the moment acceleration. For instance, monotonic growing phases
of the five STFs in Figure 3.17 are “fan-shaped” such as at a given time the moment rate
value is inversely dependent on a. Such trend is caused by the faster release of slip for
low a values. Indeed, for each sub-event, the same amount of slip has to be released
regardless of the a value, meaning that the boxcar functions have to be more impulsive
and shorter for low a values. The cumulative slip velocity functions are consequently also
more impulsive and shorter on a narrow zone behind the rupture front, resulting in rapid
increase of the moment rate and steep moment accelerations for the purple and red STFs
in Figure 3.17.
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Figure 3.17 — STFs computed with the RIK model from the slip distribution and rupture propagation shown
in Figure 3.14. Each STF is generated with different rise-time 7(R,) values controlled by the parameter a.
Following equation 3.9, 7(R,) is proportionnal to a, implying a longer STF duration when a increases.

In order to quantify the effect of rise-time evolution on moment acceleration values as a
function of moment rates during the development phase, we generate a catalog of 200 syn-
thetic STFs for each a value prescribed in Figure 3.17, with the input parameters enhanced
in bold in Section 3.3.2. The diversity of the rupture process is reproduced by randomly
selecting a hypocentral location on the grid point of the fault for each event. For a square
grid with constant point interval, ruptures start statistically often far from the fault center
which favors the predominance of unilateral ruptures at macroscopic scale, consistent with
observational results (McGuire et al., 2002). For each catalog, we verify that global source
properties are reproduced, in particular the self-similar relations connecting the source
duration 7" and the maximum moment rate F},, with the seismic moment M. Figure 3.18
confirms the self-similar behavior of these two global parameters for one of the catalogs
(a = 0.4). According to equations 3.10 for 7" and the one in Chounet and Vallée (2018)
for F,,,, SCARDEC observations provide median values of 37.3s and 2.28 x 10 Nm.s~!
respectively, which are equivalent to the ones obtained by our synthetic catalog in Fig-
ure 3.18. The four other catalogs show equivalent self-similar behaviors.

After the creation of a catalog, we extract development phases with the same method
detailed in Section 2.2.1, apart from the lower limit at 0.07F,, which is not taken into
account. Moment acceleration values are then computed according to the procedure in
Section 2.2.2. These values are finally plotted against moment rate values and a fit is
achieved following the power law My = BMT so that 5 (m, log(5)) couples are created.
We represent the five fits in Figure 3.19, together with the law found from SCARDEC cat-
alog. For sake of clarity, we do not show the moment acceleration values used to compute
each fit. As expected, for a given moment rate value, the average moment acceleration is
systematically anticorrelated with the a value. However, only the synthetic catalog with
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Figure 3.18 — Histogram of STFs duration T and peak moment rate F,,, for 200 synthetic STFs with a = 0.4
for a seismic moment My = 4.82 x 10°°Nm. The two source parameters correctly follow the self-similar
dependence as a function of My of the SCARDEC catalog (Chounet and Vallée, 2018), since the median values
are very closed to the ones obtained with the SCARDEC STFs.
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Figure 3.19 — Moment acceleration M, as a function of moment rate M, (log-log scale) for the 5 five
synthetic STFs catalogs with different rise-time 7(R,,) evolutions. Each line is the best linear fit explaining
the synthetic data. Color of lines refers to different a values as in Figure 3.17. For sake of clarity, moment
acceleration values used to compute each fit are not shown. Black dotted line is the linear fit for the SCARDEC
observations.

a = 0.2 reaches the average moment acceleration of the SCARDEC catalog for the highest
moment rate values whereas for the lowest moment rates, only the synthetic catalogs with
high a values obtain average moment acceleration comparable with SCARDEC observa-
tions. As a consequence, all catalogs have m values lower than the observed one (black
dotted line in Figure 3.19). These results show that, with a constant rupture velocity,
despite physical cumulative slip velocity shapes (Figure 3.15), the RIK model generates
development phases with time exponent close to, or even below (for low a values), the self-
similar value of 0.5. Small a values generate high acceleration very early in the rupture
process, resulting in a lower exponent.

3.3.4 Correlation between slip velocity and rupture velocity

In the former section, a constant rupture velocity throughout the rupture process is as-
sumed. However, dynamic simulation argues for a correlation between slip velocity and
rupture velocity (Schmedes et al., 2010; Bizzarri, 2012), as well as the kinematic crack
model in Section 3.2 where such correlation generates consistent synthetic STFs. We in-
troduce in the RIK model a parametrization which correlates the local rupture velocity
with the maximum slip velocity distribution on the fault. Since grid points inside each
sub-event has the same rise-time and a slip velocity function with a boxcar shape, the
maximum slip velocity is correlated with the final slip.

We use the slip distribution map to assign a local rupture velocity value at each grid point.
To do so, we generate random uniform local rupture velocities from a median value 7, and
a standard deviation o,,. In a second step, we sort the random values such as largest
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Figure 3.20 — Slip distribution of an earthquake My = 4.82 x 10?* Nm. The hypocenter location (white star)
is the same as in Figure 3.14. Red circles represent all the sub-events and highlight the numerous overlaps.
Heterogeneous propagation of the macroscopic rupture front is due to correlation between slip velocity (hence
slip in the RIK model) and rupture velocity. Rupture front position is located by the white line every 4s.
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Figure 3.21 — STFs computed with the RIK model. STF in red is computed from the slip distribution and
the rupture propagation shown in Figure 3.14 and is also represented in Figure 3.17. STF in teal is computed
from the same slip distribution but with the rupture propagation shown in Figure 3.20 which is influenced by a
slip velocity-correlated rupture velocity. In both cases, equation 3.9 is used with a = 0.4.

local rupture velocities coincide with largest slip. This selection is performed only with
positive slip values, in order to avoid assigning most of the low local rupture velocities on
grid points with no slip. The slip velocity-correlated rupture velocity distribution is finally
used to compute rupture times with the approach of Podvin and Lecomte (1991). Figure
3.20 shows an example of a random slip velocity-correlated rupture velocity field leading
to heterogeneous propagation of the rupture front starting from the same hypocenter and
generating the same slip distribution as in Figure 3.14. Comparison between these two
Figures exhibits that for Figure 3.20, rupture preferentially breaks areas with numerous
overlaps of sub-events, i.e. zones of large slip and slip velocity. For instance, the bottom
left rupture propagation during the first 4s is clearly controlled by the position of large
sub-event.

This correlation between slip velocity and rupture velocity is used to create 200 synthetic
STFs which all share the slip distribution in Figures 3.14 and 3.20, but have a random
hypocenter location. However, heterogeneous local rupture velocities considerably affect
the total duration of the rupture process. In order to remain in a self-similar configu-
ration, we adapt by trial-and-error the median rupture velocity v, and o,, to obtain a
catalog containing STFs whose median duration respects equation 3.10. 7, = 1.9km.s~!
and o, = 0.95km.s~! are found to be the optimal values. Higher o, leads to minimum
local values too slow to represent a classical rupture velocity regime. For the rise-time
evolution as a function of the size of sub-events, we use equation 3.9 with a = 0.4. In
the constant rupture velocity configuration, this value indeed contributes to produce in-
termediate values of moment acceleration as a function of moment rate, when referred

to SCARDEC observations (see Figure 3.19). As an example, STF corresponding to the
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Figure 3.22 — Moment acceleration M, as a function of moment rate M, (log-log scale) for two synthetic
catalogs with the same rise-time 7(R,) (a = 0.4). Each line is the best linear fit explaining the synthetic
data. Red and teal lines correspond to catalogs with a constant and slip velocity-correlated rupture velocities
respectively. For sake of clarity, moment acceleration values used to compute each fit are not shown. Black
dotted line is the linear fit for the SCARDEC observations. The two arrows show the specific effect of slip and
rupture velocities correlation for low and high moment acceleration values, respectively.

rupture process in Figure 3.20 is shown in teal in Figure 3.21. It is represented together
with the STF obtained with the same slip distribution and a value, but a constant rupture
velocity (also represented in red Figure 3.17). The global shape of the two STFs is similar
since the slip distribution is the same in both cases. However each phase leading to a local
maximum has a different growth. For instance, if considering the STF with a constant
rupture velocity (in red) as a reference, the growth before the first local peak at around
10s is modified for the STF in teal. The beginning part is flattened as a consequence
of the local low rupture velocity while the moment rate evolution becomes steeper as it
reaches the maxima due to local high rupture velocity. In terms of moment acceleration
values as a function of moment rate values, it therefore seems promising to get closer to
the SCARDEC observations.

After extracting the development phases from the synthetic catalog, we again represent
the fit quantifying the increase of the moment acceleration as a function of the moment
rate. This fit is represented in teal in Figure 3.22 together with the fit for a constant
rupture velocity. As expected, the two linear fits do not share the same m and log(53)
coefficients, meaning that the effect of the slip velocity-correlated rupture velocity shown
in Figure 3.21 is globally present in the synthetic catalog. In particular, the two arrows in
Figure 3.22 highlight systematic lower moment acceleration values at low moment rates
and larger moment acceleration at high moment rates, leading to increase the m and
decrease log(f) values. However, even if present, this trend is not large enough to obtain
a m value close to the SCARDEC observations (black dotted line).
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Previous results reveal that correlation between slip velocity and rupture velocity is most
likely one of the factors contributing to reproduce the SCARDEC observations. A si-
multaneous transient increase of these two kinematic parameters combines large surface
expansion of the rupture and high slip velocity values just behind the rupture front, and is
particularly efficient to produce high moment acceleration values. However, although the
crack model with variable rupture velocity in Section 3.2 allowed to fully explain the ob-
servational data, this is not the case for the RI K model. These differences arising between
the two models are partly due to the different impact of a variable rupture velocity. In
comparison with the crack model where an increase of the rupture velocity has an impact
over the whole rupture front, the fractal property of the RIK model implies that rup-
ture velocity acceleration is spatially localized only to high slip areas. As a consequence,
surface expansion is enhanced on a small fraction of the rupture front and the resulting
moment rate is less dramatically affected.

