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Résumé

Les aspérités géométriques d’un plan de failleréterit en partie toutes les étapes de la rupture
sismique, depuis sa nucléation jusqu’'a l'arrét disree. L’objectif de ce travail est de
caractériser la morphologie des surfaces de faille la large gamme d’échelles spatiales
impliquées dans les tremblements de terre, puigptbeer son influence sur I'organisation
spatiale du glissement et des contraintes. L'appmradilisée inclue des observations de terrain
couplées a une étude numérique et théorique.

La combinaison de méthodes récentes de mesuregragboques (LIDAR, rugosimétre laser,
interférométre a lumiére blanche), qui couvrent dgammes d’échelles spatiales
complémentaires, permet de proposer un modele géqoe cohérent de cing zones de failles
étudiées (Alpes francaises, Apennins, Turquie,f@alie, Nevada). La rugosité des surfaces de
failles montre des propriétés de dépendance d’leghedl plus précisément suit un régime auto-
affine anisotrope ('exposant de rugosité d$f =06 dans la direction du glissement et

H,. = 08 dans la direction perpendiculaire) depuis la dartde micrométres jusqu'a plusieurs

dizaines de meétres. En complément, I'analyse deudasité des ruptures de surface de huit
tremblements de terre continentaux majeurs montéung unique régime auto-affine
anisotropique et sans longueur caractéristiquenmashtenu jusqu'a I'épaisseur de la croute
sismogénique. Cette description de la géométriesddaces de failles et des traces de ruptures,
est indépendante du contexte géologique. Plusphétiement, cette étude met en avant que des
lors qu’un glissement cumulé métrique est atteimtuse faille, la complexité géométrique des
portions actives des zones de failles est mainteueé que soit le déplacement supplémentaire
accommodeé. Finalement, motivé par des observatertgrrain, il est proposé que le processus
dominant a l'origine de la rugosité des surfacetadies puisse étre I'interaction mécanique et la
coalescence de segments multi-échelles.

Deux conséquences émergent de cet état de rugbsgéistributions spatiales du champ de
glissement d’'une part et du champ des contraimiessd’'un tremblement de terre d’autre part
peuvent étre expliquées par la présence de deexfaoés rugueuses auto-affines pressées
élastiquement et cisaillées. Notamment, en utitisanmodéle numérique de propagation d’'une
rupture sur une interface hétérogene, la corr@élagatre la rugosité 3-D des failles et la
distribution spatiale 2-D du glissement dans lenpést clarifiée. Il est proposé que les
hétérogénéités spatiales du glissement visiblekesunodeles cinématiques de rupture sismique
soient préférentiellement dominées par les comg@sxygéométriques locales plutdt que par la
dynamique du front de rupture lui-méme. Par aileles propriétés auto-affines des levres de la
faille impliquent que les fluctuations spatiales ldechute de contrainte lors d'un séisme
augmentent vers les courtes longueurs d'ondes guieest confirmé par des observations
sismologiques. En considérant un modéle de rumareascade, il est alors probable que les
failles sont fortement inhomogénes, avec des graresblements de terre composés d’'une
somme de petites aspérités multi-échelles qui sebisde fortes chutes de contrainte. Cette
étude met en lumiére I'importance des hétérogénéieales en contrainte et en glissement dans
la mécanique des tremblements de terre, et prapoes relier a des propriétés morphologiques
self-affines de la surface de faille.






Abstract

Geometrical asperities on fault planes partiallgtoal all stages of earthquake genesis, from the
nucleation of a rupture, to its arrest. The prestatly aims at characterizing the geometrical
morphology of fault surfaces on the wide rangepatial length scales involved in earthquakes,
and exploring its influence on the spatial orgamaraof slip and stresses during an earthquake.
The approach combines field observations, numeaicalysis and theory.

Using recent methods of high resolution topographéasurements (LIiDAR, laser profilometer,
white light interferometer), spanning complementanyges of spatial length scales, a consistent
geometrical model emerges for the five fault zoff@sench Alps, Apennines, Turkey, California,
Nevada) studied here. The morphology of the fautage, i.e. its roughness, is scale dependent,
and more specifically follows a self-affine anisgic regime (the roughness exponent is
H, =06 in the slip direction andd, = 0.8 perpendicular to it) from the scale of hundred of

micrometers to several tens of meters. In additilo@,roughness analysis of the surface rupture
of height major continental earthquakes showsahangle self-affine regime is maintained up to

the thickness of the seismogenic crust, without @mgracteristic length scale. This description

of the geometry of the fault scarps and ruptureesas independent of the geological context.
More particularly, this study highlights that oreéault has achieved a cumulated a small offset
no larger than one meter, the roughness of theeaptirtion of the fault zone is maintained even

if further slip is accommodated. Finally, motivatey field observations, it is proposed that the

main process causing the roughness of fault siesfae® be the mechanical interaction and
coalescence of multi-scale segments.

Based on a numerical and theoretical approachsghgal distribution of both the slip and stress
fields during an earthquake can be understood éyptbsence of two self-affine rough interfaces
elastically squeezed and sheared. Using a numenalel of rupture propagation on a
heterogeneous interface, the link between the &8tll foughness and the 2-D spatial distribution
of the slip is clarified. It is proposed that thpasal heterogeneity of the slip observed on
kinematic models of earthquake rupture is preféatiptdominated by the local geometrical
complexity rather than the dynamic of rupture fts®loreover, the self-affine properties of the
fault interfaces imply that the spatial fluctuasoof the stress drop after a rupture event increase
towards shorter wavelengths. Considering a ruptaseade model, it is likely that the faults may
be considered as highly inhomogeneous with largthgaakes composed by a sum of multi-
scales ruptures of small asperities with largesstrdrop within an average fault surface with
small stress drop. This study emphasizes the irapoet of local stress and slip heterogeneities
on the mechanics of earthquakes and proposes dte rlese parameters to the self-affine
morphology of the fault surfaces.






Table des matieres / Table of contents

Chapter 1 : INtrodUCHIQN...........coiiiice e 1.
I T [ 0T (¥ X1 o] o PP SUPPPPPPPPPPP 3
1.2. Complexité géométrique des zones de failleS........cccooeeeeiiiiiiieecc e, 4
1.3. De la fracturation au frott@MENT.........cooeeiiiiiiiiii e 17
1.4. Variation de la contrainte pendant le gliSSENm& ... 21
1.5. Hétérogénéité spatiale du glissement et dedantrainte............cccceeeeeeeeeieeiiiiiiiieiinnnn, 26
1.6. Plan du MaNUSCIIL.......ceiiiiiiiiiiiiiiti it e e et e e e e e aaeeeaeeea s s s s s e annnne 29

Chapter 2 : Characterization of fault roughnessaaious scales: implications of

three-dimensional high resolution topography measents............................... 31
2.1. Chapter 2 overview (Présentation du Chapitre)2.........cccccvveeeeeeeeiiiiiiiicccvee 33
2.2. Characterization of fault roughness at variouscales: implications of three-dimensional
high resolution topography measuremMeNnts..............covvvvuiiiiiiiiiiiiee e eeeeee e e e e eeeeeaeanns 35
P20 W [ 11 (o T (3 Tox 1o o IS SRR 36
2.2.2. Generation of self-affine surfaces ... 39
2.2.3. Statistical signal processing MethodS . ..ovevvvveviiiiiiiiieeee e, 40
2.2.4. Quantitative estimation of the accuracyoofghness analysis methods........... 43

2.2.5. Quantitative Acquisition of roughness datanatural faults at various scales.56

2.2.6. Roughness results and interpretation ... 61
2.2.7. DiSCUSSION & CONCIUSION......cciiiiiiiiieieiiiii e e e e 70
2.2.8. APPENAIX 2.A .. e eereee e e e r e aaaaaaaaas 73

Chapter 3 : Roughness of fault surfaces over naeades of length scales: self-

affinity, variability, and absence of characteca#ngth scale............................ 75
3.1. Chapter 3 overview (Présentation du Chapitre)3............ccceeeeieiiiiieeeeeeeeeeeeeiiiviiees 77
3.2. Roughness of fault surfaces over nine decad#dength scales: self-affinity, variability,
and absence of characteristic [ength SCale..........ccoooeiiiiiiiiiie e 79
G T W [ 11 (o To (3 Tox 1o o [PPSR UUPPPPT P 80
3.2.2. Fault roughNESS Aata...............twemmmmmmeeeeeeniiaeee e e e e e e e e eeeeeeeeeseseesmnnnnesseennnne 82
3.2.3. Analysis of scaling properties of roughn@s...............coeevvvivvvieiiiennnnnnn. 95..

3.2.4. Fault roughnNeSsS reSUILS.......coii i e e e e enenneeeeaenees 97



I T B 1T od U1 (0] o IR 114

3.2.6. CONCIUSION ... et e 121
B.2.7. APPENAIX LA et a e ne e e e e e 123
Chapter 4 : Fault slip distribution and fault ronghs..............c.ccocoeviiiiiiicinnns 131
4.1. Chapter 4 overview (Présentation du Chapitre M........ccceeeviieeeeeeeieeeeeeeiiiiee 133
4.2. Fault slip distribution and fault roughness...........cccceeiiiiiiiiiiiiiicee s 135
v N 1 11 o o [¥ o 1[0 I RRUUURPPPPPPPRPRPIN 136
4.2.2. Self-affine correlations of seismologicgb dields...............coeeiiiiiiiiiininnn, 34
4.2.3. Fault surface roUQNNESS............. o e eeeeeeeeerniiiiiinnaaeeeeeeeeeeeeeneeeeeeeeens 141
4.2.4. From fault geometry to the spatial distridwitof Slip...........coovvvvvviiiiiiiiinnnnnn. 146
4.2.5. DiscusSion and CONCIUSION ......uiii it 152

Chapter 5 : Stress drop during earthquakes: effefetult roughness scalingss

5.1. Chapter 5 overview (Présentation du Chapitre)s..........cevevieiiiiieeeeieeiiiiiiiiiiiis 157

5.2. Stress drop during earthquakes: effect of fatiroughness scaling......................... 159
5.2.1. INTrOTUCTION ...ttt ettt e e e e e e e e e e e e e ennnee e e e e e e e e e eeas 160
5.2.2. Roughness of natural fault SUrfaces .cccceeevvvvvvveiiiiiiiiiei e 162
5.2.3. Spatial variability of the stress drop oa tault plane.............cccccviviennn. 017
5.2.4. Evolution of the stress drop with ruptuEeSi.............ccceeeiiiiiiiiiiiiiiiiiiiiiis 177
5.2.5. DISCUSSION ..ceiiiiiieeieiie ettt ettt e e nnnnne e e e e e e e e 189
5.2.6. CONCIUSIONS .....coiiiiiiiiii et e bbb 195

Chapter 6 : Effect of surface morphology on thesigigtion during shear and slip

along a rock-rock interface that contains a visletee core..............ccccoeveneee. 197
6.1. Chapter 6 overview (Présentation du Chapitre)B.............uvvveiiiiiiieeeeeeeneeeeeeeinnnns 199
6.2. Effect of surface morphology on the dissipation dung shear and slip along a rock-
rock interface that contains a visco-elastiC COre..........ooovvviiiiiiiiiiiiie e 201
G020 W [ 1 {0 Yo [V Tox 1 o o TR RRR 201
6.2.2. Rough geological INterfaces........cocooeeeiiiiiiiiiiiii e 203
6.2.3. Visco-elastic shear flow between rough walls..............oooovviiiiiiiiiinnn. &0

6.2.4. CoNClUdING rEMAIKS ......ccceiiiiiiieeeememmc e e e e e e e s 216



Chapter 7 : Perspectives: Origine de la rugosig fd#les et développement des

surfaces de gliISSEMENLS...........ccoiiiiiic e @1
7.1. Chapter 7 overview (Présentation du Chapitre)7..........cceevvvveeieeeiiiiniiiiiiiiiiins 221
47 1 011 oo 18 Tox 1o o IR PPPTT ST 223
7.3. Architecture des zones de failleS............uuuuiiiiiiiiiiii e 226
7.4.Propriétés géométriques des lentilles..........oooveveviiiiiiiiiii e 231
7.5.Modele mécanique de la formation des lentilles.............ceeiieiiiiiiiiiiiiiieeee 235
7.6, PEISPECIIVES. ....ceiieeeiititeiee ettt eene ettt s e e e e e e e e e e e eeeeeesebeabsmmmnnrsrnnnns 238
Chapter 8 : CONCIUSIAN...........cooiiieec e 24

Références bibliographiqUES............c.cooviiiiiii e, 255






Chapter 1.

Introduction






Introduction

1.1. Introduction

Sous les conditions de basse pression et température de la partie supérieure de la lithosphére
terrestre, les roches se fracturent en réponse au chargement tectonique. Cette fracturation se
traduit par la présence de failles a toutes les lieshde long desquelles la déformation est
localisée. Les failles correspondentles interfaces rugueuses les contraintes au sein de la
URFKH RQW FDXVp XQH SHUWH GH FRKpVLRQ GX PDWpULDX L
faille est alors larace laissée derriere lui par le front de propagation de la rupture. La
SURSDIJDWLRQ GTXQH IDLOOH SDU IUDFWXUDWLRQ HW JOLVVLE
UDSLGH HW FDWDVWURSKLTXH &H GHUQLHU FktD¥teFr&4@UIUHV SR Q
Hvw OD PDQLIHVWDWLRQ GH OD UHOD[DWLRQ EUXWDOH G
PRUSKRORJLH JpRPpWULTXH L H UXJRVLWp GTXQ SODQ G
OfLQLWLDWLRQ GH OD UXSWXUH HQYHIQHHQWIMBSPWLOHV F
propagation et son arrét en freinant le glissement. Les modéles cinématiques mettent en évidence
OfKpWpURJIpQpLWpP VSDWLDOH GH OD GLVWULEXWLRQ GX JC
révelent indirectement le premier oedde la complexité de la surface de faille en profondeur.
ITXQLTXH DFFqV GYXQH ILQH GHVFULSWLRQ GH OD PRUSKRC
GXUDQW OH JOLVVHPHQW SURYLHQW GHV REVHUYDWLRQV Gl
analysé ¥ U OH WHUUDLQ OD UXJRVLWp GHV VXUIDFHV GH IDLOOI
kilométrique. Cette premiere partie avait pour but de répondre a plusieurs questions scientifiques,

a savoir. (i) Comment et par quels outils peart caractérigeau plus juste la rugosité des

failles ? (ii) Estil possible de décrire ces surfaces avec un nombre restreint de parametres ou cela
nécessite -l la connaissance exacte de toute la topographfe) Existet-il un modele
géomeétrique universel qui psent décrire les surfaces de failles naturelles ou des variabilités se
GpJDJHQW VXLYDQW OfpFKHOOH G RBPVisi dMOW ER@pd HeWpsD H F R (
MITDL H[SORUp OHV LPSOLFDWLRQV GH OD JpRPpWeE&LH QRQ
WUHPEOHPHQWY GH WHUUH DX WUDYHUV GH PRGgOHV WKpRU
HvVvvD\p GH FRPSUHQGUH FRPPHQW FHWWH UXJRVLWp SDUW

glissement et de contrainte le long de la faille, observée pasiesisgues?
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Introduction

1.2. Complexité géométrique des zones de failles

Les processus complexes modelant les zones de failles et contrélant les tremblements de
WHUUH QH SHXYHQW r'WUH REVHUYpV GLUHFWHPHQW GDQV C
opaque. Malldp OHV SURJUqV FURLVVDQWY GDQV OYLPDJHULH Jy
SURIRQGHXU OHV LPDJHV REWHQXHV VRQW GHV YHUVLRQV I
moyenace jour de quantifier précisément la géométrie des zones de faille¢eesbservations
GH VXUIDFHV 'HX[ W\SHV GH GRQQpPHV: ®Hes\zdndd De-fHilled TR 11U H
SURIRQGHYV H[KXPpHV j OD VouditdatEerent\p& levdéBdadmadtcprsécitit R Q
aux tremblements de terrdii) les tracesde la rupture sismique laisséda surface lors de la
SURSDIJDWLRQ GHVY JUDQGYVY WUHPEOHPHQWY GH WHUUHYV Upf
SRXU EXW GYH[SRVHU XQH YXH GTHQVHPEOH GH OD FRQQDLYV
de failles et leur évolution géométrique. Une comparaison entre les différents types de données
disponibles (modélisations analogiques en laboratoire, forages des roches de failles en

profondeur, inversions sismologiques, observations de surfaces) sera egal@meéeap

1.2.1. $SQDWRPLH G1XQHa]®RfpHr IGHHO IMH. GBAHHO IDITOHXUHPHQW
$ OfpFKHOOH GH OfDIIOHXUHPHQW OHV REVHUYDWLRQ\
OTHQGRPPDJHPHQW FRQVpFXWLI DX[ GpSODFHPHQWYV VXFFHYV
formes dverses (Chester et Logan, 1986; Chestex., 1993; Billiet al,, 2003; Agosta et Aydin,
2006; Chamboret al, 2006). Néanmoins, deux principales textures se dégagent (Figureii.1)
QR\DX pWURLW GH OYRUGUH GX FHt QVahityd ddplatekem ey UH G
DFFXPXOp ERUGpPp SDU XQH JRQH GTHQGRRBpBigiHPddripeiles GH O T F
GH PQWUHYV GfpSDLVVHXU /H QR\DX GH OD IDLO&uUHraHVW FRQ
cataclastiques généralement dominéed pxX Q WH[WXUH JUDQXOHXVH /D JRQH C
accommode une déformation moindre est généralement caractérisée par une fracturation intense,
GRQW OfJLQWHQVLWpP GpFURLW QRQ OLQpD&tBtdiskyQMORUV T X
Mitchellet FDXONQHU $ O 7L Q@Wsuddcel (Sapy@HBredBkyD2009) comme

en profondeur (Boullieet al, 2009, il est observé que la plupart du glissement se localise le

4
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ORQJ GT1XQH EDQG Hnitiffig8)Deisd/ F HXO LS @ WWIL T sonTmufidn@ntQ R

la zone de glissement principal (Figure 1.1). Il est important de préciser que cette bande est
souvent composée de plusieurs interfaces paralleles ultrafines (submillimétrgues
micrométriques). Ces interfaces sont interprétées commetkgpasition des derniers épisodes

de déplacements cosismiques, méme si le débat reste vigoureux sur les indices formels de
OfRFFXUUHQFH GX JOLVVHPHQW UDSLGH DVVRFLp DX[ WUH
AXRLTXYLO HQ VRLW LO d&u¥ \bktte PR deNgDs@eWenG ptincgpll bWhiH U
OfHVVHQWLHO GX GpSODFHPHQW UDSLGH RX OHQW VIfHVW O]
SROL HW RX VWULpP TXT Léhstfdas (FoRéEePaX, Q&G TR a0t bl Y200Q5;

Sagyet al, 2007; Sagy et Brodsky, 2009).
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Figure 1.1. Anatomie des zones de failles. (a) Coupes schématiques montrant les différentes positions
dunoyavla OfLQWpULHXU GYXQH JRQH GH IDLOOH PRGLILp GH :DOOV H\
la zone de gésement principal de la faille deFlowers Pit2 GDQV Of2UHJRQ FRQVWLWXpl
VXUIDFHVY GH JOLVVHPHQW VXESDUDOOQqOHV /fLQWHUIDFH GX KDX
principal et la roche endommagée correspond au miroir deefainodifié de Sagy et Brodsky, 2009). (c)
Microphotographie de la zone de glissement principal du séisme déhClen profondeur. Deux bandes

de glissement subparalléles sont identifiées. La ligne rouge en pointillé marque leur frontiere (modifié de
BouOOLHU HW DO G 3KRWRJUDSKLH GYfXQH ODPH PLQFH GH (
GH OD 9XDFKH $0OSHV FRQVWLWXpH GH SOXVLHXUV VXUIDFHV GH
de la lame mince correspond au miroir de faillERPP X QLFDWLR Q -BIBOE)QNIBbIOH GT1$

faille de la Vuache en vue transverse (photo prise par F. Renard).

/ID ]JRQH GTHQGRPPDJHPHQW SHXW VH UHWURXYHU GH IDoR
PJDOHPHQW XQLTXHPHQW e54.X1993/ Hvaas 4t RNeégier, & 300/ I8¢ letU
ORUULV ,O HVW pJDOHPHQW FRPPXQ TXH OTDUFKLWHFW
HW IDVVH DSSDUDLWUH GH PXOWLSOHYV QR\DX[ VRXV IRUPH C
de failles endmmagées (Wallas et Morris, 198@ruhnet al, 1994; Power et Tullis, 1989
Faulkneret al, 2003; Chamboret al, 2006; Mitchell et Faulkner, 2009). On retient donc que
les observations de terrains des zones de failles exposées révelent une waechuitddrente
dans laquelle un® DUJH ]RQH GTHQGRPPDJHPHQW KDXWHPHQW I1UD|
plusieurs noyaux étroits qui sont généralement-reéres recoupée par des surfaces de

glissement (ou miroirs de faille) qui accommodent la majorité dsetnent (Figure 1.1).

1.2.2. Comparaison des observations de terrain avec des observations géophysiques

La plupart des études discutées dans la partie préecédente sont basées sur des observations
GLUHFWHYVY GH OTDUFKLWHFWXUH @itstiohRIQnE Sub&idte qiabtG@eHYV | O
préservation de cette structuration a des profondeurs sismogéniques. La plus haute résolution
VSDWLDOH GH OTRUGUH GX PgWUH j TXHOTXHYV GL]DLQHV G&F
de failles en profondeur estgbablement donnée par la modélisation de la forme des ondes

sismiques guidées. Ces ondes piégées dans la zone de faille sont générées par une interférence

6
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FRQVWUXFWLYH GHV RQGHV UplOpFKLHYV | OfLQWpPULHXU GHYV
Les observations collectées sur plusieurs zones de fdikesy(et al, 1987; Liet al, 1990,

1997; BenZion et Malin, 1991; BeiZion et al, 1992; Houghet al, 1994; BenZion et al,

2000; Nishigamiet al, 2000; Kuwahara et Ito, 2000avec celype de méthode géophysique,
PHWWHQW HQ pYLGHQFH XQH JRQH j IDLEOHV YLWHVVHV JOF
FHQWDLQH GH PqWUHV $FWXHOOHPHQW LO HVW GRQF LF
géophysiques de distinguer les détaildadeone de faille comme les noyaux et les surfaces de
glissement. Au premier ordre, il est donc probable que la zone a faibles vitesses soit la continuité

en profondeur de la zone de faille observée a la surface.

Figure 1.2.Comparaison de la structurian des zones de failles a différentes échelles. (a) Tremblement
de terre de Dash¢-Bayaz en Iran. (b, c, d) Zones de cisaillements expérimentales. Modifié de Tchalenko
(1970).
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1.2.3. Géomeétrie des zones de failles O I p F K H CkilbrhéSBigue U L

Les zonesde f OHV ORUVTXJTHOOHV VRQW FDUWPHV VXIILVDPPHQ
de segments discontinus. Les travaux de Tchalenko et Ambraseys (1970), Tchalenko (1970),
Tchalenko et Berberian (1975) ont mis en évidence, sur la trace de la rupturdade dur
tremblement de terre de DashBayaz Iran (M 7.3, 1968), que cette segmentation est préservée

adifférentes échelles (depuis la centaine de matizslizaine de kilometres (Figure 1.2).

Figure 1.3.Vue schématique en carte de la structurat@rHV IDLOOHYV j GLIIpUHQWHYV pFKH!
la frontiere entre deux plaques tectoniques, la déformation cisaillante est distribuée sur un réseau de
failles. Chaque faille individuelle majeure dans ce réseau estr@lae constituée par des segmelets
GLIITpPUHQWHY pFKHOOHVY &KDFXQ GH FHV VHJPHQWY VIRUJDQLYV
localisation du déplacement au sein de la roche endommagée. Les fleches entre les différentes échelles
suggeérent la possibilité que les éléments structura®pey VH UpSqWHQW DX[ GLIIpUHQWH
BenZion et Sammis (2003).
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Cette géométrie complexe a aussi été identifiee a petites échelles dans les modeles
DQDORJLTXHV GH J]JRQHV GH FLVDLOOHPHQW )LJXUH PH(
globaOH GY{XQH SODTXH WHFWRQLTXH OfRXHVW GH OD &DOI
compartiment de la plaque pacifique séparé de la plaque Nord Américaine par une zone de faille
(Figure 1.3). Cette faille contient plusieurs segments plurikilométriqueswment les segments
subparalléles majeurs du systeme de San Andreas. Chaque segmennésiduionstitué par
GHV VRXV VHIJPHQWY /D VWUXFWXUDWLRQ GH OD JRQH GH ID
la partie 1.2.1 semble donc se répéter &wles échelleg savoir: des zones de localisations de
OD GplIRUPDWLRQ ERUGpHYV SDU GHV JRQHV GfLQWHQVH IUDF
GIREVHUYDWLRQ PHW HQ pYLGHQFH TXH aQles\objdsLf@ddsyV SR XU
(e.g. Mandelbrot, 1983) avec des surfaces rugueuses et une géométrie segmentée et hatérogene

toutes les échelles.