A more fundamental reason is that the crack model is controlled by the past history of
the rupture (see a(t) in equation 3.2). As a consequence of this dynamic property, late
times are, by model construction, always more active than early ones. Slip velocity behind
the rupture front (including a process zone) is continuously increasing with the surface
rupture expansion over time, meaning that fast moment acceleration is systematically at
late times. This is not the case in the RIK model where slip velocity is not correlated
with rupture time. For instance, early times can include fast moment acceleration (when
a large patch is close to the nucleation point). This kind of limitation is inherently related
to the kinematic nature of the RIK model, for which a given fault point always has the
same rupture history independently of what occurred earlier in the rupture. In order
to overcome this limitation, we focus the Chapter 4 on dynamic models. Besides being
more physical than kinematic ones, they appear required to reproduce the SCARDEC
observations.
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Chapitre 4 — Study of the development phase from dynamic models

Ce chapitre traite de I'approche dynamique de la rupture pour pleinement décrire les pro-
cessus jouant un roéle lors de la phase de développement des séismes. Dans un premier
temps, nous exposons quelques principes fondamentaux de la mécanique de la fracture
ainsi que leur lien avec la loi de frottement “slip-weakening” utilisée pour représenter les
séismes comme un phénomeéne frictionnel. A partir du modéle dynamique de Aochi and
Ide (2004) ou le parameétre de friction D, croit linéairement avec la distance a ’hypocentre,
nous adaptons son évolution ainsi que la valeur de la contrainte initiale 7y pour retrouver
les propriétés globales des STFs. Nous montrons dans un cas continu et discontinu que
les observations faites dans le Chapitre 2 peuvent étre reproduites a condition de briser
les lois globales auto-similaires. Avec I’approche de Ide and Aochi (2005), nous ajoutons
dans un deuxieéme temps des hétérogénéités sur le plan de faille via une loi fractale reliant
le nombre de patches, leur taille et leur valeur de D, afin de reproduire un modele de
rupture en cascade. L’observation de la phase de développement pour plusieurs distri-
butions aléatoires de D, indique une propagation complexe de la rupture, dominée par
une direction préférentielle contrdlée par la localisation des patches avec de faibles valeurs
de D.. Afin de générer des scénarios de rupture réalistes, une distribution aléatoire pour
To est ajoutée, et accentue la complexité de la rupture. Finalement, nous observons que
I’hétérogénéité de ces deux parametres dynamiques est a l'origine de la corrélation entre
la vitesse de rupture et la vitesse de glissement qui permet de reproduire les observations
SCARDEC durant la phase de développement.

Les résultats de ce chapitre sont issus de travaux effectués en étroite collaboration avec
Hideo Aochi.

4.1 Dynamic view of an earthquake rupture and multi-scaling
numerical model

4.1.1 Stress and energy budget of an earthquake

We introduced in Chapters 1, 2 and 3 kinematic models for which the slip Aw is described
in space and time on a fault, in order to have a complete description of the rupture process.
As shown in equation 1.9, the circular kinematic crack model requires some assumptions
such as constant static stress drop Ao and rupture velocity V,., and displays non-physical
singularities of the slip velocity @ at the rupture front. A more realistic description of
an earthquake then requires a dynamic view of the process. The Awu slip formulation is
now not imposed but retrieved as a result of the stress conditions and the strength of the
material. Rupture initiates if the stress exceeds the material strength, then it propagates
until the mechanical conditions prevent further propagation. The energy budget of an
earthquake provides a first indication of the static stress field evolution. The static way
to investigate the problem is to consider the stresses before and after the fracture (o and
o1, respectively). The total strain energy release W is the sum of three energies:

W = FEyg + Eg + ER, (4.1)

with E¢ the fracture energy, Ep the thermal energy and E'r the radiated energy (Kanamori,
2004). Ep is the friction energy, mostly dissipated by heat, while E¢ is the energy me-
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4.1 — Dynamic view of an earthquake rupture and multi-scaling numerical model

Stress
A

Figure 4.1 — Representation of the energy budget for static stress field dropping from o1 to oo as a function
slip D. The total strain energy consists of fracture energy E¢g, thermal energy Er and radiated energy Erg.
Figure is shown for unit area of the fault plane. Graph is from Kanamori (2004).

chanically dissipated during the rupture process. The rest of the available amount energy
goes into the energy radiated by seismic waves Er. The energy partition is represented
Figure 4.1 in a graph with the value of stress as a function of slip for unit area of the
fault plane. The static stress drop Ao = 01 — 0 produces a displacement D. The elastic
energy AU = Eq + ER is the available energy for the dynamic process of faulting, and is
expressed as

AU = / AoDdS (4.2)
S

in Figure 4.1. The triangular area with a base from 0 to D and a height from o; to og
represents AU. The radiation efficiency n = Er/AU (Husseini, 1977) is defined as the
ratio between the radiated energy and the elastic energy, and is bounded between 0 and
1. 7 is a useful parameter for quantifying the dynamic efficiency of an earthquake. For
instance, in the model of Orowan (1960), the stress drop is instantaneous, meaning that
all the available energy goes into Er and n = 1 (Savage and Wood, 1971). However,
many studies show that n widely varies (Venkataraman and Kanamori, 2004; Vassiliou
and Kanamori, 1982; Kanamori, 1977), implying that the fracture energy Eg has to be
incorporated into the energy balance during dynamic rupture propagation.

4.1.2 Fracture surface energy and slip-weakening law

The fracture energy F¢ is the amount of energy released over the entire surface to extend
the fault. This energy flows into the tip of the fracture front and plays a role in the
stability and the growth of the fracture. In the case of a crack model with length a,
fracture mechanics impose that the extension is controlled by two quantities: the fracture
energy per unit surface area required to create a new fault surface G. (J.m™2) and the
crack extension force G (J.m~2). For a crack in Mode ITI, (i.e. antiplane rupture, the
direction of slip is perpendicular to the rupture propagation) growing at speed V., G is
expressed as G = G*¢(V;) with:
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K2
G* = —, (4.3)

2u
where p is the rigidity and K = Acy/a/2 the stress intensity factor. G* is the static
extension force (that can be understood as equivalent to AU per unit surface area), and
as K « y/a, G* linearly increases with the crack size. g(V;) is a function depending of V;

such as:

g(Ve) = 1/y1=V2/p? (4.4)

with 3 the shear wave speed (Kostrov, 1964; Eshelby, 1969).

The growth of the crack is then governed by the equation of motion G = G.. This relation
is particularly important as it relates the evolution of V; to G.. In static case g(0) = 1,
the crack starts to destabilize if the condition G* = G, with G, = K./2u (the Griffith
rupture criterion) is respected.

For the dynamic case, the energy balance at the crack tip imposes that G, = G =
G*g(V;) (1). This equality controls the rupture velocity V, and the rest of the avail-
able energy converted into radiated energy. Since G* linearly grows with the crack size
and if G, remains constant, g(V;.) has to decrease to conserve the energy balance so that V,.
rapidly approaches 5. In contrast, if G, abruptly increases ¢g(V;) has to increase and the
rupture may stop. Crack propagates at subshear rupture velocities when G, increases in
the same manner as G* so that g(V}) is approximately constant. Given that the fracture
energy F¢ is the energy released over the fault surface S, we can finally relate it to G:

Fo = /GdS — g(V}) / G* s (4.5)

Relation 4.5 therefore suggests that for a large rupture velocity, small amount of elastic
energy AU is used for Eg, implying that AU is mostly converted into radiated energy
Er. Such model of fracture dynamics emphasizes the critical role of G, in the rupture
propagation. As we will see in the following, G, distribution is a key parameter controlling
the earthquake dynamics.

In addition to crack theory, frictional model presents a view of an earthquake as a rup-
ture occurring on pre-existing faults. This model assumes that fault remains locked as a
consequence of the frictional interaction on either side of the fault. Earthquakes are then
produced in a “stick-slip” way when the dynamic friction exceeds the static friction. In
terms of stress conditions, rupture propagates when, locally on the fault, the stress field
7o reaches the peak strength 7,. At this stage, an instantaneous stress drop is not phys-
ically acceptable, hence a critical slip-weakening distance D, is required in order that 7,
decreases to the residual stress 71 as seen in Figure 4.2. Before the steady slip at constant
stress 71, D, takes place over the “process zone” behind the crack front, implying that 7,
decreases to T over a finite distance ér. The existence of such process zone also removes
slip rate and stress singularities at the crack tip. This latter model is called the “slip-
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stress

G
T, €

D, slip

Figure 4.2 — Slip-weakening friction law represented as the stress as a function of slip. The slip-weakening
distance D, is required to shrink the stress from the peak strength 7, to the residual stress 7. Fault is uniformly
loaded at stress g before the rupture. G. represents the surface fracture energy supplied to create a new surface.
Graph is from Ide and Aochi (2005).

weakening friction model” (Ida, 1972) as it introduces a stress (hence friction) decrease
from 7, to 7 when slip increases from 0 to D..

In the crack model, G, is the energy needed to produce new surface of faulting and has to
verify condition (1) in order for the rupture to propagate. In the slip-weakening friction
model, energy is dissipated because the dynamic stress drop A7y = 7, — 7 includes a
critical slip-weakening distance D.. As such, G. can be expressed as a function of the
parameters of the slip-weakening friction law:

1
Gc = §ATdDC (46)

and is represented by the grey shaded area in Figure 4.2. equation 4.6 successfully connects
crack and friction models, as it relates the fracture mechanics parameter G, with the stress
field near the fault as well as the material strength.

Besides the effect of G on dynamic rupture propagation, 79, 7, and 71 have also an
important role on the rupture velocity regime. Such stress parameters are gathered in the
parameter S (Andrews, 1976; Das and Aki, 1977):

Ty — 70

S = (4.7)

TO—T1
Andrews (1976) and Das and Aki (1977) study the effect of the S value on rupture velocity
for a constant G. value, and these two studies find that below 1.63, rupture velocity
reaches supershear values (more or less early depending on G.). For instance, a low
material strength 7, or a high initial stress field 79 tend to decrease S and enhance the
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rupture velocity. As we will see in the following, a suitable balance between G. and stress
conditions on a fault is necessary to produce realistic rupture scenarios.

4.1.3 Formulation of the dynamic problem and numerical method

Based on the previous theoretical considerations, we study spontaneous dynamic rupture
propagation by solving the elastodynamic equations relating the stress and particle velocity
in a uniform elastic medium. According to the previous definition of the slip-weakening
law, rupture propagation is controlled by: the friction parameters D., 7, and 71 and
the initial stress 7. They are included in the formulation of the dynamic problem as
boundary and initial conditions. We adopt the boundary integral equation method (BIEM)
(Fukuyama and Madariaga, 1998; Aochi et al., 2000) on a planar 2-D fault. This method
estimates the stress field on the fault plane with a spatio-temporal convolution of the
Green function and the slip velocity. On each spatial grid and for each time, the discrete
slip velocity is a boxcar function.