1.24. /H FRQFHSW Gf{REMHW IUDFWDO GLPHQVLRQ IUDFWD
Mandelbrot (198) fut le premier a introduire le concept d'objet fractal asimailaire en

observant que la topographie des surfaces de fracture meétalliques présentait des propriétés

d'invariance d'échelle. La dimension fractale D d'un objet fractalsawmitaire caractérise la

tendance de I'objet & remplir de facon plus ou moamse une partie du plan, si c'est une courbe,

ou d'une partie de I'espace s'il s'agit d'une surface. Les objets géométriques classiques ont une

dimension 1, 2 ou 3. Les objets fractals ont une dimension fractale réelle. On emploie en général

un certain noncUH GH PpWKRGHV DILQ GTHVWLPHU OD GLPHQVLRC(

similaire. On peut citer par exemple la méthode de dénombrement de boites, qui consiste dans sa

version la plus simple a paver I'espace a l'aide de boites de taille donnéenptex t® nombre

de boites nécessaires au recouvrement de I'objesemilaire dans son intégralité. Il existe alors

une gamme d'échelles ou le nombre de boites est une loi de puissance de la taille des boites.

L'exposant de la loi de puissance est I'qggpde la dimension fractale D de I'objet. La méthode

du diviseur consiste a mesurer la longueur de la courbe en l'approximant par une ligne brisée

formée de segments dont les sommets appartiennent a la courbe et qui ont tous méme extension

horizontale. Pla cette derniere est petite, plus la mesure prend en compte le détail des diverses
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circonvolutions de la courbe, de sorte que la longueur calculée dépend de I'extension horizontale
des segments comme une loi de puissance d'expos@&n(Brown, 1995).

Cependant, la description ausimilaire considere toutes les directions de I'espace comme
équivalentes, ce qui convient mal a la description d'une topographie ou la dimension normale au
plan moyen de la propagation de la fracture est & prioriéqaivalenteaux dimensions qui
définissent le plan de propagation. Mandelbrot (1985) introduisit ensuite la notionraffmité,
une description qui se réveéla bien décrire l'invariance d'échelle observée dans de nombreux
systemes désordonnés (Voss, 1985) et plésémglement dans de nombreux problemes
physiques (Mandelbrot, 1986). Cette description est en particulier utile pour décrire la rugosité
des failles (Schmittbuhtt al, 1993). Si I'on échantillonne la distribution des hauteurs le long
d'un profil extraitd'une surface de faille (cf. chapitre 2), on constate que l'invariance d'échelle au
sens statistique telle que la définit la description -girtolaire ne tient pas : si I'on diminue la
taille de la fenétre d'observation sans modifier son rapport d'aspecbnstate que le profil n'a
plus la méme allure; il semble s'étre dilaté verticalement. Par contre, il existe un rapport d'aspect
pour l'agrandissement qui laisse le profil statistiguement inchangé par agrandissement. Plus

exactement, il existe un paratre  tel que la transformation
(1.2)

laisse le profil statistiquement inchangé pour tout rapport d'échelensi, la direction n'est
plus équivalente a ldirection . Le paramétre est généralement dénommé exposant de Hurst
ou exposant de rugosité. L'atdimilarité apparait comme un cas particulier d'affmité

( ).

Le profil auteaffine présenté a la Figure 1.4 illustre l'invariance d'échelle-affitme. On
présente a la Figure 1.4b une vue rapprochée ou la fenétre d'observation a été divisée par
horizontalement. On a ajusté I'échelle verticale d'un facteupour le profil auteaffine. On
constate visuellement que ce nouveau rapport d'aspect lui conserve un aspect similaire alors que
VL OTpFKHOOH YHUWLFD O HceHnélve profiavtaiimel serble @tre Diltd/ H X U

verticalement.

10
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L'exposant de Hurst quantifie la décroissance de la fonction de corrélatiorg-dilesta
SHUVLVWDQFH GHV FRUUpODWLRQVY G{DOWLWXGHY OH ORQJ
des détails de petite échelle ralathent aux détails de grande échelle). Cela se traduit par un
aspect des profils d'autant plus réguliers, en particulier aux petites échelles, que l'exposant de
rugosité est élevé (voir Figure 1.4).

Les méthodes développées pour déterminer la dimensictaléales objets autimilaires
peuvent étre employées pour déterminer I'exposant de rugosité d'un preéiffagpmais avec
précaution. Lorsqu'elles sont utilisées correctement, elles mettent en évidence une relation entre

I'exposant de rugosité ene dimension fractale pour le prafil

11
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Figure 1.4. Comparaison de profils autsimilaires ( ) et auteaffines ( ). (@) Les deux

profils ont été générés numériquement a l'aide d'un algme qui est exposé au chapitre 2. On a fourni

au générateur aléatoire de nombre la méme valeur initiale dans les deux cas, ce qui explique qu'ils
présentent les mémes fluctuations de grande longueur d'onde. lls ont ensuite été normalisés de la méme
facon,avec un écartype unité. (b) Vue rapprochée des profiles présentés en (a), limitée au cadre dessiné
VXU FHWWH ILIXUH /YfpFKHOOH KRIRXR QWHD/OG HIX [p B/PpRR XOQOMAM S/ FiK |
été multipliée par pour le profile autesimilaire, et pour le profile autaffine par (le profile bleu en
SRLQWLOOp GDQV XQ FDV HW GDQV OfDXWUbh #Drvv isobdpe SURILOH EC
profile autesimilaire lui conserve son aspect alors que le profile affme semble dilaté verticalement.

Un zoom anisotrope est nécessaire pour que le profile-afitte garde une extension verticale

apparente identique.

En pratique, on préféremmployer des techniques spécifiquement adaptées a la géométrie
autoaffine. Un certain nombre de quantités calculées a partir de la distribution des hauteurs du
profil, telles que la fonction d'auimorrélation, le spectre de Fourier ou la transformée en
ondelettes, dépendent de I'échelle en suivant une loi de puissance dont I'exposant est relié

linéairement a (cf. chapitre 2).

125 ,QYDULDQFH GYfpFKHOOH GH OD JpRPpWULH GHV JRQ}
1.2.5. A. $ OfpFKHOOH GH OD FDUWH

De nombreuxravaux ont donc été menés afin de quantifier les propriétés géométriques des
]JRQHV GH IDLOOHYVY DYHF HQ WRLOH GH IRQG OH FRQFHSW Gf
résultats, il est important de préciser que nous avons remplacé la dimengae ftannée dans
la plupart de ces études par le coefficient de Hurst. Agtles (1987) en utilisant la méthode du
diviseur ont montré que la zone de faille principale de San Andreas est caractérisée par un
FRHIILFLHQW GH +XUVWO0G Bn durid @4fHilles Hecondaires a la zone de
faille principale de San Andreas, Okubo et Aki (1987) suggerent que H = 0.8,€n se basant
sur une variante de la technique standard du dénombrement de boites. Hirata (1989) indique que
la zone dedille du systeme du Japonestad. PLODLUH VXU XQH JDPPH GYpFKH
2 km et 20 km en utilisant la méthode de dénombrement de boites. Samalig1992),

12
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toujours en appliguant la méme méthode, ont démontré que le réseau de failles du sein
GRPDLQH JpRWKHUPDO GX QRUG GH OD &DOLIRUQLH HVW Gpl
GH SRXU XQH JDPPH GYpFKHOOH FRPSULVH HQWUH NP I
ces résultats convergent vers le fait que les zones de faile pFKHOOH GH OD FDUWH
JpRPpWULH FRPSOH[H LQYDULDQWH DYHF OYfpFKHOOH

1.2.5.B. $ OfpFKHOOH GH OYDIIOHXUHPHQW

$ OfpFKHOOH GH OYDIIOHXUHPHQW:t aDHIB7pMWHGHIE g8 RQQL(q
les surfaces principales de glissein@®. les miroirs de failles) sont également caractérisées par
une geométrie fractale depuis le centimetre jusqu'a la dizaine de métres. Néanmoins, leurs études
basées uniqguement sur quelques profis SDU PLURLU GH IDLOOH QH SHUPI
gXTXQH YLVLRQ GpWDLOOpH GH VD JpRPpWULH 5pFHPPHQW
SHUPHWWDQW GH VFDQQHU OTHQVHPEOH GX PLURLU GH IDLO
Renardet al (2006) et Saget al (2007) ont mis en évidence que la géormédu miroir de
faille pouvait étre décrite par une géométrie alffme. Ces travaux soulignent que la
FRPSOH[LWp JpRPpWULTXH GH OD |]RQH GH IDLOOH VHPEOH St

1.2.6. Vers une régularisation géométrique de la zone de faill2

La notion de «égularisation géométriqu¢ UHQYRL j OfLGpH LQWXLWLYH VH
de faille se simplifierait en abandonnant ou lissant la complexité des structures (segments)
initiales au cours des glissements successifs:z@m et Sammis ( SUpFRQLVHQW DORL
est nécessaire de séparer les unités structurales initiales abandonnées de celles qui participent
DFWLYHPHQW | OTDFFRPPRGDWLRQ GX JOLVVHPHQW DILQ
régularisation de la géométrie de la zatee faille avec le glissement. Les études présentées
SUpFpGHPPHQW VXU OD FDUDFWpULVDWLRQ GH OD JpRPpWUL
SUHQQHQW HQ FRQVLGpUDWLRQ OD WRWDOLWpPp GHV VWUXFW:
plupat du glissement actuel. En conséquence, en suivant le raisonnement -déorBeat
Sammis (2003), méme si la zone de faille prise dans sa totalité révele une complexité invariante
DYHF OfYpFKHOOH LO HVW SUREDEOH TXH OD zGwel RUPDW

géomeétriqguement plus simple.
13
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/HV WUDFHV GH UXSWXUHV SHUPHWWHQW HIIHFWLYHPHC
VHIPHQWY DFWLIV /HV WUDYDX[ GH :HVQRXVN\ VXU Ofl
majeures en Californie et en Turquie, ment que la densité des plus grands espacements (i.e.
supérieur a 1 km) séparant les segments de premier ordre diminue avec le glissement accumulé
(Figure 1.5). Récemment, les travaux de Klinger (2010) révelent que, quel que soit le
déplacement total accuié, les segments constituant la trace de la rugtuaesurface de 10
tremblements de terre décrochant présentent une longueur maximale de ~ 18 km (Figure 1.6). Ce
résultat suggére donc que la complexité de la faille tend a se maintenir quelque soit le
déplacement accumulé. Klinger (2010) souligne que ses résultats récents sont probablement
compatibles avec ceux plus anciens de Wesnousky (1988). En effet, le lissage du tracé de la
faille semble concerner uniquement les complexités géométriques de géahddses comme
OfHVSDFHPHQW SOXULNLORPpWULTXH HQWUH GHX[ VHIPHQW

focalisé son étude.

14
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Figure 1.5.Régularisation géométrique des complexités de premier ordre le long des failles. (gauche)
Tracés des principaux segnts de la faille nord anatolienne (Turquie) montrant des ruptures
historiques. La position des espacements supérieurs a 1 km entre les segments majeurs dénombrés par
"HVQRXVN\ HVW LQGLTXpH GURLWH *UDSKLTXIHKnG garQRPEUH
unité de longueur des traces des zones de failles majeures en Californie et en Turquie, en fonction du

déplacement géologique accumulé. Tiré de Wesnhousky (1988).

Figure 1.6. Persistance de la taille maximale des segments constituant le tecéugtures. (a)
Cartographie fine de terrain de la rupture de surface du tremblement de terre de Landers (haut), et
LPDJHVY VDWHOOLWHY KDXWH UpVROXWLRQ GTXQH SRUWLRQ GX WL
des détails structuraux jusqua urfUpFLVLRQ VSDWLDOH GH a FP EDV 'DQV O
de terre de Landers, Klinger (2010) suggére que son tracé puisse étre au minimum constitué par 4
segments. (b) Graphique du nombre de segments de taille maximale en fonction de la lotejecdss

ruptures de surface de 10 séismes décrochant récents. Modifié de Klinger et al., (2005) et Klinger (2010).
15
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A une échelle plus fine, Poweat al (1987) et Renardt al (2006), en étudiant la
morphologie des miroirs de failles avec une résofutspatiale centimétrique, caractérisent
également la géométrie de la surface de glissement principal qui accommode la majeure partie du
glissement actuel. Ces deux études mettent en avant que les miroirs de failles restent complexes
et caractérisés par e@rgéométrie fractale. Néanmoins, Sagjal (2007) en scannant des miroirs
de failles de la méme maniere que Rerelrdl (2006), observent que ces derniers se lissent
avec le déplacement accumulé. Soulignons cependant que dans les travauxedlalS@&po7),
méme si les surfaces de glissement principal sont lissées avec le déplacement accumulé, elles

préservent une géométrie fractale.