Aochi and Ide (2004) take advantage of this property to produce a multi-scaling dynamic
rupture based on a renormalization technique. The purpose of their approach is to effi-
ciently model dynamic propagation regardless of the size of the rupture process. In order
to have equivalent physical details for the growth of small and large earthquakes, elasto-
dynamic equations are solved on 64 x 64 spatial grids for a set of four subspaces with
different scales. Once rupture reaches the edge of a subspace, slip velocity functions are
scaled up by a factor of 4 in both space and time, so that the lower subspace is composed
of 16 x 16 spatial points with time steps 4 times longer in the upper subspace. The seis-
mic moment release as well as D, are normalized in order to conserve their value in each
subspace. The smallest subspace has physical dimension of 256 m x 256 m and an initial
time step At;,; = 0.33ms, meaning that after 3 renormalizations, the size of the whole
space is 16.384km x 16.384km and the final time step Atp;, = Atjp; X 43 = 0.0211s.
Direction of slip is restricted to one direction on the fault, the same x-axis direction as
the applied stress.

This dynamic model has therefore the ability to reproduce rupture process from a tiny
event to an earthquake whose dimension is equivalent to the seismogenic layer width. The
role of the dynamic quantities previously introduced in Section 4.1.2 on the development
phase of earthquakes is examined through the analysis of the simulated Source Time
Functions. Since the interaction between those dynamic parameters is very nonlinear, our
approach in the following is to introduce step by step heterogeneities in the model, before
finally approaching the most realistic scenarios. The next Section starts with continuous
and discontinuous growth of D, as a function of the hypocentral distance in a homogeneous
initial stress field 7.

4.2 Rupture propagation on continuous and discontinuous grow-
ing fracture surface energy

Whether or not G, is an intrinsic property on the fault is still debated. However, obser-
vational evidence highlights that most likely G, grows with the final size of an earthquake
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Figure 4.3 — Left: representation of the largest subspace of the fault of dimension 16.384km x 16.384 km.
Right: simulated STF for n = 1 in equation 4.8 and S = 0.67.

(Abercrombie and Rice, 2005; Lancieri et al., 2012). These studies spanning several order
of magnitudes find values between 10*J/m? and 10°J/m2. Aochi and Twardzik (2019)
show equivalent correlation by collecting results from dynamic inversions. This scale-
dependent G, is often thought to originate from larger areas of inelastic deformation for
larger earthquakes. As G, is proportionnal to D, under a uniform stress condition accord-
ing to equation 4.6, we hereafter deal with D, as a function of the earthquake size. The
first study of Aochi and Ide (2004) using the multi-scaling approach in a homogeneous
initial stress field 79 examines the effect of the coefficient 7 in the relation:

D, x R" (4.8)

with R the hypocentral distance. They numerically demonstrate that for n = 1, rupture
propagates self-similarly at constant subshear velocity, while smaller and larger n values
lead to supershear rupture velocity and rupture arrest, respectively.

In addition to rupture velocity changes, we propose to examine the effect of different
evolution of D, as well as different values of 7y in light of the observations made in Chapter
2 with the STFs of the SCARDEC catalog. More particularly, our purpose is to adapt
equation 4.7 and 4.8 in order to retrieve consistent STFs properties.

4.2.1 Continuous fracture surface energy

In our first simulation, we keep 7 = 1 in equation 4.8, and assign for values of 79, 7y
and 71 3MPa, 5 MPa and 0 MPa respectively (the same as Aochi and Ide (2004)). The
rigidity p is equal to 32.4 GPa and the P and S wave velocities to V,, = 6.0 km.s~! and
Vs = 3.46km.s~! respectively. The rupture artificially initiates at ¢ = 0 in the middle
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of the first subspace in a stress-free circular area of 15m and then propagates in larger
subspaces. We make several tests to find the suitable proportionality coefficient relating
R and D, such as the simulated STF is in agreement with SCARDEC observations. As
shown in Figure 4.3 our optimal linear increase of D, is chosen so that furthest points
from the hypocenter have D, values equal to D pqr = 128 mm. In accordance with Aochi

Lin mode IT

and Ide (2004), we observe a constant rupture velocity around 2.5km.s™
(i.e. horizontally in the left panel of the Figure 4.3) and consequently a very smooth STF
growth. The rupture grows in every directions before hitting the fault bounds at a time

where the peak STF is approximately reached.

Such optimal linear increase of D, is selected on the basis of suitable values of moment
acceleration as a function of moment rate in the development phase, as shown in Figure
4.4. Indeed, after extracting the development phase with the method detailed in Section
2.2.1 (blue growth in the middle of the Figure 4.4), moment acceleration values from the
simulation are computed according to the procedure in Section 2.2.2 (blue dots in the
bottom of the Figure 4.4). The blue linear fit (calculated in the same way as previous
Chapters, see details in Section 2.3.1) shows a trend close the SCARDEC dotted line,
meaning that such D, values are well adapted to reproduce realistic STFs. In contrast,
when we assign other proportional coefficients, we observe that larger D, values lead to
an early arrest of the rupture while lower ones produce too high moment acceleration
values. We do not intent here to exactly fit the black dotted line with equivalent slope
and intersect, because as we will see in the following, it necessitates a more complex fault
configuration. Instead, we first select D. evolution which generates simulated moment
acceleration values in the same order of magnitude as the SCARDEC ones.

The effect of the non-dimensional parameter S on STFs is also studied by varying the
value of the homogeneous initial stress 79. According to in equation 4.7, S is inversely
dependent to 79. We test three different values for 79 leading to three different values of
S. These configurations are represented Figure 4.4 with 7y values of 2.7, 3.0, 3.5 MPa, and
consequently S values equal to 0.85,0.67,0.43 in green, blue and red respectively. Top
of the Figure 4.4 depicts with the black line the linear increase of D, together with the
evolution of the rupture time as a function of distance from hypocenter. As expected from
theoretical considerations (Andrews, 1976), S is anticorrelated with the rupture velocity.
In mode I1, ruptures with S = 0.85 (green) and S = 0.43 (red) have rupture velocities
of 2km.s™! and 3.4km.s™! respectively. This latter rupture velocity is equivalent to Vj
and therefore excludes such low S value as a realistic overall configuration. At the bottom
of the Figure 4.4 we represent the evolution of the moment acceleration as a function of
moment rate during the development phase. For the three fits, .S has no influence on the
value of the slope m ~ 0.5. This value stands for the self-similar growth of the development
phase, i.e. a temporal evolution of the moment rate with a power ng = 1/(1 —m) = 2
(more details in Section 2.9). This self-similar behavior is consistent considering that n = 1
(constant rupture velocity) and the static stress drop AT = 79 — 71 is constant. However,
and consistently with the kinematic study of the crack (Section 3.2.3), the variation of
S (hence AT) is correlated with the intercept log(f) of the fits. As a consequence, while
To = 2.7 and 3.5 MPa are respectively too low and too large to reproduce SCARDEC fit,
To = 3MPa gives acceptable results. Such simple parametric study therefore constrains at a
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Figure 4.4 — Top: Evolution of D. (black line) together with the rupture time (colored crosses) as a function
of the distance from the hypocenter. Green, blue and red colors refer to S = 0.87,0.67,0,43 respectively.
Rupture time as a function of distance for V; velocity is represented by black crosses. Middle: STFs for the
different S values. Bottom: Moment acceleration as a function of moment rate. Colored lines are the fits

calculated with the colored points. Dotted black line is the fit from SCARDEC observations.
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very first order the values of 7o = 3 MPa and a linear increase of D, with D4, = 128 mm,
which will be our reference values in the following.

The self-similar growth of STFs in the case of equation 4.8 with 7 = 1 however does not
explain the rapid evolution of the moment acceleration as a function of moment rate seen
in SCARDEC observations, as represented by the slope m = 0.63 of the black dotted
line in Figure 4.4. One way to modify this property is to adapt the 7 value such as
the rupture velocity is not constant anymore. Unlike the study of Aochi and Ide (2004),
we do not select extreme 7 values leading to a complete arrest of the rupture before
reaching the fault bounds or supershear rupture velocities all along the rupture process.
Instead, we slightly adjust n and compare the simulated STFs, by taking advantage of
the previous analysis (79 = 3MPa and Dgpe, = 128 mm fixed). Figure 4.5 represents
three different configurations, with n = 0.89, 1 and 1.2 in green, blue and red respectively.
The blue color is exactly the same configuration as the blue color in Figure 4.4. At the
top, colored lines illustrate profiles for the three values of n. The first observation is that,
for n = 0.89 and 1.2, evolution of rupture times is not linear as a function of distance
from hypocenter, implying that the rupture velocity changes during the rupture process.
For n = 1.2, rupture easily starts then propagates slower as a consequence of the rapid
increase of D.. Conversely, for n = 0.89, high D, values are early reached, constraining
the rupture to be slow at the beginning, before it progressively accelerates as the increase
of D, is less pronounced. These rupture velocity variations cause a modification of the
evolution of the moment acceleration as a function of moment rate during the development
phase as summarized at the bottom of Figure 4.5. While for n = 1.2, rupture deceleration
generates a modest increase on the moment acceleration with coefficient m = 0.45, the case
of 7 = 0.89 in green has coefficients m = 0.63 and log(8) = 6.7 and is in agreement with
SCARDEC observations. This configuration is very similar to the analytical configuration
developed in Section 2.3.3 for a kinematic formulation of a crack model. It has been shown
that the evolution of the moment acceleration of SCARDEC STFs can be fully explained
by a rupture acceleration of the form pt” with v = 0.23. We can also determine the
coefficient v in our dynamic simulation in order to compare the kinematic and dynamic
view of a crack propagation. To do so, we first fit in log-log scale the evolution of the
rupture times as a function of the crack radius, represented by the green crosses at the
top of Figure 4.6. We finally use the coefficients from this fitting law to derive the average
evolution of the rupture velocity with time v,4(t). Such rupture acceleration is shown
in the middle of Figure 4.6. We find v = 0.13, meaning that as in the kinematic crack
model, v,4(t) accelerates very rapidly to classical rupture velocities, then slowly increases
during the remaining part of the development phase. However, as for the kinematic model,
this interpretation requires that larger earthquakes with longer development phases have
higher local rupture velocities, which is not clearly observed for real earthquakes.

4.2.2 Discontinuous fracture surface energy

Dynamic simulations carried out in Section 4.2.1 are useful to provide a first insight of
the global tendency for various D, evolution and initial stress 79. However, the simulated
STFs are simple, and complexity has to be added in order to reproduce the variability
found in real rupture propagation. As a very first step towards complexity, we consider a
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Figure 4.5 — Top: Evolution of D. oc R" together with the rupture time (crosses) as a function of the
distance from the hypocenter for three different values of 7). Green, blue and red colors refer to n = 0.89,1,1.2
respectively. Rupture time as a function of distance for V velocity is represented by black crosses. Middle:
STFs for the different n values. Bottom: Moment acceleration as a function of moment rate. Colored lines are
the fits calculated with the colored points. Dotted black line is the fit from SCARDEC observations.
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distance from the hypocenter. Rupture time as a function of distance for V; velocity is represented by black
crosses. Middle: average rupture velocity acceleration V,.4(t) deduced from the evolution of the rupture time as
a function of the distance from the hypocenter. Bottom: Moment acceleration as a function of moment rate.
Dotted black line is the fit from SCARDEC observations.
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4.2 — Rupture propagation on continuous and discontinuous growing fracture surface energy

serie of n + 1 discrete concentric circular patches of radius 7, and critical slip D.,. The
centers of all circular patches with different radii are superimposed in the middle of a fault
as in Section 4.2.1. Instead of a continuous linear increase with the radius of the crack,
the evolution of D, is supposed discontinuous such as:

rn=2"rg and D¢, =2"Deg (4.9)

with ro and D, the radius and D, value of the smallest patch respectively. We assume
ro = 22.5m, D.o = 0.25mm, so that r§ = 5.67km and D.g = 64mm (n = 8). Such
configuration enables to respect exactly the same relation as in equation 4.8 with n =1
except that D, transitions are now step-like. Points at a distance beyond rg from the
hypocenter are assigned with Depner = 128 mm. We keep a homogeneous initial stress
70 = 3MPa. Figure 4.7 represents on the left the distribution of D, on the fault as well
as the simulated STF on the right. Step-like transition between each patch acts as a
barrier to the rupture propagation, as demonstrated by the irregular spaces between the
contours of the rupture front every second. Such behavior is directly related to the balance
between energy release rate G and G.. Since only G gradually increases with the size of
the crack, rupture suddenly slows down when it goes through a larger patch (hence larger
G¢). Then rupture continues to extend after G sufficiently grows to rebalance the energy
budget. The rupture complexity is even more visible when looking at the simulated STF,
whose growth is composed of several successive monotonic phases. Each monotonic phase
corresponds to a propagation in a given patch, and their duration increases as the radius
of the patches increases. As an example, the two last monotonic phases are associated
to the propagation in patches with D.7 = 32mm and D.g = 64mm. Declining phases
are also longer for higher step-like transition of D.. On the basis of these remarks about
the complexity of the STF shape, we can easily distinguish the discrete radius-D, relation
expressed in equation 4.9.

A second configuration is to consider the same case as in Figure 4.7 but with an infinite size
for rg, meaning that now points with a distance from the hypocenter beyond r7 = 2.88 km
have D, = 64 mm. We show this configuration in Figure 4.8. The colorbar for D, is kept
the same in order to clearly identify the difference with Figure 4.7. The calculated STF
has exactly the same evolution as the STF in Figure 4.7, as a result of an equivalent D,
evolution, until it propagates in the last subspace. This finally creates a peak moment
rate value twice larger as a consequence of the constant D.g over most of the surface of
the last subspace. Despite this feature, rupture velocity does not reach supershear values
as the rupture reaches the model boundary. Figure 4.9 highlights the similarities and
differences of both models by showing D, evolution and the associated STFs. In order
to examine the effect of such break in D.-scaling on the development phase, we represent
the evolution of the moment acceleration as a function of moment rate as shown in the
bottom of the Figure 4.9. Despite its more complex rupture growth with combination of
several monotonic phases, model without break in D, -scaling (in red) has a slope value of
m = 0.51, meaning that the development phase still has a self-similar property. However,
when the rupture is not constrained by a background Dg ., the fit (in green) displays
m = 0.6 and thus approaches SCARDEC observations.
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Figure 4.7 — Left: representation of the largest subspace of the fault of dimension 16.384 km x 16.384 km.
Discrete colorbar shows the step-like evolution of D. with the distance from the hypocenter (white star).
Contours of the rupture front every second are represented by the black lines. Right: simulated STF.
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Figure 4.8 — Left: representation of the largest subspace of the fault of dimension 16.384 km x 16.384 km,
with an infinite size for the largest patch. Discrete colorbar shows the step-like evolution of D. with the distance
from the hypocenter (white star). Contours of the rupture front every second are represented by the black lines.
Right: simulated STF.
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Figure 4.9 — Top: step-like evolution of D. together with the rupture time (crosses) as a function of the
distance from the hypocenter for models in Figures 4.7 (in red) and 4.8 (in green). Rupture time as a function
of distance for Vs velocity is represented by black crosses. Middle: STFs for both models. Bottom: Moment
acceleration as a function of moment rate. Colored lines are the fits calculated with the colored points. Dotted
black line is the fit from SCARDEC observations.
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In this model, one assumption to approach SCARDEC observations is to consider that an
earthquake is represented by the rupture of small patches preceding one large patch on the
fault which controls the main properties of the development phase. As seen previously,
even if the beginning of the rupture process is self-similar as it propagates gradually into
patches of larger and larger sizes, the rupture of the last dominant patch reproduces
consistent moment accelerations. A possible explanation is that the rupture initiates on
self-similar growing patches, before triggering a much larger favorable patch whose size is
representative of the final magnitude size. The D, distribution on the left of the Figure
4.8 can therefore be seen as a nondimensional representation of a fault, where earthquakes
of all sizes are the result of such configuration. Variation of the fault dimension would
determine the size of a characteristic patch and the final size of the earthquake. This
explanation however implies that the steady hierarchical structure with regular increase
of patch size is not respected since last patch dominates the other ones, which also leads
to break the global self-similar behavior.

4.3 Effect of heterogeneous distribution of fracture surface en-
ergy on the development phase

4.3.1 Multiscale fractal D, distribution of circular patches

The two models in Section 4.2 suggest breaks in self-similar properties in order to reproduce
the observational evolution of the moment acceleration as a function of moment rate
during the development phase. Our observations likely originate from a more complex
fault system, as proposed by recent studies of Okuda and Ide (2018) and Ide (2019). They
observe identical features for initial seismic waveforms of small and large earthquakes,
suggesting a magnitude-independent signal just like our observations in Chapter 2. This
universal rupture growth is explained by a cascade model where hierarchical structures
with increasing sizes are successively triggered with no information about the final size
before the rupture stops. Whether a rupture grows into a small or large earthquake
depends on physical properties of the fault, such as D.. In contrast with the D, distribution
shown in Figure 4.7, irregularities on faults are often considered to follow a fractal number-
size distribution, so that numerous small events can trigger few larger ones depending
on the spatial distribution of patches. Numerical simulations (Noda et al., 2013; Ide
and Aochi, 2005) propose such heterogeneous fractal D, distribution, and successfully
reproduce various scales of cascading ruptures. The numerical approach of Ide and Aochi
(2005) shows macroscopic self-similar properties, as well as magnitude-independent growth
of STFs over a large magnitude range. This similarity with the SCARDEC STFs leads us
to explore the effect of heterogeneous distribution of D. on the development phase.

Based on the fault model of Ide and Aochi (2005), we assume a self-affine fractal topog-
raphy as an analogy of the heterogeneous D, distribution, with the same power laws as
in equation 4.9. This parametrization is based on the parametric study done in Section
4.2.1 which constrains the evolution of D, as a function of the patch size. In contrast with
Section 4.2.2, the number-size distribution of patches is fractal, with N,, the number of
circular patches of the n-th order and D = 2 the fractal dimension such as:
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Figure 4.10 — Representation of a fault heterogeneity map from a random circular patches position. The
number of circular patches follows a fractal size-number relation. D. is assigned on each patch following
equation 4.9. Fault dimension is 16.384 km x 16.384 km with 4096 x 4096 points.
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N, = 27PNy, (4.10)

where Ny = 16384 is the number of the smallest patches. We keep rg = 22.5m as well
as D,y = 0.25mm, so that for the 7th order of patch, there is N; = 1 patch of radius
ry = 2.88km with D.7 = 32mm. We add also a 8-th patch of radius rg = 5.76 km with
D.g = 64mm, and a final “background” D pq: = 128 mm. As such, we create consistent
fault heterogeneity map which still takes into account the D, evolution determined in
Section 4.2.1. A random realization of patches position following this procedure is shown
in Figure 4.10. When several circular patches are superimposed, we assign the smallest
D, value on the fault plane. Peak strength 7, = 5 MPa and residual stress 71 = 0 MPa
are the same as previously. Distribution of D, is generated on 4096 x 4096 elements in
order to have the same spatial discretization as the smallest subspace (grid size 4 m). The
procedure of artificial rupture initiation with a stress-free region on 15m is done in all
the zero-order patches, i.e. Ny = 16384 earthquakes are artificially triggered. We assume
a homogeneous initial stress field 7y = 3 MPa before each event in order to only isolate
the effect of heterogeneous D.. Ide and Aochi (2005) successfully reproduce classical
frequency-magnitude power law decay close to the Gutenberg-Richter relation. In the
following, we analyze only the growth of earthquakes which break the whole space since
the model is by design a cascade process where large earthquakes start on the same small
patches as the small ones.

4.3.2 Complex rupture propagation of largest events

We generate fault heterogeneity maps in which we simulate earthquakes with an initiation
on each of the smallest patches. Depending on the patch distribution, some heterogeneity
maps do not produce earthquakes which propagate in the “background” infinite patch.
We finally obtain 6 different maps where suitable patch distributions create an earthquake
with cascade propagation into all patches. Such maps are represented together with the
contours of the rupture front every second in Figure 4.11. In order to clearly distinguish
the effect of D, distribution on the rupture propagation, we superimpose the 4096 x 4096
initial heterogeneity map with contours of the rupture front in Figure 4.11. We observe
complex rupture propagations due to the stochastic distribution of patches. Ruptures have
a clear preferential direction of propagation, as a result of the random patches distribution.
The “background” D¢ p,q; in particular acts systematically as a barrier and constrains the
rupture to first propagate into patches with smaller D,.. For instance in map d) in Figure
4.11, although the rupture starts from one of the smallest patches and propagates into
larger ones, it reaches Demqr after ~1s to the right, which causes a leftward rupture
propagation. This preferential rupture direction is less pronounced when largest patches
are closer to each other, as in cases of f) and a). We also note that when rupture propagates
into the largest patches as the one with D.g = 64 mm, the smaller overlying patches locally
increase the rupture velocity. This effect is for example observed in map b) for the contour
of the rupture at 3's, where rupture preferentially breaks the small patch with D.5 = 8 mm
to the left.