(Q GplILQLWLYH PrPH VL XQ IDLVFHDX GTREVHUYDWLRQ VH
des hétérogénéités géommies a toutes les échelles, il reste encore a les quantifier de facon
précise. Par exempld(i) le régime auteaffine observé par Renaed al j OfpFKHOOH G
unique miroir de faille est maintenu sur plusieurs failles dans des environnententsniques
variés, et persiste LO j] OfpFKHOOH GH OD FHQWDLQH GH PqQWUHV YR
de rupture® (ii) Existet-LO GHV pFKHOOHYV FDUDFWpPULVWLTXHYV ERUQD
dominées par des processus variés mod&dasurface de faille ? (iii) Au contraire, eBtH T X X Q
unique régime fractal (par exemple aublILQH VH GpJDJH HW VRXWLHQGUL
SURFHVVXV XQLYHUVHO j OYRULJL QHes$dbsadvbtionsnde KimgeéixX UD W L |
(2010) tendewW j VXJJIJpUHU TXIXQH ORQJXHXU FDUDFWpPULVWLTXH
TXH VRLW OYHQYLURQQHPHQW WHFWRQLTXH GHV IDLOOHYV
information uniquement a cette échelle spécifique et il reste encore a définir si urisati@an
VSDWLDOH FRKpUHQWH SHUVLVWH MXVTX j OfpFKHOOH GX JU
au centimeétre, la caractérisation fine des propriétés géométriques des surfaces de glissement
principal reste encore a établir. En outre, la carajgon entre les corrélations spatiales des
KpWpURJpQpLWpPV JpRPpWULTXHV GHV WUDFHV GH UXSWXL
OYDIIOHXUHPHQW GHV PLURLUV GH IDLOOHYVY SHUPHWWUDLHQ

une éventuelle régularisan géométrique des failles avec le déplacement.
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1.3. De la fracturation au frottement

Dans les conditions de la crodte terrestre, en particulier dans sa partie supérieure, la grande
majorité des roches répond de facon élastique puis fragile aux déformatiotesurs sont
imposées. La déformation fragile est caractérisée macroscopiquement par la création et la
SURSDIJDWLRQ GH ILVVXUHV HW GH IDLOOHYVY DX VHLQ GHV PI
combine a la fois la fracturation du matériau a sesémités et la friction des interfaces
néoformées. La fracturation et le frottement sont représentés par des critéres de seuil, qui relient
le mouvement dans le milieu a une chute de contrainte cisaillante sur la surface de faille. Dans la
théoriedelaméDQLTXH GH OD IUDFWXUDWLRQ XQH pQHUJLH GH IU
est nécessaire pour que le crack se propage. Dans la mécanique du frottement, la rupture est
supposée apparaitre quand la contrainte sur la faille atteint la valeudedailrésistance aux
IURWWHPHQWY 'DQV OfHQVHPEOH GH OD VHFWLRQ TXL V
sur (i) la mécanique de la fracturation et plus précisément sur le mécanisme de croissance et de
FRDOHVFHQFH GH ILVVXWURWKHO ITTOQWEBRKXHU CGH XOPp OD IRUP
macroscopique (partie 1.3.1puis sur la mécanique du frottement et plus précisément sur la
UpVLVWDQFH IULFWLRQQHOOH GYXQH LQWHUIDFH GpMj SUpVF
Nous verons dans la section 1.4 que ces deux mécanismes peuvent étre représentés de maniere

unifiée.

1.3.1. Mécanique de la fracturation

La mécanique élastique linéaire de la fracturation est une approche qui prend ses racines
dans le bilan énergétique de la propagat®f X Q folrIE plar Griffith (192) 1l s'agit d'une
approche de la mécanique des milieux continus dans laquelle un crack est idéalisé
mathématiquement par une fente plate et étroite dans un milieu élastique homogéne. Dans cette
approche, une singulaWp GH FRQWUDLQWHY H[LVWH \\VOR B D¥FWILARLQV B HE\
GH FRKpVLRQ D SHUPLV GH VXSSULPHU OYfLQFRKpUHQFH PpF
OTfpYROXWLRQ GX FKDPS GH FRQWUDLQWHYV | SU&[ARLWp GH
SRXU FRQVpPpTXHQFH GYHPSrFKHU OD FKXW8 IHYWW pRLHNG HG R OF
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(OOH DJLW GDQV XQH-IRQHOBTIPSHOHOYPHX|R@HR GH FRKpPVLRQ F
ELHQ HQFRUH 3E UDbAhd\Nua Rddgle]dta&tigu®mlinéaire de crack (e.g. Dugdale,

1960; Barenblatt, 1962), la chute dmntrainte ( ) est spécifiée sur un crack
OfLQWpPULHXU GI1XQ VROLGH VRXV FRQWUDLQWH HWe.OH GpSCcC
Quand on applique un tel modéle aux falilles, il est supposé que la chute de contrainte correspond

a la contrainte cisaillante appliqguée moins la contrainte de friction résiduelle sur la faille.
/TPQHUJLH GH IUDFWXBRWIdRQ WrWH GIXQH IDLO@dr &H ORQJ]

propagation est dogepar:

(1.2)

'DQV OfK\SRWKgVH GIXQH FKXWH GH FR QWrd&2ur@adiafe Q VWD Q
HW SDU OD PrPH RFFDVLRQ OfLQWHQVLWp GH OD FRQWL

supposeV pYROXHU OLQpDLUHPHQW DYHF OD ORQJXHXU GH Ol

contrainte constante impliqupie le déplacement cisaillant évolue linéairement avec la longueur

de la rupture. Les principales observations de terrains qui montrent cette évolution linéaire sont

les mesures du déplacement accumulé par une faille sur des échelles de temps géaagiques,

fonction de sa longueur total&lljott, 1976; Watterson, 1986 Walsh et Watterson, 1988

Marrett et Allmendinger, 1991 Cowie et Scholz 1992Dawerset al, 1993; Schlischeet al,

1996. Néanmoins, un modele de croissance de la faille par avanteme déplacements

incrémentaux progressif€owie et Scholz, 1992st nécessairin de justifier que ces mesures

SXLVVHQW YDOLGHU OfK\SRWKgVH GYXQH FKXWH GH FRQWUI

de rupture. Les observations sismologiquesniment également en général une chute de

FROQWUDLQWH FRQVWDQWH TXHOOH TXH VRLW OD WDLOOH GH
$EHUFURPELH OrPH VL XQ IDLVFHDX GH SUpVRPSW

GIXQH FKXWH \GW DFEROHW OHL QWEDW VXU VRQ pYHQWXHOOH YDL

RXYHUW HW OYLPSOLFDWLRQ GH OD UXJRVLWp €édda3x IDLOOH

VHFWLRQ GH FH FKDSLWUH GILQWURGXFWLRQ
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Le modele de fracturation présérdans cette partie spécifie les conditions sous lesquelles
un crack individuel se propage dans un milieu élastique homobarfaille macroscopique se
forme depuis la coalescence de micracks, lesquelseu® rPHV VILQLWLHQW HW VH G
accordavec cette théorie. De ce fait, la totalité du processus de développement de la surface de
faille rugueuse, évoluerait de la méme facon que la théorie de la mécanique de la rupture le
SUpGLW J/THVVHQFH GX SULQFLSH VXL Yalfaiiey &8t 0nX fon@idh SURS U
des propriétés des sous parties (les cracks cisaillant). Cette approche simplifiée, souleve la
TXHVWLRQ IRQGDPHQWDOH GH OYRULJL QddteleHédeDpatJlgsIRV LW p
interactions mécaniques des craclkaidant multiéchelles" (Q GIDXWUHYV WHUPHYV OD
des cracks par interactions mécanique, donnant naissance a une faille macroscopitpa est
OTRULJLQH GH.aGaidatigxnlde\ceidd/ fpypothése reste encore un probléme épineux, et
demDQGH SUREDEOHPHQW OfpODERUNDWQRRQPEBJIJPREQOMHVHPI)F
200Q Schmittbhulet al GX IDLW GH OD FRPSOH[LWp GX SURFHVYV
microstructures de la roche. La clé de ce probléme semble résider dans tificgtiam du
comportement collectif régissant la complexité des interactions mécaniques entre les cracks

multi-échelles et les hétérogénéités préexistantes du milieu.

1.3.2. Mécanique du frottement et seuil de résistance au glissement

La plupart des phénomeénassociés au frottement peuvent se comprendre sur la base des
lois phénoménologiques du frottement énoncées dés le 17éme siécle par Amontons (1699) puis
Coulomb (mais déja mises en évidence par Léonard de Vinci 200 ans auparavant). Amontons et
Coulomb ontmontré que pour déplacer un objet sur une surface plane, une force tangentielle a
OTLQWHUIDF HsPrieesdaire@fith de dépasser la force frictionneller XL VIRSSRVH D

mouvement. Cette force minimalet éirectement proportionnelle au chargement normahk
OfLQWHUIDFH LFL OH SRLGV GH OYREMHW $XWUHPHQW G

lorsque: , définissant le coefficient el frottement statique. De plus,

Amontons et Coulomb ont mis en évidence queQH GpSHQG SDV GH OfDLUH GH |

frottant. Ce dernier résultat tres cortteQ WXLWLI D GplLp OYLPDIJLQDWLRQ GH

sieccles&y DQW TXH %RZGHQ HW 7DERU GDQV OHXU WKpf
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proposent une explication. La clé de ce phénomene est la rugosité de surface. A cause de cette

rugosité, les zones dmntact réekntre les surfaces sont bien pluslpg HV TXH OfDLUH GH
apparenteHQWUH OHV VXUIDFHYV Wdd Gish Hnd cofiséquenke RédMteDeStISD UD L
TXH OH FKDUJHPHQW QRUPDO DXTXHO RQ VRXPHW OYREMHW
HW QRQ VXU OTHQWHBHOMIBREMMW VXQIPRQVPpTXHQFH OD FRQV
ces contacts, HVW ELHQ SOXV JUDQGH TXH FHOOH TXH

FKDUJHPHQW QRUPDO VH UpSDUWLVVDLW VXU OTHQVHPEOI

%YRZGHQ HW 7DERU VXSSRVHQW DORUV TXTDX QLYHI
GH IDoRQ SODVWLTXH MXVTX j FH TXH OfDLUH GH FRQWDFW
FKDUJHPHQW QRUPDO /YfDLUH UpH G hrogoxiorkl® & B FaeHVW D

appliquée : , OU est la dureté du matériau (une mesure de la résistance du

PDWpULDX j OfpFUDVHPHQW &H PpFDQLVPH -SéudiRHEBN GH UH\
HITHWH O RWIWDQWH pWDQW OYDLUH UpHOOH RQ VIDWWHQG

proportionnelle a cette aire : . Le coefficient de proportionnalité correspond a la

résistance au cisaillement @QLYHDX GHV FRQWDFWV (Q XWLOLVDQW OfH
de contact réelle, RQ DERXWLW j XQH IRUFH IULFWLRQQHOOF

G 1% PR QQaubaly : , avec . Cette explication de Bowden et Tabor

(1950, 1964) permet de comprendre la proportionnalité de la force de frottemanis/ide la
IRUFH QRUPDOH PDLV pJDOHPHQW OYLQGpSHXG O®REBH GX F
surface apparente de contact. eH H[SOLFDWLRQ UHSRVH FHSHQGDQW VXL
SODVWLTXH GHV DVSpULWpV TXL VL HOOH HVW SHUWLQHQV
matériaux au comportement élagpiastique tels que les roches de la croute terrestre. De fait,
Archard (1957) puis Greenwood et Williamson (1966), ont montré que le point clé du
UDLVRQQHPHQW SUpFpGHQW FYHVW j GLUH OD SURSRUWLRQ:
QRUPDO HVW PDLQWHQX PrPH GDQV OH FsbBgBetentGoRDWiSp UL W
HITHW GH PR\HQQH VWDWLVWLTXH VXU OfHQVHPEOH GHV DVS
La simplicité des résultats présentésdessus cache cependant la complexité des
PpFDQLVPHVY GH GpIRUPDWLRQ TXL SHXYHQW rWUutsidg Of°XYU
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OYfLQWHUIDFH SXLV GH OHXU FLVDLOOHPHQW 3RXU QH FLW
thermiquement (e.g. processus de dissolutgmmistallisation ou de déformation plastique)
SHXYHQW FRQVLGPpPUDEOH P HI@ véntackDi€teich et HKiljor2 11994 199€) pHO O H
ou leur adhérence (Hirth et Rice],980). Ces processus physidnmiques responsables du
UHQIRUFHPHQW HQ IRQFWLRQ GX WHPSV GH OfpWDW VWDW
compris comme une cicatrisation des contasesc le temps (Rabinowicz, 1951) résultant dans

une augmentation de la résistance frictionnelle.