Dynamic simulations offer a direct insight on the interaction between dynamic and kine-
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Figure 4.11 — Representation of six fault heterogeneity maps from a random circular patches position. White
star is the position of the hypocenter. Colorbar and b) are the same as in Figure 4.10. Black lines show the
contours of the rupture front every second.
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Figure 4.12 — Representation of the maximum slip velocity for the six simulations with D, distributions in
Figure 4.11. White star is the position of the hypocenter. Black lines show the contours of the rupture front
for six different times. Maximum slip velocity is extracted before the rupture front reaches fault bounds.
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matic properties of the rupture. As we saw previously that moment rate evolution is
dependent on slip velocity and surface rupture expansion, we represent in Figure 4.12 the
maximum slip velocity, stopping at the time when rupture reaches the fault bounds. After
this time, surface rupture expansion is constrained by the fault dimension and affects the
evolution of the moment rate; stopping phase is generated by the model boundary, such as
the entire rupture process starts to slow down. We therefore analyze in the following the
rupture process only until this time. There is a clear correlation between rupture velocity
and slip velocity, as shown by the purple colors associated with large surface ruptured in
short times.

In order to summarize observations from Figures 4.11 and 4.12, we see that rupture starts
to propagate on the smallest patches with small D, and slows down when reaching the
“background” with D.pqz- Such effect leads to a preferential direction of propagation. As
soon as the rupture reaches the largest patches with large D., rupture velocity as well as
slip velocity locally increase when smaller patches are broken inside. This local correlation
is consistent with other dynamic studies (Bizzarri, 2012; Schmedes et al., 2010) and has
been shown to be required for the kinematic crack with variable rupture velocity in Section
3.2. The next paragraph analyzes the simulated STFs and their development phases for
the six heterogeneous D, maps, in order to have a more detailed comparison with the
SCARDEC observations.

4.3.3 Simulated STFs extracted from dynamic simulations for heterogeneous
D, distribution

One of the origins of source variability comes from heterogeneous D, distribution on
the fault plane. Fractal size-number relation for circular patches modifies the rupture
propagation and generates preferential direction of propagation as well as local correlation
between rupture velocity and slip velocity. Therefore, the simulated STFs are expected
to also show variable moment rate evolution. At the top of the Figure 4.13, we show
the simulated STFs calculated for the six fault heterogeneity maps in Figure 4.11. The
stochastic spatial distribution of the patches leads to different growth for each STF, with
peak moment rates reached at various times. The phases leading to these peak moment
rates, that we refer to as development phases in this manuscript, are also growing at
different absolute times. As depicted by the colored moment rate evolution, the end
of each realistic development phase corresponds to the time where rupture reaches fault
bounds. Incidentally, this representation clearly outlines the interest of our method of
calculating local moment accelerations at given moment rates. Indeed, development phases
in Figure 4.13 have approximate similar growth but shifted in time, meaning that a local
slope computation at a given time would have a value which depends on the start of the
development phase.

We also verify that during the growth of the rupture process for each heterogeneity map,
rupture behavior classically observed in real earthquakes is retrieved. Rupture velocity
values are qualitatively inferred from the contours of the rupture front in Figure 4.11.
Although rupture may locally propagate at supershear velocity, as on the left of the maps
d) and f) at ~3s and ~4s respectively, most of the rupture propagations globally occur
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Figure 4.13 — Top: simulated STFs for the six heterogeneous maps in Figure 4.11 with colored development
phases. For each STF, the average evolution of the D. at the rupture front as a function of rupture time is
represented by a specific marker. Bottom: Moment acceleration as a function of moment rate. Markers are
individual moment acceleration values used to compute the linear fit. Red line is the linear fit calculated from
the accelerations of the six STFs. Dotted black line is the fit to SCARDEC observations.

at subshear rupture velocities. As theoretically developed in Section 4.1.2 and observed
in simulations in Section 4.2, such behavior of the rupture velocity is driven by a linear
increase of D, with the distance from hypocenter. In order to confirm this trend on our
heterogeneous model, we plot at the top of the Figure 4.13 the moment rate together
with the average D, value at the rupture front as a function of time. Each marker style
represents the average increase of D, of one STF. On average, D, value at the rupture
front linearly increases with time, with variability due to complex D, distribution. As the
rupture velocity is globally constant, the increase of D, on the rupture front as a function
of distance from the hypocenter is also approximately linear. Stable subshear rupture
velocity as well as linear trend for D, with distance from the hypocenter therefore implies
that at global scale rupture simulations are statistically self-similar.

We investigate the effect of heterogeneous D, distribution on the development phase by
computing the moment acceleration as a function of moment rate. The individual moment
acceleration values for each STF are represented by a specific marker and color at the
bottom of the Figure 4.13. The red linear fit is computed from the individual moment
acceleration values of all STFs. The value of m = 0.57 is slightly lower than the slope
of SCARDEC observations (m = 0.63), but substantially higher than the self-similar
development phase (m = 0.5). In contrast with models of Sections 4.2 and 4.2.2 where
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m > 0.5 were obtained only by introducing breaks in global self-similar assumptions,
this current heterogeneous model shows non self-similar development phase despite global
self-similar properties. Since the only difference between these models is the addition of
heterogeneous fractal D, distribution, we infer that this dynamic complexity is a first
step towards the reproduction of the SCARDEC observations. As briefly discussed in the
analysis of Figure 4.12, rupture is transiently accelerating when it propagates over small
patches with small D, overlying large patches with large D.. Given that this local rupture
velocity variability has a positive correlation with slip velocity, it generates steep moment
accelerations that contribute to increase the m value. We therefore connect the variability
of kinematic parameters such as rupture velocity and slip velocity (required to approach
SCARDEC observations) to the dynamic effect of heterogeneous fractal D.. However,
additional dynamic complexities are likely necessary since the SCARDEC observations
are not fully reproduced. As a consequence, we add in Section 4.4 random initial stress
field in order to build more realistic rupture scenarios.

4.4 Combination of heterogeneities from random initial stress
field and fractal fracture surface energy

4.4.1 Random spatial initial stress field

Besides heterogeneity of friction parameters such as D., variability in the rupture process
also originates from heterogeneous initial stress field on the fault before the earthquake.
While experimental (Nielsen et al., 2010; Latour et al., 2013) and numerical (Ripperger
et al., 2007; Aochi and Ide, 2009) studies analyze its effect on rupture complexity, it is not
straightforward to understand how these two dynamic parameters interact. The model of
Aochi and Ide (2009) simulates the evolution of the initial stress field as a consequence of a
sequence of earthquakes reproducing the classical view of seismic cycle. After each event,
static stress change is computed over the fault plane meaning that the location of the next
event is influenced by the new stress field redistribution. The initial stress field during
the sequence therefore constantly evolves and is controlled by stress accumulation and
release due to earthquake interaction. Inspired by works of Andrews (1980, 1981); Frankel
(1991), the approach of Ripperger et al. (2007) for the distribution of the heterogeneous
stress field is different, as they use a spectral description with power law decay at high
wave numbers controlled by a correlation length. However, this dynamic model considers
a scale-independent fracture energy with the purpose of investigating the effect of initial
stress heterogeneity only, as we do for D, heterogeneity in Section 4.3. We choose to use
in this Section the approach of Ripperger et al. (2007) to generate heterogeneous initial
stress field. Indeed, heterogeneous initial stress controlled by a sequence of earthquakes as
in Aochi and Ide (2009) restricts the analysis to one seismic system, while the SCARDEC
observations come from diverse tectonic contexts and periods.

Initial stress field is generated by selecting 64 x 64 random values corresponding to the

spatial grids of the subspace on which rupture propagation is solved. A 2-D Fourier
transform is performed in the spectral domain and a power decay at high wave numbers
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Figure 4.14 — Representation of the initial stress heterogeneity map from a spectral description with power
law decay at high wave numbers controlled by a correlation length equal to the fault length L. Associated initial
stress distribution is represented in Figure 4.15. Heterogeneous random initial stress is generated only in the

last subspace on the fault, implying a constant initial stress in smaller subspaces as it is shown by the L/4 x
L /4 white square in the middle of the fault.
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Figure 4.15 — Initial stress distribution for 64 x 64 grid points of the fault in Figure 4.14. Average initial
stress 7o and standard deviation o are equal to 3 MPa and 0.52 MPa respectively. Such o is selected to have 7
values included between residual stress 71 = 0 MPa and peak strength 7, = 5 MPa.

is imposed with the formulation:

To(k) o it k> ke (4.11)

14 (k/ke)?

where k = |/k2Z + k2 with k, and k, the wave number components in the two spatial
directions, and k. = 27 /L with L the fault length. At low wave numbers (k < k¢),
random values are not modified. We then apply a 2-D inverse Fourier transform in order
to retrieve the spatial distribution of 75. We finally add the average value 75 and adapt
the standard deviation o so that 79 is included between residual stress m = 0 MPa and
peak strength 7, = 5 MPa. Figure 4.14 represents one random realization of initial stress
distribution for the last subscale of the fault. The correlation length L smooths the stress
variation while it does not change the average stress value, as shown by Figure 4.15 with
the 7y distribution. Average stress value is equal to 75 = 3 MPa and ¢ = 0.52 MPa and
distribution is Gaussian. We then keep the average initial stress field as in Section 4.3
except that we introduce variability leading to have areas with high (in red) and with
low (in blue) initial stresses. In terms of slip-weakening friction law (Figure 4.2), a local
increase of 79 puts a point closer to failure as it is closer to 7,. In contrast, a point with
local decrease of 7y requires higher stress accumulation before it can reach 7,. We also
note that as a consequence of the renormalization technique for the computation of the
dynamic rupture, only the last subspace has heterogeneous random initial stress whereas
smaller ones have a homogeneous 79 = 3 MPa. It explains why in Figure 4.14 a square
with dimension L/4 x L/4 in the middle of the last subspace has no initial stress variation.
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Figure 4.16 — Representation of six fault heterogeneity maps from a random circular patches position. Initial
stress field is also heterogeneous and same as in Figure 4.14. White star is the position of the hypocenter.
Colorbar and D. heterogeneity map shown in b) are the same as in Figure 4.10. Black lines show the contours
of the rupture front every second.
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Figure 4.17 — Representation of the maximum slip velocity for the six simulations with D, and 7o distribution
in Figures 4.16 and 4.14, respectively. White star is the position of the hypocenter. Black lines show the
contours of the rupture front for six different times. Maximum slip velocity is extracted before the rupture front
reaches fault bounds.
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4.4.2 Properties of the development phase for models combining heteroge-
neous D, and 79 maps