En compilant des expériences de frottement sur une grande variété de roches et une large
gamme de chargements, Byerlee (1978) a montré que le coefficierdtienént statique est
étonnamment stable hormis pour certains minéraux argileux. Ces résultats confirment que le
seuil de résistance au cisaillement des failles est linéairement proportionnel a la charge normale
DSSOLTXpH VXU OfLQW HisdrDgkéd locaemeém, Xaw nie@iRdey aspéripés, la
contrainte normale sera bien plus grande que la magnitude du chargement appliqué sur
OfLQWHUIDFH 'H FH IDLW OH VHXLO GH UpVLVWDQFH DX I
linéairement a la contramtnormale par le coefficient de frottement statique, sera lui aussi bien
SOXV JUDQG TXH OH VHXLO GH UpVLVWDQFH JOREDO GH OfL
UXJXHXVH RQ SHXW DORUV VIDWWHQGUH | X@ksistan¢aN UL E X W
IULFWLRQQHOOH OH ORQJ GH OJLQWHUIDFH

1.4. Variation de la contrainte pendant le glissement

Une fois le seuil de résistance au frottement statique atteint, le mouvement sur la faille peut
étre quasiVWDWLTXH RX ELHQ G\Q Dde laTrésidtangeb0 €bQrs OUglissBneitW L R Q
On peut raisonner de fagcon simple par analogie avec un systeraedsod (Figure 1.7). Le
JOLVVHPHQW VXU OD IDLOOH HVW VLPXOp SDU OH PRXYHPH
VIHIIHFWXH DX yetdeYiglditd/ GTXD WHSYUpVHQWH OfpODVWLFLWpP

la faille.
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Figure 1.7.Modéle bloe UHVVRUW LOOXVWUDQW OYRULJLQH GHV LQVWDELOL
du probleme considéré. (b) Diagramme fod#&placement montrant un cas hypothétique instable dans

lequel la force de résistance frictionnelle chute avec le déplacement¢ vitesse plus grande que le

systeme de chargement peut répondre. Dans letcksforce de résistance frictionnelle chuteimovite

que la décharge du ressort, le glissement reste stable.

/IH IRUoDJH HVW LPSRVp j OfTH[WUpPLWp GX UHVVRUW j YLWH
tectonique lointain. Si la résistance au niveau de la faille augmente avec le déplacement, son
PRXYHPHQW HVW VWDiESGH s©OdhbareVH RE&Istae® drfinue au cours du
déplacement, alors deux cas peuvent se présenter. Soit cette diminution est plus faible que la
GpFKDUJH G X -BHdiry §UR ld pentédeHavcwlrbe fodeEplacement est plus faible que

, alors le ressort peut suivre le mouvement, et le bloc glisse de fagon stabltafigase. Si la
diminution de résistance est rapide, avec une pente plus forte glesresort se décharge alors
plus lentement que la faille. La force appliquée est donc plus importante que ce que peut soutenir
OYLQWHUIDFH LO\D XQ GpVpTXLOLEUH GH IRUFH TXL VH WI
donc instable. Le mouvement vaaulir lorsque la droite de pente recoupe la courbe de
UpVLVWDQFH GH OD IDLOOH &H W\SH G $tic3ipw>DdansOd Wp HVYV
terminologie angloVD[RQQH /YREVHUYDWLRQ H[SpULPHQWhe©OH GH FH
conduit Brace et Byerlee (1966) a le proposer en tant que mécanisme des tremblements de terre.
2XWUH FH FRPSRUWHPHQW G9DIID L Elip-waakddirgH) M frietign JOLV V H
dynamique, qui est le seuil de contrainte atteint lorsqfella est mise en mouvement, dépend
de la vitesse de glissement. Plus la vitesse de glissement est rapide, plus le seuil de friction
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G\QDPLTXH HVW EDV 'Yf{DXWUH SDUW VXLWH j XQH DXJPHQWI
augmente quasi instamg&ment, avant de diminuer progressivement pour atteindre la valeur de
friction dynamique. Ces caractéristiques ont été mises en évidences par des expeériences de
IURWWHPHQW GYLQWHUIDFHY YRLU SDU H[HPSOH 'LHWHULFK
propagation de rupture dans des matériaux (par exemple Ohnaka et Chen, 1999). Ces résultats
ont permis de construire des lois de friction de typateandstate» TXL PRGpPOLVHQW Ofp
GH OD IULFWLRQ HQ IRQFWLRQ GH OMD V¥ L VEHOY/N H5 BpoHW DOV D\ I A
surface. Ces lois sont utilisées dans les modéles de cycle sismique, et de sismicité en générale.
5HYHQRQV VXU OH FRPSRUWHPHQW GYDIIDLEOLVVHPHQW F
au frottement diminue au 66UV GX GpSODFHPHQW TXL HVW QpFHVVDLU
propagation quasstatique ou sousritique de la rupture et pour le cas instable de la rupture
UDSLGH VLVPLTXH &RPPH SUpVHQWpP SUpFpGHPPHQW GDQ
chargemat tectonique lointain, la contrainte cisaillante localement sur le plan de faille augmente

depuis un état initial jusqu'au seuil de résistance au frottement & fHVW j FH PRPHQW 1
rupture commence a seRISDJHU HW OD FRQWUDLQWH FLVDLOODQWH F

lorsque le seuil frictionnel final est atteint. La Figure 1.8 illustre la complexité de la variation

de la contrainte cisaillante lors du glissement en un poetla faille. Dans les études
sismologiques, il est difficile de déterminer cette variation complexe du fait des difficultés
WHFKQLTXHV UHQFRQWUpHY GDQV OfHQUHJLVWUHPHQW HW
GTpWXGLHU OD SK\VénisXde tetd \darw Ued RgplcHtiens sismologiques, le
FRPSRUWHPHQW HVW JpQpUDOHPHQW VLPSOLILp HW VXLW
(Kanamori et Rivera, 2006). Dans ce cas (Figure 1.9a), la contrainte cisaillante chute depuis le

seuil de résisince frictionnel jusqu'a la valeur du frottement dynamiqueet reste constante

MXVTX j OD ILQ GX JOLVVHPHQW /H VHXLO GX IURWWHPHQW
guantité de déeplacement. On@aH GH GLVWDQFH GH JOLVVHPHQW FULWLTX
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Figure 1.8.Variation complexe de la contrainte cisaillante en fonction du déplacement en un point sur

la faille. Au commencement du processus de rupture, la contraintdlaciga augmente depuis
MXVTXITDX VHXLO GH UpVLVWD QuisHa eitrdittdRaMie Iddns1 @ Wajst \bobpleker X H

jusqu'asavaleurfinale aOfDUUrw GX JOL\W\KafaHdp &t RiddRaGA0Dbp G

$ILQ GIXQLILHU OYDYDQFHPHQW GH OD IDLOOH SDU IUDFW
partie néoformée, on peut raisonner de la fagon suivante en un point de la faille. Une fois que la
résistance statique est attdtht HQ FH SRLQW TXL SHXW rWUH OYfH[WUpPLW

a |, i.e. la chute de contrainte, matérialise la dissipation progressive de la force de cohésion
dans la dreakdown zone au cours du glgement 'XUDQW FHW pSLVRGH OfpQH
j OTLQLWLDWLRQ GH OD UXSWXUH FLVDLOODQWH VXUIDFH J

fracturation  dissipée lors de la création de la nouveiterface dans la zone de cohésion, i.e.
au niveau du point considéré. DepuisjusquaOfDUUrW GX JOLVVHPHQW OfpQHL

essentiellement par chaleur lors du frottement.
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Figure 1.9. 0RGqOH G{DIIDLE OMHPHPW M) KKQ BRILWYW GH OD UXSWXUH R

aux propriétés frictionnelles homogénes. (a) Variation simplifiée de la contrainte en fonction du

glissement. Dans le cas dynamique, la contrainte cisaillante chute depd$X VT XD X VHXLO GH IUF
dynamique VXU XQH GLVWDQFH FULWLTSOL\G UHVIWHE GFIROQAHPBIQWH M X
JOLVVHPHQW $X FRXUV GX JOLVVHPHQW FUL&anT X Hhéce§sbitd BLEOLV V|
OTLQLWLDWLRQ GH OD UXSWXUH FLVDLOODQWH PDWpULDOLVH OD
OfLQWHUIDFH ORUV GH OD FKXWH GH .HRgVEUCBI quagtdtigde, D P LT X H
contrainte cisaillante chute progressivement depuisjusqu'a la contrainte finale, sans émettre de

radiation et le systeme est alors purement dissipatif. (b) Profiles schématiques de glissement et de
FRQWUDLQWHYV Celstijie@dmageneQinspirk @eAHdrews (1976, 1980), Kanamori et Rivera
(2006), BerZion (2003).

Si la contrainte cisaillante chute de facon qushafique, alors la résistance au cisaillement
VH GpJUDGH SURJUHVVLYHPHQW GotldiDsyitmd kist @lors puiemehP H Q W
dissipatif, i.e. touteOfpQHUJLH HVW GLVVLSpH HQ IUDFWXUDWLRQ HW
QYHVW UDGL p HsileRt @arthguake bl Gekcr&ep»).
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La Figure 1.9b illustre les profils de variation deQW UDLQWHYV HW GH JOLVVHPF
faille élastique (Andrews, 1976, 1980), avec des propriétés frictionnelles spatialement
homogenes. Dans le modéele dynamique, la contrainte cisaillante chute rapidement au cours du
JOLVVHPHQW FULWIQWHSXLNIIDHEWHVYX PHXLO GH IURWWHPH
de la rupture. Dans le modéle quskitique, la chute de contrainte est progressive au cours du
glissement depuis le seuil de résistance statique jusqu'a la contrainte cisaillante finale.

Cesmodéles présentés-66 HVV XV WUDGXLVHQW OfpYROXWLRQ GH OL
GpSODFHPHQW XQLTXHPHQW HQ XQ SRLQW VXU OYLQWHUIDF
faille aux propriétés frictionnelles homogenes. Dans le paragraphe iuiesuévidences de
OfKpWpURJIpQpLWpP VSDWLDOH HQ JOLVVHPHQW HW HQ FRQW
GLVFXWpHV DX UHJDUG GH OYLPSOLFDWLRQ SUREDEOH GH OL

1.5. Heétérogéneité spatiale du glissement de la contrainte

La quantité de modeles cinématiques issus de données géophysigues accumulée ces

derniéres années (vittp://www.seismo.ethz.ch/srcmigdur une base de donnée en ligne des

modeles) rensgne sur les complexités multiples que présentent les tremblements de terre au

niveau de la source.
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Figure 1.10.0RGqOH FLQpPDWLTXH LOOXVWUDQW OTKpWpURJIJpQpLWp VS
du tremblement de terre de Northridge en 199ddifié de Tinti et al. (2005).

'TXQ SRLQW GH YXH PpWKRGRORJLTXH OHV LQYHUVL
considérablement évolué depuis leur apparition dans les années 80. Les données utilisées ne se
limitent plus aux seuls mouvements forts enregistrés.eRemple, Wald et Heaton (1994) ont
UDMRXWp OTXWLOLVDWL;RH@néndez&tldlV XUHVRIQWGHPIYMRXMAM OTXW
PHVXUHV GILQWHUIpURPpWULH UDGDU SRXU FRQWUDLQGUH
modeles directs se sontnéliorés, par exemple Tingt al (2005 proposent une nouvelle
IRQFWLRQ VRXUFH GH JOLVVHPHQW SHUPHWWDQW GH VH UL
dynamique. En permettant de scruter les détails spatiporels de la rupture, les modeéles
cinématques mettent en évidence une grande hétérogénéité et une grande variabilité du
JOLVVHPHQW HW GRQF GH OD YDULDWLRQ GH FRQWUDLQWH
Les modeles cinématiques nous aménent alors & considérer la rupture macrestmagiaille
FRPPH XQ SURFHVVXV GLQWpPJUDWLRQ GHV KpWpURJpQpLW
rupture macroscopique de la faille peut alors étre schématisée comme une chaine de systémes

bloc-ressort unitaire (Figure 1.11).

Figure 1.11.Diagramme schématique de systémes-béssort unitaires illustrant la complexité de la
rupture macroscopique le long de la faille. La variation de la contrainte cisaillante avec le glissement

pour chaque bloc matérialise la rupture en des points discrets fhdle.
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Chacun des blocs matérialise la rupture en un point de la faille et chacune de ces ruptures
unitaires interagit avec les autres ruptures de maniére a faire émerger un comportement collectif.
Les variations de la contrainte et du glissement ésirégs en chaque point peuvent étre alors
GLYHUVHV HW FRPSOH[HV |j OD GLIIpUHQFH GTXQ PRGqgOH
PRGqQOHV GH UXSWXUH G\QDPLTXH EDVpV VXU OH FRQFHSW (
GRQF GLQWURG X LdpHialX Qars ¥ perdinEtte® coNgitutifs de la rupture, par

exemple en faisant varier , le seuil de résistance statique, ou bien le seuil de frottement

dynamique. Rappelons alors que la vision cinématique de la rupture réduitdébsateurs a

utiliser des criteres stochastiques pour décrire la variabilité spatiale des parameétres constitutifs
(i.e. une multitude de calculs de rupture avec une variation spatiale discréte ou régis par une loi

de puissance des parametres constitu(@sjler et al, 2005; Rippergeret al, 2007; Hok,

2008). En effet, les inversions cinématiques permettent uniquement de contraindre
OYKpWpURJpQpLWp VSDWLDOH GX JOLVVHPHQW HW GH OD FK:
laboratoire sont nEQ PRLQV VXVFHSWLEOHY GIDSSRUWHU GHV LQIRUF
variabilité des parametres constitutifs & incorporer dans les modeles numériques. Cependant, les
disparités entre les valeurs observées en laboratoire (e.g., Brace and Byerlpest X@fiés
typiqguement estimées par les sismologues (e.g. Kanamori, 1994; Abercrombie, 1995) soulevent
OH SUREOQPH pSLQHX[ GX FKDQJHPHQW GYfpFKHOOH (Q HIIHV
généralement dix a cent fois plus élevée que les rskestimées par les sismologues pour les
JubQGY WUHPEOHPHQWY GH WHUUH 'DQV OH PrPH VHQV OF

REVHUYpHV SRXU OHV JURV VpLVPHV VRQW W\SLTXHPHQW !
expériencesGH IULFWLRQ HQ ODERUDWRLUH HOOHV VRQW GH Ofl
gue les sismologues travaillent a partir des images cinématiques, et manquent du coup les petites
échelles (<1 km), qui sont pourtant susceptible de porter la pluslegnzariabilité (Marsan,

2006; Madariaga, 1979 (Q GYDXWUHV WHUPHV OHV H[SpélésH®BFHV GH
hétérogénéités en contrainte et en glissement aux petites échelles, lissées et homogénéisées dans
les approches sismologiques? Cettesgion ramene a un autre probleme fondamempaélle

est la part entre les hétérogénéités dynamiques, i.e. générées par les processus en jeu lors des

évenements de ruptures, et celles liées a la géométrie du plan de faille ? Haseffetdeles
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cinémaWLTXHV QH SHUPHWWHQW SDV GH GpWHUPLQHU VL OfYRU
HQ JOLVVHPHQW HVW OLpH j GHV FRPSOH[LWpPV JpRPpWULTX
OYKpWpURJIpQpLWp HQ FRQWUDLQWH HMiqué Qu frant.deViiptond QW SH.
lui-méme qui laisse la faille dans un état hétérogéne (Horowitz et Ruina, Ta8%on et

Langer, 1989 'T1XQ DXWUH FRWp OD JpRPpWULH GH OD IDLOOF
OfLQLWLDWLRQ GH OD UXSWWWH WIQRBR®@ MM FARIMWN DIDQ WY V
variabilité spatiale du seuil de résistance statique, comme énoncé précédemment ; (ii) la
propagation de la rupture en affectant le glissement frictionnellW LLL OfDUUrW GHV W
de terre pala segmentation de premier ordre (Wesnousky, 20@@ighettiet al, 2007) @ par

les aspérités de plus petites échelles qui peuvent progressivement stopper la rupture (Hok, 2008).

1.6. Plan du manuscrit

'DQV FH WUDYDLO GH WKqVH iokl fridlti-édhéll€ desXppogdriéte® UD F W
JpRPpWULTXHV GHV IDLOOHV 3RXU VH IDLUH OYXWLOLVDWLI
(LIDAR, profilométre laser, interférométre a lumiére blanche) a permis de quantifier la
topographie de surfaces de glissaiseexhumées dans des environnements tectoniques varieés
($OSHV $SHQQLQV 7XUTXLH &DOLIRUéthmétriqoeDusdn'a @ HS XLV
WDLOOH GX JUDLQ $ILQ GYpWHQGUH PRQ DQDO\WH MXVTX j (
de ruptires de surface de 8 tremblements de terre continentaux récents a également été étudiée.
Celarge spectre de mesures visait a obtenir une image cohérente, précise et spatialement
continue des propriétés géométriques des failles. Le modele de la topognajihiechelle des
failles qui émerge de mon analyse, a ensuite étéaufilisLQ GfpYDOXHU OHV FRQVpTX
de la rugosité des failles sur la mécanique des tremblements de terre, notamment sur la
distribution spatiale du glissement et des cof@8 HY ORUV GYIXQ pYpPpQHPHQW GH

HVW XQH pWXGH GH OD SUpFLVLRQ HW GH OD ILDELOLWp C
corrélations spatiales éventuelles de la topographie des surfaces de failles. Le chapitre 3 présente
OfHFEMOH GHV UpVXOWDWY UpYpOpV SDU OTDQDO\VH GHV VXL
ruptures. Le chapitre 4 présente une approche numeérique asdérmontrer le rapport de
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FRUUpODWLRQ SUREDEOH HQWUH OD JpRRERWMW glidse@eny IDLOC
visible sur les modéles cinématiques de rupture sismique. Le chapitre 5 présente un modéle
WKpPpRULTXH UpYpODQW OYLPSOLFDWLRQ SUREDEOH GH OD UX
chute de contrainte le long du plan de &ille chapitre 6 est une étude théorique et numérique

GH OYfHIIHW GH OD UXJRVLWp VXU OD UpSD Ueladtigue RQAIEHV FRC
matériel endommagé) entourée par deux surfaces de failles. Enfin, le chapitre 7 présente une
perspedVLYH PHWWDQW HQ DYDQW OYRUJDQLVDWLRQ VWUXFW)>
terrain, et visant a donner des pistes quant aux procas€U§ RULJLQH GH OD UXJRVL\
étudiées.

/IHV SULQFLSDOHYVY FRQFOXVLRQV GeSd&RpeiVgnHs¢ r&sDrierddgH Q V H
la maniere suivante
(i) Un unique modéle géométrique aulILQH FDUDFWpULVH OTHQVHPEOH
PWXGLpHY GHSXLV OfpPHHSDIHY &N X B HQOBXNVIRXWH VLVPRJp
(i) Cette description des suriex de failles exhumées et des traces de ruptures, lesquelles sont
toutes deux des marqueurs de la morphologie des structures actives des zones de failles, est
indépendante du contexte géologique et plus particulierement du déplacement accumulé.
(i) Les hetérogénéités spatiales en glissement et en contrainte observées par les sismologues le
long des failles, peuvent étre expliquées par le poinconnement suivit du cisaillement de deux
interfaces rugueuses atdffines (i.e. comme il serait le cas en profamjleLes fluctuations -
(dans le plan) du glissement et de la chute de contrainte sont caractérisées respectivement par
XQ UpJL P HaffiGitg snaire a celui de la rugosité-[3 des lévres de la faille, une

magnitude qui augmente vdes petite®chelles.
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2.1. Chapter 2 overview (Pesentation du Chapitre 2)

2.1.1. Introduction

Dans ce chapitre, je présente un article publié dans la|Raweeand Applied Geophysi|cs

(Candelaet al, 2009). Cett étude vise a tester la fiabilité et la précision des méthodes
VWDWLVWLTXHY TXL SHUPHWWHDRQMW. GH ¥ VeGMXARHI VOKHIM DEFBIRS )
OYDLGH GH VafiddDdymhétiquesWBrermet al, 2007; Clausel et Vedel, 2008),

deux sotes de biais ont étés iddids: les artefacts inhérents @ IDFTXLVLWLRQ GHYV
naturelles et les erreurs intrinséques des méthodes statistiques elle mémes. Des résultats

préliminaires sur la morphologie des surfaces de failles naturelles sa@mégaprésentés.

2.1.2. Presentations at international meetings

2009 European Geosciences Union, General assembly, Vienna (Austria):
Candela T, Renard F., Bouchon M., Brouste A., Marsan D., Schmittbuhl J., and
Voisin C., Characterization of Fault Roughness\Various Scales: Implications of
ThreeDimensional High Resolution Topography Measuremen@&eophysical
Research Abstract¥ol. 11, EGU20091984.

2008 European Geosciences Union, General assembly, Vienna (Austria):
Candela T, Renard F., Schmittbuhl,JBouchon M., Roughness of Fault Surfaces:
Implications of High Resolution Topography Measurements at Various Scales.
Geophysical Research Abstrac#ol. 10,EGU2008.

2.1.3. Contributors to Chapter 2

-{DL SHUVRQQHOOHPHQW SUR G XL©Ms WeRutad/ topddndphiquesX O W D \
acquises sur le terrain (LIDAR) ont été effectuées par F. Renard et C. Voisin. Les mesures
topographiques en laboratoire des échantillons des surfaces de failles, ont été réalisées par
moi-PrPH j OTLQVWLWXW Gél de&s BirdsbdukgHen Gelllaldotakole avec J.
Schmittbuhl.

33



Accuracy of the signal processing tecluuies

34



Accuracy of the signal processing tecluuies

2.2. Characterization of Fault Roughness at Various Scales: Implications

of Three-Dimensional High Resolution Topography Measurements

Thibault Candeld, Francois Renard % MichelBouchor?, Alexandre Brousfe
David Marsan, Jean Schmittbufland Christophe Voisih

'University Joseplfrourier - Grenoble |, Laboratoire de Géodynamique des Chaines Alpines,
CNRSOSUG BP 53, 38041 Grenoble, Fran¢Ehjbault.Candela@ujgrenoble.f

francois.renard@ujgrenoble.fy.

“Physics of Geological Processes, University of Oslo, Oslo, Norway.

%University JosephFourier - Grenoble |, L&oratoire de Géophysique Interne et

Tectonophysique, CNR3SUG Grenoble, France |christophe.voisin@ujgrenoble.ff

michel.bouchon@ujgrenoble f).

“University of Le MansLaboratoire Manceau de Mathématiques, CNRBjversité du

Maine,Le Mans, FranceAlexandre.Brouste @uniemans.f].

®University of Savoie, Laboratoire de Géophysiquerteeet Tectonophysique, CNRS, Le

Bourget du Lac, Francglévid.marsan@unigavoie.fj
®UMR 75186, Institut de Physique du Globe de Strasbourg, Strasbourg, France.

Abstract

Accurate description of the togmaphy of active faults surfaces represents an important
geophysical issue because this topography is strongly related to the stress distribution along
fault planes, and therefore to processes implicated in earthqualeatigt| propagation, and
arrest. D date due to technical limitations, studies of natural fault roughness either
performed using laboratory or field profilometers, were obtained mainly fr@npiofiles.
With the recent development of Light Detection And Ranging (LIDAR) apparatus, Gius n
possible to measure accurately thé® 3opography of rough surfaces with a comparable
resolution in all directions, both at field and laboratory scales. In the present study, we have
investigated the scaling properties including possible anisotroppiepof several outcrops
of two natural fault surfaces (Vuache stelgp fault, France, and Magnola normal fault,
Italy) in limestones. At the field scale, digital elevation models of the fault roughness were

obtainedover surfaces of 0.25%o 600 nf with a height resolution ranging from 0.5 mm to
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20 mm. At the laboratory scale, thdD3geometry was measured on two slipnas, using a
ODVHU SURILORPHWHU ZLWK D VSDWLDO UHVROXWLRQ RI

Several signal processing tools exist for analyzing the statistical properties of rough
surfaces with seléffine properties. Among them we used signal processing techniques: (i)
the rootmeansquare correlation (RMS), (ii) the maximeminimum height difference
(MM), (iii) the correlation function (COR), (iv) the RMS correlation function (RKISR),

(v) the Fourier power spectrum (FPS), and (vi¢ thavelet power spectrum (WPS). To
investigate quantitatively the reliability and accuracy of the different statistical methods,
synthetic seHaffine surfaces were generated with azimuthal variation of the scaling exponent,
similar to what is observed faoratural fault surfaces. The accuracy of the signal processing
WHFKQLTXHV LV DVVHVVHG LQ WHUPV Riafil&Kexp@entiksetiHQFH E
IRU WKH VI\QWKHWLF FRQVWUXFWLRQ DQG WKH 3RXWSXW
methods Two kinds of biases have been identified: artifacts inherent to data acquisition and
intrinsic errors of the methods themselves. In the latter case, the statistical results of our
parametric study provide a quantitative estimate of the dependence of tmacgcaith

system size and directional morphological anisotropy.