We generate the same 6 heterogeneity maps of D, as in Section 4.3 and we impose now
the same heterogeneity map of 7y in Figure 4.14 for the 6 simulations. The result of
these simulations in terms of rupture propagation is shown in Figure 4.16, and can be
directly compared with Figure 4.11 in order to estimate the effect of heterogeneous y.
Contours of the rupture front every second shows even greater rupture complexity with
very different local rupture velocities for the same rupture time. Although the preferential
direction of propagation is still mainly controlled by the distribution of D., heterogeneous
7p produces more often supershear and very low rupture velocities. As an example, in a)
of Figure 4.16, propagation to the left between 1s and 2s is locally supershear, which was
not the case in a) of Figure 4.11. If looking at heterogeneous 7y in Figure 4.14, this clear
acceleration corresponds to the location of high initial stress area. In contrast, we see in
d) of Figure 4.16 that rupture propagation toward the bottom is more difficult than in d)
of Figure 4.11 as a consequence of a low initial stress observed in Figure 4.14. We infer
from these simulations that rupture velocity variability has two origins: as in Figure 4.11,
when rupture propagates in largest patches, the break of smaller patches increases locally
the rupture velocity. This effect is now accentuated or reduced if at the same location
there is a high or low initial stress, respectively. However, 1g is on average the same and
there is no correlation between distributions of D, and 79. We then expect that although
rupture velocity variability is higher than in Section 4.3, global rupture propagation is
not modified. In order to confirm this hypothesis, we average the times at which ruptures
reach the bounds for the six simulations. This average time is equivalent to the one for
simulations in Figure 4.3, meaning the global average rupture velocity is the same with
homogeneous and heterogeneous 7y distributions. Finally, Figure 4.17 shows also clear
correlation between rupture velocity and slip velocity. However, in contrast with rupture
velocity, we do not observe a higher slip velocity variability than in Figure 4.12. It would
indicate that 79 has a more prominent effect on rupture velocity than on slip velocity.

The simulated STFs are represented at the top of the Figure 4.18, together with the average
evolution of D. at the rupture front (shown with markers). Such evolution confirms
that despite more complex rupture propagation generated by heterogeneous 7y, global
rupture looks statistically self-similar as D, increases with rupture time. As in Section
4.3, such evolution constrains the rupture velocity to keep a global constant subshear
value. Heterogeneous 7y has a role on the development phase since colored moment rate
evolution are not equivalent to the ones in Figure 4.13, meaning that the simulated STFs
include the complex surface rupture expansion seen in Figure 4.16. We represent at the
bottom of the Figure 4.18 the individual moment accelerations (colored markers) as a
function of moment rate for each STF during the development phase. All the values are
then used to compute the linear fit (in red) that we compare with the linear evolution of
the SCARDEC observations (black dotted line). The value of m = 0.61 is very close to the
SCARDEC observations (m = 0.63), as well as the intersect value log . Combination of
both heterogeneous D, and 7y are therefore shown to reproduce the observed development
phase.
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Figure 4.18 — Top: simulated STFs for the six heterogeneous maps in Figure 4.16 with colored development
phases. Heterogeneous initial stress map is represented in Figure 4.14. For each STF, the average evolution of
the D, on the rupture front as a function of rupture time is represented by a specific marker. Bottom: Moment
acceleration as a function of moment rate. Markers are individual moment acceleration values used to compute
the linear fit. Red line is the linear fit calculated from the accelerations of the six STFs. Dotted black line is
the fit from SCARDEC observations.
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Chapitre 4 — Study of the development phase from dynamic models

4.4.3 Discussion and conclusion

The dynamic model that we develop in this Section reproduces global and transient prop-
erties of the rupture process as a result of dynamic heterogeneities on the fault. As
the rupture successively propagates into larger patches, D, linearly increases with the
hypocentral distance. This dynamic constraint affects the rupture velocity so that its av-
erage value remains stable during the rupture process. As a result of the random patches
distribution, rupture preferentially breaks the most favorable D, areas, leading to com-
plex rupture propagation. For example, when part of the rupture front propagates into the
largest patches, presence of overlying smaller patches locally increase the rupture veloc-
ity. In contrast, when part of the rupture front rapidly reaches the “background” D¢pmaq,
the rupture velocity decreases. As the slip velocity is correlated with rupture velocity,
such variability produces high moment accelerations. In addition to the dynamic effect of
heterogeneous D., a random distribution of 7y also contributes to add complexity to the
rupture propagation. Consistently with theoretical considerations, we observe that the
effect of 7 is less critical, as written by Ripperger et al. (2007):“whereas G. enters the
“crack tip equation of motion”, by its local value, stress drop contributes as a weighted
spatial average through the integral defining the stress intensity factor”. However, a high
variability of 79 over the fault plane increases the complexity of the rupture propagation,
which generates local accelerations and decelerations. These combined dynamic D, and
7o heterogeneities result in high variability of the kinematic parameters and in particular
of rupture velocity and slip velocity, which finally reproduce the SCARDEC observations.
It is important to note there is no need for a spatial anti-correlation between 7y and D, to
approach observational data. If it were necessary, it would imply that static stress drop
correlates with the size of patches, and the size of events, which would break the global
self-similar assumption.
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Synthése des résultats

Les observables sismologiques enregistrés a travers les réseaux d’instruments mondiaux
portent l'information sur le processus de rupture sismique. Grace au développement de
ces réseaux ainsi que de la qualité des instruments qui les composent, des analyses globales
ont été menées sur la sismicité mondiale afin d’extraire les caractéristiques de la source
sismique. Dans cet esprit, des méthodes ont été développées afin de créer des catalogues
regroupant les parametres principaux des séismes. La méthode SCARDEC (Vallée et al.,
2011; Vallée and Douet, 2016) remplit ce role en retrouvant simultanément pour plus de
3000 séismes de M,, > 5.7 le mécanisme au foyer, le moment sismique, la profondeur et
la fonction source. Cette derniere a un intérét particulier puisqu’elle donne 'opportunité
d’étudier I'histoire spatio-temporelle de la rupture. De plus, 'approche déconvolutive de la
méthode SCARDEC permet de prendre en compte la complexité de la source en retrouvant
les fonctions source apparentes a chaque station.

A partir du catalogue SCARDEC, plusieurs études se sont penchées sur 'analyse des
parametres de source macroscopiques (Vallée, 2013; Courboulex et al., 2016; Chounet et al.,
2017; Chounet and Vallée, 2018), en s’attachant notamment & démontrer le comportement
auto-similaire des séismes a ’échelle globale par le biais de I'estimation de la durée totale
de la rupture T, de la chute de contrainte statique Ao, de la vitesse de rupture V,., de
I’énergie radiée Er. En outre, I'histoire temporelle du taux de moment décrite par les STFs
donne l'opportunité d’étudier les comportements transitoires du processus de rupture,
notamment la croissance moyenne des STFs. Meier et al. (2017) et Melgar and Hayes
(2019) révelent un comportement similaire de cette croissance, au moins jusqu’a ce qu’une

proportion significative du moment sismique a été relachée.

Cependant, 'observation des STFs indique que la croissance réelle d’'un séisme peut se
produire a des moments tres différents dans le processus global. Une approche prenant
pleinement en compte cette diversité des STFs est nécessaire pour étudier les propriétés
physiques de la propagation de la rupture. Cette these s’est donc attachée a décrire le
comportement de la phase menant aux épisodes principaux de reldchement du moment
sismique, que nous avons nommée phase de développement. A linstar des études portant
sur le début des STFs, notre analyse a dans un premier temps pour but de déterminer si un
signal déterministe est présent dans la phase de développement des séismes. Pour ce faire,
2221 STFs du catalogue SCARDEC ont été utilisées, en sélectionnant les événements peu
profonds de mécanisme normal/inverse. Afin de ne pas utiliser 'information sur le temps
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hypocentral, les accélérations de moment locales pour plusieurs taux de moment sont
calculées au sein de la phase de développement. Ces mesures se révelent étre indépendantes
de la magnitude, suggérant un processus ou petits et grands séismes difféerent uniquement
par la durée de leur phase de développement.

Grace a ces valeurs de pentes locales pour un ensemble de taux de moment, nous avons pu
ensuite quantifier I’évolution moyenne du taux de moment Md(t) en fonction du temps.
Cette analyse estime que My(t) croit comme My(t) o t" avec ng ~ 2.7 dans la phase de
développement. Ce résultat indique que la croissance auto-similaire classique, ol le taux
de moment évolue en t? avec une vitesse de rupture et une chute de contrainte constantes,
n’est pas adaptée a nos observations. La phase de développement est par conséquent une
phase transitoire non auto-similaire, présente dans un processus plus global dont les pro-
priétés macroscopiques respectent les conditions d’auto-similarité. Parmi les nombreux
facteurs susceptibles d’expliquer ce comportement, nous avons développé analytiquement
un modele de crack ou I’évolution spécifique du taux de moment est due a une augmenta-
tion de la vitesse de rupture de la forme v,4(t) o t%2. Méme si cette formulation permet
d’atteindre tres rapidement des valeurs de vitesse de rupture classiquement observées, elle
implique que la vitesse de rupture augmente avec la durée de la phase développement.
Etant donné que cette durée augmente également avec la magnitude, la vitesse de rupture
augmenterait légerement avec la taille finale des séismes, ce qui n’est pas confirmé par les
observations. Cette corrélation a aussi le désavantage de briser la loi auto-similaire globale,
qui considére une vitesse de rupture en moyenne constante pour tous les séismes.