Finally, based on this parametric study, we used the most reliable techniques (RMS
COR, FPS, WPS) to analyse field data. These three methods provide complementary results.
The FPS and WPS meittis determine a robust characterization of the fault surface roughness
in the direction of striations and perpendicular to them. The RI@& method allows
investigating the azimuth dependence of the scaling expdRenboth field and laboratory
data, thetopography perpendicular to the slip direction displays a similar scaling exponent

. However, our analysis indicates that for the Magnola fault surface the scaling
roughness exponent parallel to the mechanical striation is ideatitaige and small scales
whereas for the Vuache fault surface it is characterized by two different self
affine regimes at small and large scales. We interpret this-ovesdength scale as a witness

of different mechanical prosses responsible for the creation of fault topography at different

spatial scales.

2.2.1. Introduction
Knowledge of the detailed fault geometry is essential to understand some major processes
involved in faulting such as grain comminution or asperities abrasiong slip, geometrical

heterogeneity of the stress field that controls earthquake nucleaonp{i® et al, 2001,
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Voisin et al, 2002a), rupturg@ropagation, and arrest (Voiset al, 2002b). Establishing
correlations between geometrical pedjies é fault roughness (Powest al, 1987, 1988;
Powerand Tullis, 1991;Schmittbuhlet al, 1993;Lee and Bruhn1996;Power and Durham
1997; Renardet al, 2006; Sagyet al., 2007), seismic é&havior of faults (Okubo and Aki,
1987; Parson 2008), frictional strength and critical slip distandé&cholz 2002), wear
processes ding fault zone evolution (Poweat al, 1988) represents a fundamental issue to
understand seismic faulting.

At the laboratory scale, Amitrarend Schmittbuhl(2002) highlight a complegoupling
between fault gouge generation and fault roughness development. At larger scale, asperities
control the slip dtribution of earthquake (Peyrat al, 2004). Indeed asperities on active
fault planes concentrate thieess (Marsan2006; Schmittbll et al, 2006) and therefore may
control earthquake nucleation (Lagt al, 1982; Scholz2002) and the propagation of the
rupture to its ultimate arrest (AkiL984). High resolution relocations of earthquakes using the
multiplet technique have shown esiks of earthquake along severallfs in California
(Rubin et al, 1999). This pattern has been interpreted as resulting from the presence of an
organized large scale roughness (asperities) resisting shpf®t al, 2002).

Despite recent progress seismology, the imaging of fault planes over a large range of
scales at depth is not yet available. A quasgue access to high resolution description of the
fault plane comes from exhumed fault scarp observations. This requires, of course, that the
main morphological patterns of faults mapped at the surface of the earth persist at least across
the seismogenic zone. Due to technical limitations, prior comparative studies of natural fault
roughness were mainligased on 1D profilometry (Powet al, 1987,1988; Power and
Tullis, 1991; Schmittbuhkt al, 1993;Lee and Bruhn1996; Power and Durhaml1997.

These 1D measurements have shown that fault roughness can be characterized by a scale
invariance property described by a s#ifine geometry (see seati@.22 for the definition of
self-affinity) with a roughness scaling exponent close to 0.8 for profiles oriented in a direction
perpendicular to the striations observed on the fault plane. Such striations are aligned in the
direction of slip. The value .8 is similar to what was measured for tensile craeksvéret

al., 1987; Schmittbuhét al, 1995b; Bouchaydl997). Moreover, the influence of slip was

also quantified: the fault surfaces have smaller roughness amplitude along the slip direction
thanperpendicular to itRoweret al, 1988;Powerand Tullis, 1991;Lee and Bruhn1996;

Power and Durhapi997. The compiled fault roughness statistics of several stuBi@ser

and Tullis, 1991;Lee and Bruhn1996; BerZion and Sammis2003) suggest a chge in

scaling properties between large and short length scales. However, considering the noise in
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their data, these authors underlined that it was not possible to decipher whether this variation
was related to smaficale surface weathering of the fauttugp or to the faulting process
itself.

With the recent development of high resolution distancemeters, it is now possible to use
accurate statistical approaches to quantify fault roughness. Indeed, portable 3D laser scanners
(also called LIDAR, Light Detemn And Ranging) allow mapping fault surface outcrops over
scales of 0.5 mm to several tens of meters. The accuracy of the measurements enables a
reliable quantification of the dat&enardet al. (2006) and gy et al. (2007) demonstrated
precisely the saling invariance and anisotropy properties of fault topography using ground
based LIDAR and laboratory profilometers. In these previous studies, statistical analysis of
fault roughness was carried out with a single signal gsicg tool. HoweverSchmitbuhl et
al. (1995a, 1995b) recommend the simultaneous use of different methods in order to
appreciate the confidence in the measured scaling invariance properties.

In the present study, we use new roughness data to extend the type of measurements
made byRenardet al (2006) andSagy et al. (2007) and propose a parametric study of the
statistical results of fault topography, using multiple signal processing tools. In order to
investigate the reliability and accuracy of the different signal processing rsgthodhetic
self-affine surfaces were generated with azimuthal variation of the scaling exponent. These
synthetic rough surfaces are completely characterized by two differesatffesdf exponents
prescribed in perpendicular directions. When comparingetisynthetic surfaces to natural
faults, one should keep in mind that any-sdfine model can only describe a real surface to a
finite degree of accuracy, and only within a finite range of scales. After this systematic study,
we used the most reliable chraccurate techniques to investigate the scaling properties and
anisotropy of several outcrops of two natural fault surfaces that have been measured using 3D
laser scanners in the field and a laser profilometer in the laboratory.

This par is organized agollows. In sction 2.22, following a brief explanatory
discussion of the selffine notion, the generation process of syntheticaféiie surfaces
with a directional morphologat anisotropy is described. lledion2.23, statistical methods
to defne the sekaffine properties are reviewed. Sectidi24 is devoted to the systematic
study of the accuracy of the methods. Secd®b is devoted to the acquisiticof data on
natural fault. In sction2.26, analysis of the roughness, covering sixeosdof magnitude of
length scales, is performed on several outcropwofratural faults. Finally, inextion2.27,

we conclude by linking our findings on the statistical properties of natural fault topography to
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the results of earlier studies, with thkimate goal of developing a more mutually consistent

description of fault asperities geometry.

2.2.2. Generation of selfaffine surfaces
222.A Seltaffinity in 1D and 2D

Surface roughness analysis provides a statistical characterization of a surfaceswhich i
simpler and easier to use than a complete deterministic descriptgeophysics, Brown and
Scholz(1985) andPoweret al (1987) demonstrated the ssifilar property of natural fault
surfaces at field scale. Coming from statistical physics, a nerergl scaling transformation
has been proposed: selffinity (Mandelbrot 1985; Mandelbrot 1986; \bss 1985) that was
successfully used for the quantitative descripabfault roughness (Schmittbuét al, 1993,
Renardet al, 2006).

A self-affine 1D SURILOH UHPDLQV XQFKDQJHG XQGHUMVKH VFD
Iz : "z for 1D profiles (Figure2.1) extracted from a surface @dkin + HudH  /
WKH FRRUGLQDWH DQR ©é roMdghhksS ahiplitudeHFdD @ -@fffrie profile
the scaling exponen, also called Hurst exponenf@ LHV L Q W Kk 1J BdQardingly,’
selt-affinity implies that a profile appears less rough as the scale increases. In other words, if a
profile is selfaffine, a magnified portion of it will appe statistically identical to the entire
profile if different magnifications are used in the x ardirections (Figure.l).

For 2D surfaces, this sedfffinity property can be described for sets of 1D parallel
profiles extracted from the surface. Moregve the surface is striated along some given
orientation, anisotropic scaling behavior can emerge\varies for different directions in the

plane of the surface. An anisotropic s&ffine surface with coordinates obeys

the property: , Where is a positive dilation factor, and

are the Hurst exponents, comprised between 0 and 1, in two perpendicular directians of t
surface. is defined along a direction parallel to the main striations, andis defined

along a direction perpendicular to the striation (Figlid).
2.2.2. B. Synthetic anisotropic selfaffine surfaces

To calculate synthetic fault surfaces (Fig@igéb), we used a Fourier based method to

simulate a matrix scaling random Gaussian field on a 2D grid, where an anisotropy matrix
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was introduced when calculating the 2D Gaussian randelch flhe

eigenvalues of this matrix correspond to the inverse of the two roughness exponeiaisd

that characterize the selffine properties of the generated surface in pggoendicular

directions (Biermeet al. 2007, Qauseland \ede| 2008). The code to generate an anisotropic
2D seltaffine surface, written in Matlab®©, is given in the apperfl and can be run easily
on a desktop computer.

In the following sections, we decompose the signal processalgsis of rough surfaces
in two stages. Firstly, we present the six signal processing tools used to estimate- the self
affine property of an isotropic surface with a single Hurst exponent (FXjlag as observed
for example for fresh mode 1 brittle fiaces in rocksPoweret al, 1987; Schmittbuhét al,
1995b; Bouchaud1997). For this, we have synthesized several isotropic surfaces with an
exponent in the range [0-10.9] and grid sizes in geometrical series: 129 x 129 points, 513 x
513 points, 202 x 2049 points. Secondly, we analyse synthetic anisotropic surfaces (Figure

2.1b) with in the range [0.70.9] and  in the range [0.4 0.9].

2.2.3. Statistical signal processing methods

We have used six differembethods that characterize the amplitude of the roughness at
various spatial wavelengths. All these methods, presented in the followirggstitns, are
based on the analysis of 1D profiles (Fig@réc) that are extracted from the 2D Digital
Elevation Malel (DEM) of 2D surfaces (Figuizla, b). For each surface, a set of 1D parallel
profiles in a specific direction are extracted, detrended and then analyzed. Then, the properties
are averaged over all the 1D profiles to characterize the 2D surfacecimogen direction. To
study the azimuthal dependence of the statistical properties of the surfaces, we have extracted
profiles in several directions, following a 360° rotation. Estimating the statistical properties of
the surface in various directionBénad et al, 2006) allows characterizing a morphological
anisotropy.

For the application to natural fault surfaces, we also tested how the noise in the data and
the presence of missing points could affect the estimation of fault surface. Indeed, the raw
scamer data consist of clouds of points, with x, y, and z coordinates, sampled more or less
regularly. Sometimes, data are missing (vegetation on the fault plane, low reflectivity of the
scanner light beam), and the surface is incomplete. An interpolatibansecessary, which

induce a bias in the estimation of scaling exponents that need to be estimated too.
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Figure 2.1.Digital Elevation Models (DEM) of 2D synthetic saffine surfaces (up) and 1D profiles

(down) generated using the algorithm of the emgix. (2) Surface with an isotropic saelffine

property characterized by a Hurst exponent of 0.8. (b) AnisotropiaHaie surface with two Hurst

exponents ( and ) in perpendicular directions(c) Represetative 1D profiles

extracted in two perpendicular directions of surface (b). Inset: magnified portion of a profile along the

direction (parallel to the striations), which has a statistically similar appearance to the entire

profile ZKHQ XVLQJ D UHVFDOEQJ /[ : /[ /]
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2.2.3. A Root-meansquare correlation (RMS) and maximumminimum height
difference (MM) methods
Consider a 1D profile L(x) that is divided into windoafswidth and indexed by the

postion of the first point  of the band. The standard deviation of the height
and the height difference between the maximum and minimum height are computed
for eachband, and then averaged over all the possible bands of fixed widtspanning the

profile, by varying the origin . We then obtain and , Where both quantities

follow a power law for a seliffine profile: and

(Schmittbuhlet al 1995a).
Note that this technique is useful when is not too clos¢o O or 1 where a significant

error can be measureseg Figure2.3a, b £2.4a, b). Usually, levelling off of at small

values is due to the noise in the data (see Figiie d), and levelingff at large is

due to the finite size ohe profile.