Nous avons par la suite confronté nos observations a la vision cinématique de la rupture
afin de mieux cerner les potentielles origines du comportement non auto-similaire de la
phase de développement. Le catalogue SRCMOD, une base de données de distribution de
glissement obtenue par inversion cinématique sur une faille finie, est exploitée afin d’étudier
la variation spatiale de la chute de contrainte. A I'image de ’hypothése précédente sur
I’évolution de la vitesse de rupture, une augmentation de la chute de contrainte avec la
durée de le phase de développement, et donc la magnitude, pourrait étre a 'origine du
signal non auto-similaire. Pour tous les modeéles issus d’une inversion conjointe, la chute de
contrainte statique est estimée sur la faille. Une valeur moyenne de cette chute de contrainte
Ao main €st ensuite calculée au niveau des zones principales de glissement, représentant la
phase de développement sur la faille. Les résultats de cette analyse ne suggerent pas de
corrélation entre Ao et la magnitude, et confirment donc qu’en moyenne une chute
de contrainte constante pour tous les séismes est une propriété robuste du processus de
rupture.

L’origine de I’évolution du taux de moment observée est également explorée dans un modele
de crack cinématique ou une variabilité sur la vitesse de rupture radiale est ajoutée. Ce
genre de modele présente 'avantage de posséder des propriétés globales auto-similaires,
avec une chute de contrainte constante (par définition du crack cinématique) et une vitesse
de rupture distribuée autour d’une valeur moyenne équivalente pour tous les séismes. Par
un processus brownien générant de maniere stochastique des valeurs de vitesse de rupture
en fonction de la durée de la rupture, nous créons des catalogues synthétiques de STFs

1

pour une vitesse moyenne T, = 2.5km.s™" avec une variabilité A et une valeur de chute de
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contrainte Ao constante sur la faille. Afin d’explorer diverses configurations, nous adaptons
le couple (A, Aco) de maniére a obtenir les valeurs optimales A,y et Aoy, reproduisant
au mieux les observations. Lorsque les STFs synthétiques sont soumises a la méme analyse
que les observations issues du catalogue SCARDEC, c’est-a-dire une représentation de
I’accélération de moment en fonction du taux de moment, nous déduisons que le couple
(Aopt, Aoopt) avee Agpr = 450 m.s~3/2 et Aoopt = 1—3 MPa permet de retrouver I’évolution
caractéristique de la phase de développement. Méme si ce modeéle posséde des limitations
car les variations de vitesse de rupture se font sur ’ensemble du front de rupture, une
forte variation de la vitesse de rupture associée a une faible valeur de chute de contrainte
expliquent relativement bien nos observations. La corrélation entre vitesse de rupture et
vitesse de glissement induite par la formulation du crack est en particulier un ingrédient
nécessaire a la génération de fortes valeurs d’accélération de moment. Cette corrélation
est confirmée par des études dynamiques (Schmedes et al., 2010; Bizzarri, 2012).

Afin de prendre en compte la complexité spatiale du glissement qui n’est pas présente
dans le modele de crack circulaire, nous utilisons le modele cinématique “composite” RIK
développé par Ruiz et al. (2011) et mis & disposition par Gallovi¢ (2016). Ce modele généere
des patches circulaires avec une relation fractale liant leur taille et leur nombre, et au sein
desquels I’évolution spatiale du glissement est équivalente a la formulation du crack. Cette
représentation d’un séisme implique que 'amplitude du spectre du glissement final décroit
proportionnellement & k=2 pour les grands nombres d’ondes. Aprés une paramétrisation
appropriée du modele pour retrouver les propriétés auto-similaire globales de la source,
des catalogues synthétiques de STFs sont générés pour une vitesse de rupture constante,
une méme distribution de patches et une localisation aléatoire des hypocentres sur la faille.
Nous observons que différentes évolutions linéaires du temps de montée 7(R,,) en fonction
du rayon des patches R, ont un role important sur les valeurs d’accélération de moment
dans la phase de développement. En comparaison avec les observations SCARDEC, une
évolution avec des 7(R,,) courts génére de fortes accélérations de moment trés tot dans
le processus de rupture tandis qu’une évolution avec des 7(R,) plus longs produit de
faibles accélérations de moment quand la rupture atteint des taux de moment importants.
L’ajout dans le modele RIK d’une vitesse de rupture variable, qui plus est corrélée avec la
vitesse de glissement permet de se rapprocher des observations SCARDEC. Méme si ces
interprétations suggerent que la corrélation entre vitesse de rupture et vitesse de glissement
est de nouveau nécessaire pour reproduire des scénarios de ruptures réalistes, le modele
RIK ne reproduit pas totalement les observations SCARDEC.

L’étude dynamique de la rupture a ’avantage de fournir une description plus physique
du processus, puisqu’elle traite de l'interaction entre les conditions de contraintes et la
résistance a la friction, qui est & l'origine du glissement sur la faille. Dans cette optique,
nous nous basons sur I’étude de Aochi and Ide (2004) en utilisant dans un premier temps
une loi “slip-weakening” dans une configuration simple ou le parametre de friction D,
crolt linéairement avec la distance a I’hypocentre et avec une contrainte initiale 79 ho-
mogene. Nous mettons en place une rapide étude paramétrique pour estimer 1’évolution
de D, ainsi que la valeur de 7y requises en vue de générer des STFs avec des propriétés
globale cohérentes. Au premier ordre, sur une faille de dimensions 16.384 km x 16.384 km,
les simulations dynamiques indiquent qu’une augmentation linéaire de D. de maniere a
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atteindre un Dgq, = 128 mm aux extrémités de la faille associée & 79 = 3 MPa per-
mettent d’obtenir des STFs simulées en accord avec les propriétés auto-similaires globales
observées.

Dans un deuxieme temps, nous intégrons ces contraintes sur D, et 79 dans un modele de
distribution fractale de patches circulaires (Ide and Aochi, 2005), dans le but de générer
des ruptures déclenchées en cascade (Okuda and Ide, 2018; Ide, 2019). Cette configuration
est une premiere étape vers la description hétérogene d’un plan de faille, ou la distribution
des patches de rayons r, associée a des D, participe a reproduire les irrégularités de
topographie sur la faille. Des événements sont simulés sur plusieurs distributions aléatoires
de patches et montrent une propagation complexe de la rupture avec une direction de
propagation préférentielle contrélée par la position des patches avec les plus faibles D..
Lors de la propagation au sein des plus grands patches, la vitesse de rupture ainsi que la
vitesse de glissement augmentent localement lorsque des plus petits patches superposés
sont rompus. Cette corrélation est clairement visible dans les phases de développement, ou
I’accélération de moment en fonction du taux de moment montre un comportement non
auto-similaire se rapprochant des observations SCARDEC.

Enfin, nous avons complété ce modele en générant une distribution aléatoire de la contrainte
initiale 7y, en plus de la distribution fractale aléatoire de D.. Cette configuration permet
d’inclure deux types d’hétérogénéité et représente de maniere statistique les conditions
initiales les plus réalistes sur la faille. L’ajout d’un 7y variable rend la propagation de la
rupture encore plus complexe, méme si son role est moins déterminant que G, dans la
direction préférentielle de propagation. La variabilité de la vitesse de rupture s’accroit, et
les STFs simulées montrent une accélération de moment en fonction du taux de moment
qui s’approche de trés pres des observations SCARDEC. Ces résultats indiquent que le
comportement des parameétres cinématiques (tel que la corrélation entre vitesse de rupture
et vitesse de glissement) nécessaire a un comportement non auto-similaire est issu d’une
forte hétérogénéité des parametres dynamiques sur la faille. De plus, les lois auto-similaire
globales sont retrouvées puisqu’en moyenne sur le front de rupture, D, augmente linéai-
rement avec la durée de la rupture, impliquant une vitesse de rupture moyenne constante
tout au long du processus.

Perspectives d’amélioration des modéeles

Ce paragraphe détaille les principaux axes de travail que nous aimerions développer afin
d’apporter de nouvelles contraintes sur ’origine de ’évolution du taux de moment lors de
la phase de développement exposée dans le Chapitre 2.

Dans la Section 3.2 du Chapitre 3, nous ajoutons une variation de vitesse radiale a partir de
la formulation cinématique d’un crack circulaire. Pour ce faire, nous introduisons I’équation
d’un bruit brownien en 1-D pour représenter 1’évolution temporelle de la vitesse radiale,
ou 'amplitude de la variation par rapport au point précedent est contrélée par la variable
aléatoire : N'(0, A%dt) dont la variance est égale au produit de I'intervalle temporel dt et
A une variable a définir. C’est & partir de cette variable A que nous générons des vitesses
de rupture plus ou moins variables, en considérant dt = 0.1s constant. Par exemple, pour

reproduire les observations SCARDEC, nous avons déduit que A = A,y = 450 m.s3/2.
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Cependant, ce parametre ne permet pas directement de quantifier la variabilité de la vitesse
de rupture, car son unité n’est pas équivalente a une vitesse. De plus, la valeur A,y est
adaptée uniquement pour le dt choisi, car d’apres 1’équation ci-dessus, une valeur différente
de dt affecte la variance de N. Par conséquent, une formulation différente pourrait étre
introduite pour générer des vitesses de rupture aléatoires, de maniere a ce que la variabilité
soit dépendante d’une seule variable ayant pour dimension une vitesse. Il pourrait étre alors
possible de quantifier la variabilité nécessaire pour reproduire les observations SCARDEC.
Puisque dans ce modele, les variations de vitesse se font instantanément sur I’ensemble
du front de rupture et dans une seule direction, cette variabilité serait considérée comme
une valeur minimum. En effet, pour des modeles ou la variation de la vitesse de rupture
ne se fait que sur une partie du front de rupture, un gain de surface équivalent requiert
une variabilité plus élevée. Enfin, afin de représenter de maniere plus réaliste la complexité
de la propagation de la rupture, une variation azimutale de la vitesse de rupture semble
également nécessaire. Dans ce cas, il faudrait générer des gains de surface équivalents au
crack avec variation de vitesse radiale, tout en conservant une chute de contrainte constante
en arriere du front de rupture.

Le modele RIK présenté en Section 3.3 du Chapitre 3 présente certains avantages, dont
celui de représenter fidelement une amplitude spectrale du glissement qui diminue de ma-
niére proportionnelle & k=2 pour les nombres d’ondes élevés. De plus, nous avons montré
qu’il est possible de générer des catalogues de STFs qui respectent les lois auto-similaires.
Néanmoins, la phase de développement, quel que soit le catalogue généré, n’explique pas
les observations SCARDEC, malgré une corrélation entre vitesse de rupture et vitesse de
glissement. Pour y remédier, nous estimons qu’a l'instar de la formulation du crack ciné-
matique, ['histoire passée de la rupture doit contrdler sa propagation. Dans le cas du crack,
I’expansion surfacique au cours du temps est systématiquement associée & une augmen-
tation de la vitesse de glissement au niveau du front de rupture (avec la présence d’une
zone de cohésion), conduisant & avoir des accélérations de moment corrélées au temps de
rupture. Ce n’est pas le cas pour le modele RIK ou la localisation aléatoire de I’hypo-
centre peut entrainer une rupture anticipée des plus gros patches de glissement qui créent
des fortes accélérations tres tot pendant la rupture. Une localisation plus réaliste des hy-
pocentres, en particulier loin des plus grandes valeurs de glissement, pourrait permettre
de régulierement générer les fortes accélérations de moment a la fin de la phase de déve-
loppement. Enfin, la loi linéaire reliant le temps de montée 7(R,) au rayon des patches
R, pourrait étre adaptée de maniere a devenir 7(R,) < R] avec n < 1. Cette nouvelle
relation aurait 'avantage d’avoir pour des petits R,, des 7(R,,) relativement longs produi-
sant des accélérations de moment équivalentes a celle des observations SCARDEC pour
de faibles taux de moment. En outre, la faible augmentation de 7(R,,) pour des grands R,
produiraient de fortes accélérations pour de grands taux de moment.

L’analyse des modeles dynamiques hétérogenes faite Sections 4.3 et 4.4 dans le Chapitre 4
met en lumiere 'effet des parametres dynamiques, D, et 7y sur les parametres cinématiques
de la rupture tels que la vitesse de rupture et la vitesse de glissement. D’un point de vue
statistique, cette analyse mériterait ’ajout de nouvelles distributions aléatoires de D, afin
d’effectuer notre analyse sur un plus grand nombre de STFs. Méme si les propriétés globales
des séismes semblent étre auto-similaires, avec notamment une vitesse de rupture constante
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au cours de la rupture, une analyse plus quantitative pourrait confirmer cette tendance.
Par exemple, nous pourrions estimer I’évolution surfacique de la rupture en fonction du
temps, qui devrait nous indiquer des variabilités locales de la vitesse de rupture tout en
conservant une évolution globale en #2. La loi fractale reliant le nombre de patches et leur
taille pourrait également étre modifiée de maniére a diminuer ou augmenter le nombre
de patches de plus petites tailles, tout en gardant la dimension fractale D = 2. D’apres
nos interprétations, lorsque la rupture se propage dans les plus gros patches, ce sont les
patches de tailles inférieures a l'intérieur qui créent une variation locale de la vitesse de
rupture et donc de la vitesse de glissement. Par conséquent, si leur nombre differe, cet
effet serait diminué ou accentué, et générerait probablement une évolution différente de
I’accélération de moment dans la phase de développement.

Une seule carte d’hétérogénéité de 19 a été incluse dans notre analyse, avec une valeur
d’écart-type donnée. Une confirmation robuste de nos résultats devrait inclure plusieurs
cartes avec plusieurs valeurs d’écart-type, pour quantifier quelle variabilité pour 7 est
attendue pour reproduire les observations SCARDEC. Aussi, a I'image de I’étude de Rip-
perger et al. (2007), plusieurs distributions stochastiques de 7y sont statistiquement re-
présentatives des conditions sur la faille avant 'occurrence d’un séisme. Nous pourrions
mettre en place ces différentes configurations et observer leur effet sur I'accélération de
moment dans la phase de développement.

Implications et perspectives pour la dynamique de la rupture

La reproduction des observations SCARDEC a des implications sur les conditions dans
lesquelles les séismes se produisent. La paramétrisation de notre modele hétérogene nous
permet de contraindre au premier ordre les valeurs des parametres dynamiques qui gé-
nerent des scénarios de rupture réalistes. Nous avons extrait une évolution spécifique de
D, qui représente la complexité intrinseque moyenne d’une faille & partir de patches dont
le nombre et la taille suivent une loi fractale. En considérant ces caractéristiques comme
stables a I’échelle de plusieurs cycles sismiques, nos résultats peuvent servir de bases pour
les inversions dynamiques de grands séismes dont ’objectif est de retrouver la localisation
de ces principales aspérités. La génération de signaux synthétiques sera donc contrainte
par les propriétés de la phase de développement extraites par notre étude.

La distribution exacte de la contrainte initiale sur la faille ne peut étre déterminée avant
I’occurrence d’un séisme. Cependant, nous estimons statistiquement que certaines proprié-
tés de cette contrainte sont requises pour respecter les observations. L'une d’entre elles
requiert une valeur intermédiaire de la variabilité pour générer des phases d’accélération
transitoires avec de fortes accélérations de moment. Une faible valeur de ’écart-type ne
permet pas de générer des ruptures suffisamment complexes. A Dinverse, une trés grande
valeur d’écart-type produirait des zones avec des contraintes négatives tres défavorables a
la propagation de la rupture, entrainant une probabilité tres faible de rompre 'intégralité
de la faille. Nos estimations ajoutent donc un ingrédient réaliste, qui peut directement
étre mis en lien avec la distribution de la contrainte initiale avant ’occurrence d’un grand
séisme a la fin du cycle sismique.

D’un point de vue observationnel, 1’évolution de 'accélération de moment ne respectant
p ) 1%
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pas 'auto-similarité peut également conduire a améliorer les études sur 1’aléa sismique.
La contribution de la complexité de la source sur la génération des mouvements du sol
est encore mal estimée. Le lien entre la fonction source et le déplacement du sol en champ
lointain implique que l'accélération de moment doit avoir une corrélation avec la vitesse
du mouvement du sol. Les fortes accélérations locales observées dans notre étude devraient
donc avoir une influence sur la valeur du “Peak Ground Velocity” (PGV). Les modéles
de prédiction pourraient intégrer nos observations afin de mieux anticiper l'intensité du
mouvement du sol.
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Résumé

Notre compréhension de la physique de la source sismique, qui donne naissance a des séismes de toute magnitude,
requiert |'observation d'une large population d'événements. Les méthodes d'analyse systématique de la sismicité
mondiale remplissent ce rble et permettent d'extraire les propriétés des séismes puis de les confronter aux mod-
eles de rupture sismique. La méthode SCARDEC fait partie de ces méthodes et retrouve les fonctions source
d'événements sur une large gamme de magnitudes (M, > 5.7). La fonction source, puisqu'elle décrit I'évolution
temporelle du taux de moment, est un observable privilégié pour I'analyse des propriétés transitoires de la rupture.
L'objectif de notre étude est d’observer le développement de la rupture lors de ces séismes afin de plus précisément
contraindre les modéles cinématiques et dynamiques de la source. La premiére partie de notre travail s'intéresse
au développement des séismes a partir du catalogue SCARDEC. La phase menant au pic de la fonction source
(“phase de développement”) est extraite pour caractériser son évolution. A partir du calcul des accélérations de
moment pour des taux de moment donnés, nous observons que I'évolution du taux de moment pendant la phase de
développement est indépendante de la magnitude finale. Une analyse quantitative de I'augmentation du taux de
moment en fonction du temps indique que cette phase ne respecte pas la dépendance en t? de la loi auto-similaire,
suggérant une variation transitoire de la vitesse de rupture et/ou de la chute de contrainte. Ces observations
sont dans un deuxiéme temps confrontées aux modeéles cinématiques de la source. Un modéle de crack avec des
variations radiales de la vitesse de rupture, associées a une faible chute de contrainte, met en évidence que la cor-
rélation entre vitesse de rupture et vitesse de glissement est un ingrédient nécessaire au comportement transitoire
de la phase de développement vu dans les observations. Nous générons ensuite a partir du modele composite
fractal RIK des catalogues synthétiques de fonctions source. Ces derniers montrent également que la corrélation
entre la vitesse de rupture et la vitesse de glissement, ainsi que la durée du temps de montée, ont une influence
sur les valeurs de I'accélération de moment. Nous développons finalement des modéles dynamiques hétérogénes
qui prennent en compte la physique de la rupture. Les distributions hétérogénes du parametre de friction D, et
de la contrainte initiale 7y sur la faille participent a générer des scénarios de rupture particulierement réalistes.
La propagation de la rupture est en particulier influencée par ces deux paramétres dynamiques qui entrainent une
direction de propagation préférentielle couplée a une variabilité plus locale de la vitesse de rupture. La corrélation
entre vitesse de rupture et vitesse de glissement, mise en lumiere dans les modéles cinématiques précédents, est
retrouvée et permet la reproduction des observations SCARDEC. Ces résultats devraient fournir des contraintes
additionnelles pour la constitution de scenarios réalistes de la dynamique de la rupture.

Summary

Our knowledge of earthquake source physics, giving rise to events of very different magnitudes, requires observa-
tions of a large population of earthquakes. The development of systematic analysis tools for the global seismicity
meets these expectations, and allows us to extract the generic properties of earthquakes, which can then be
integrated into models of the rupture process. Following this approach, the SCARDEC method is able to retrieve
source time functions of events on a large range of magnitude (M, > 5.7). The source time function (which
describes the temporal evolution of the moment rate) is suitable for the analysis of transient rupture properties
which provide insights into the generation of earthquakes of various sizes. The purpose of our study is to ob-
serve the rupture development of such earthquakes in order to add better constraints on kinematic and dynamic
source models. The first part of our work focuses on the development of earthquakes through the analysis of
the SCARDEC catalog. The phase leading to the peak of the source time function (“development phase”) is
extracted to characterize its evolution. From the computation of moment accelerations at prescribed moment
rates, we observe that the evolution of the moment rate during the developement phase is independent of the final
magnitude. A quantitative analysis of the moment rate increase as a function of time further indicates that this
phase does not respect the steady ¢ self-similar growth, suggesting a transient variation of rupture velocity and/or
stress drop. In a second part, these observations are compared with kinematic source models. A crack model with
radial variations of the rupture velocity combined with low stress drop highlights that correlation between rupture
velocity and slip velocity is a key feature for the transient behavior of the development phase previously observed.
We then generate, using the composite fractal RI K model, synthetic catalogs of source time functions. This also
supports that the correlation between rupture velocity and slip velocity, as well as the duration of the rise-time,
have a strong effect on moment acceleration values. We finally develop heterogeneous dynamic models which
take into consideration rupture physics. Heterogeneous distributions of the friction parameter D, and the initial
stress 1y contribute to generate highly realistic rupture scenarios. Rupture propagation is strongly influenced by
these two dynamic parameters which induce a clear preferential direction of propagation together with a local
variability of the rupture velocity. The correlation between rupture velocity and slip velocity highlighted by the
previous kinematic models is retrieved and allows to reproduce the SCARDEC observations. These findings are
expected to put further constraints on future realistic dynamic rupture scenarios.
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