2.2.3. B. Height-height correlation function (COR) method

For a signal , we consider the heigiieight correlation function defined by
, Which estimates the average heighight difference

betweentwo points of the profile separated by a distance For a seHaffine profile, the
correlation function follows a powdaw such that where H is the Hurst

exponent.

2.2.3.C. Standard deviation of the correhtion function (RMS-COR) method
For a profile containing  points, the height difference  between each pair of
points separated by a distance is calculated. The widow size is varied between the

sampling distance and the size of the system and, for a giverthe standard deviation of

the height difference is calculated. For a sedffine surfacethis measurement

follows a powetlaw such that . This method was successfully applied to

characterize the sefifffine properties of the Vuache fault plafe(ardet al.2006).
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2.2.3.D. Fourier power spectrum (FPS) method

The Hurs exponent can be estimated from the Fourier power spectrum which has a
power law form for a 1D seliffine profile (Barabasiand Sanley, 1995; Meakin,1998). For
each parallel profile, the Fourier power spectrum , i. e. the square of the modulus of the
Fourier transform, is calculated as a function of the wawaeber . Then the spectrum of
the whole surface is calculated by stacking all the 1D Fourier transforms to reduce the noise
asseiated with individual profiles. For each profile of lengthcontaining  increments,
the spatial frequencies range between and the Nyquist frequency (i.e. the
redprocal of the interval between data points). When plotting the power spectrum as a

function of in log-log space, a sekffine function reveals a linear slope, which is itself a

function of the Hurst exponent through

2.2.3. E. Average wavelet coefficient power spectrum (WPS) method
The average wavelet coefficient method consists of decomposing the input signal into

amplitudes that depend on position and scale. The wavelet transfeawcioflD profile
is defined as where is the wavelet function. Then the

wavelet coefficients are averaged over the translation factdor each length scale :

. If the profile is seHaffine, the wavelet transform verifies statistically that, for
any positive dilatation factor , . Accordingly, the averaged wavelet

coefficierts scale as . A wide range of wavelet functions can be used. For a

simple and efficient implementation, we chose the Daubechies wavelet of order 12 as
suggested inigonsenret al. (1998).

2.2.4. Quantitative estimation of the accuracy of oughness analysis methods
2.2.4. A. Synthetic isotropic and anisotropic rough surfaces

Figures2.1la and2.1b display the topography of synthetic rough surfaces where the data
set includes 2049 x 2049 points regularly spaced on a grid. R2glaeshows amsotropic
rough surface, whereas Figu2db shows an anisotropic surface, with corrugations elongated
parallel to the direction of smaller Hurst exponent (analogue to the direction of slip on a

natural fault surface) and covering a wide range of scales.
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The roughness amplitude of a profile parallel to the striation direction (green curve in
Figure 2.1c) is smaller than that of a perpendicular profile. The profile extracted along the
direction with the smallest exponent (green curve) appears more jaggadathtscales
compared to a perpendicular profile, showing the different effects of the anisotropy of the
surface on the waviness and amplitude of the profiles.

The outputs of the statistical methods described in se2i®d are represented on Figure
2.2 Each curve is calculated by averaging the outputs of all possible parallel 1D profiles
extracted from the anisotropic surface of Fig2iEy. The results are represented in altmy
plot, allowing visualizing the linear portion of the curve that chareeera powetaw
distribution (Figure2.2). This linear portion is binned in a small number of increments, and a
powerlaw fit is performed to extract the Hurst exponent that characterizes tredfsetf of
the profile. The best fits are performed fack curve and a value of the "output" s#fine
exponent is then calculated for all the six signal processing methods.

Using the RMS correlation function, we have also extracted sets of parallel profiles in
several directions, at an angleto the direction of the striations. For each set of profile, we
have calculated the correlation function and estimated the value ofThe angular
dependence of could be represented on a polar plosénin Figure2.2d) (Renardet al,

2006). The anisotropy of such plot characterizes the anisotropy of the surface: an isotropic
surface is represented as a circle of radiuswhereas an anisotropic one has a more complex

elliptical shape.

2.2.4. B. Isotropic surfaces: effect of size and input exponent on the output
estimation of the Hurst exponent

The comparison between the input Hurst exponent used to calculate an isotropic synthetic
surface and the output Hurst exponent estimasaay the six different methods is represented
on Figure2.3, for different system sizes. The RMS, MM, COR and RM3R methods are
all mainly sensitive to the value of the input saffine exponent (the typical trend of the
curve is not parallel to the aljonal). Small selaffine exponents are systematically
overestimated whereas large exponents are underestimated. In contrast, the error for the WPS
method is mainly function of the system size (the response is more or less parallel to the
diagonal). The PS method appears the most accurate technique, with only slight sensitivity
to the input selaffine exponent and size effects. This conclusion should however be
interpreted cautiously as the algorithm used to generate the synthetic surface is based on a
Fourier transform approach. The conclusion of this comparison tests is that the FPS, WPS,
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and RMSCOR methods are the most reliable because they have a small dependence on the

value of the input Hurst exponent and a slight dependence on system size.

Figure 2.2.Outputs of the six signal processing techniques applied on the data of the anisotropic
selfaffine surface shown in Figur2.lb. (a) Rootmeansquare correlation (RMS), (b) maximum
minimum height difference (MM), (c) correlation function (COR) RMS correlation function (RMS
COR), (e) Fourier power spectrum (FPS), (f) Wavelet power spectrum (WR&)dashed lines
represent fits of the curves to obtain the output The inset in (d) displays a polar plot of
obtained by the RMEOR method and allowing then to determine the azimuth dependence ie

black points correspond to the Hurst exponents for the two profiles shown on this plot.
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Figure 2.3. &RPSDULVRQV EHWZHKHQVWKH[SRQEHQWY LQWURGXFHG LQ
LVRWURSLF IUDFWLRQDO %YURZQLDQ VXUIDFHVY DQG WKH 3RXWSX
the six independent signal processing techniquies.three outputs illustrate effects of system éie
Rootmeansquare correlation (RMS), (b) maximuminimum height difference (MM), (c) correlation

function (COR), (d) RMS correlation function (RI@®R), (e) Fourier power spectrum (FPS), (f)

Wavelet power spectrum (WPS). The gray line in (a), (b), ariddicate for which input exponent the

error in the estimation is closest to zero.
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2.2.4.C. Anisotropic surfaces: Interaction between the two input roughness
exponents
For synthetic selaffine anisotropic surfaces, we have calculated the error on the
edimation of the two Hurst exponents. For this, we have built surfaces (2049x2049 points,

similar to Figure 2.1b) for which the Hurst exponents and in two

perpendicular directions were varied in the range fD®]. We have then used the six signal
processing techniques to estimate the values of these same exponents. The absolute error in
the estimation of each Hurst exponent (Fig@ré) depends on the input value of these

parameters and also on the amplgwd their difference ( ).

This error is particularly large for the RMS (up to 20%), MM (up to 25%), and COR (up

to 35%) methods. When the input anisotropy ( ) increases, the absolute error

on the two output expents increases accordingly. The absolute error is smaller in the
direction of the smallest exponent (analogue to the direction of striation on a natural fault
surface) than perpendicular to it. Moreover, it is also noteworthy to mention that these three
techniques show significant errors in the estimation for input exponents closeQt® @\en
if the anisotropy is minimal, demonstrating the limited reliability of these methods to detect
an exponent close to one.

The RMSCOR analysis is also sensitivettee input anisotropy (Figur2.4d), however
such an effect is not strongly pronounced (the absolute errors are smaller, up to 15%). For this
method, the error does not depend on the values of the two input Hurst exponents. For

example, with a synthetic gace defined by = 0.8 and = 0.6, the absolute error

in the estimation of each Hurst exponent is almost identical. As shown in Rigdrevhen
anisotropy is small, the errors do not increase significantlynfaut values close to 1 unlike
the three previous methods.

7KH )36 DQG :36 DQDO\VLY DUH RQO\ VOLJKWO\ VHQVLWI
estimated Hurst exponents do not depend on the input exponent values. Our analysis clearly
shows that the FRShe WPS and, to a lesser extent, the RBAIR methods are the most
reliable. More precisely, the RMGOR and the WPS techniques slightly underestimate and

overestimate, respectively, the roughness exponent compared to the FPS method.
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Figure 2.4.Intrinsic errors in the estimation of the Hurst exponents for anisotropic synthetic surfaces

characterized by two Hurst exponents and in perpendicular directions (2049x2049

points, similar to Figure2.1b). For each signal processing method, histogram plots are represented

where the horizontal axes contains the Hurst exponents  and used as inputs to

generate the synthetic surface. The vertical axis represents teeeddé between the input exponent

and the estimated output Hurst exponent, using the six different methods. For each method, two

histogram plots are represented: the upper one shows the difference ( ) and the

lower one the difference ). The black top surfaces on the histogram bars indicate a

negative difference (overestimation of the output exponent) and the color ones a positive difference
(underestimation of the output exponent). (a) Roeansquare correlabn (RMS), (b) maximum
minimum height difference (MM), (c) correlation function (COR), (d) RMS correlation function- (RMS
COR), (e) Fourier power spectrum (FPS), (f) Wavelet power spectrum (WPS).

Figure 2.5. Polar plots of the angular dependence of the tdurst exponents  and for
synthetic anisotropic surfaces with principal directions oriented at angles and
The Hurst exponents , as defired by the slope in Figure 2.2d, were calculated on

series of 1D profiles extracted at an angle on 2049x2049 points surfaces. Three series of

simulations are represented here for three values ofin the range [0.7+0.9]. For each polar plot,

the different curves corresponds to successive values of The dashed lines correspond to the

values of the output Hurst exponent measured with the RMS correlation methed deshied circle:

, outer dashed circle: ).
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Figure 2.6. Quantification of the intrinsic errors on the estimation of the anisotropy of the surface
( 7KH GLIIHUHQFH EHVWAHNRWUKRBEVCLQBEMWUHQFH EHWZHH(

Hurst exponents) introduced in synthetic surfaces (2049x2049 points, similar to Bighye minus

WKH 3RXWSXW" DQLVRWURS\ LV UHSUHVHQWHG I|-Réhn¥glareé VL[ VLJ(
correlation (RMS), (b) maximwminimum height difference (MM), (c) correlation function (COR),

(d) RMS correlation function (RMSOR), (e) Fourier power spectrum (FPS), (f) Wavelet power
VSHFWUXP :36 %DUV ZLWK EODFN WRS VXUIWFHD QRGRWDW &\ L
SRXSXW” DQLVRWURS\ DQG FRORUHG WRS VXUIDFHV-LQGLFDW

SRXSXW” DQLVRWURS\ ! *UD\ EDUV LQG), thDsWiithoutéROMURSLF VXU

We have also analyzed the ramthal dependence of the Hurst exponent for synthetic
anisotropic sekDIILQH VXUIDFHY &RPSDULVRQV RI WKH 3RXWSXW
RMS-&25 PHWKRG DQG WKH 3LQSXW’ ™ DQLYRWaHR®\udedtHsSHSUHV
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technique becausedoes not require interpolation of the profiles, whereas the FPS and WPS
methods would need regularly spaced data point. A significant directional morphological
anisotropy of surfaces is visible on these polar plots ofvenifaloZ 3SLQSXW" ™ DQLVRWUI
imposed, thus demonstrating the reliability of the R®ISR method to detect a slight
morphological anisotropy. Remarkably, following a 360° rotation, the azimuth variation of
is not progressive. When depardinD IHZ GHJUHHY ITURP WKH GLUHFWLRQ
HISRQHQW WKH 3RXWSXW"™ H[SRQHQW LV DOUHDG\ YHU\ FC
property of anisotropic seéffine surface is not well understood yet.

A tentative way to calculate thegror on the anisotropy that is made when estimating the

anisotropy of the surface is represented on FiguB6s. This plot indicates the error

on the estimation of the anisotropy of the surface, and therefore provides some botlneds on
accuracy of the determination of this property. Almost all methods underestimate the

anisotropy, except the Fourier power spectrum which slightly overestimates it. For the RMS,

00 DQG &25 PHWKRGV ZKHQ WKH 3L iQceasks, tbe@hbsdiRte\eddr S\

RQ WKH 3RXWSXW" DQLVRWURS\ LQFUHDVHY DFFRUGLQJO\
DOO VXUIDFHVY ZLWK WKH VDPH 3LQSXW" DQLVRWURS\ ZKD
affine exponents.

The determination of thh SRXWSXW ™ DQLVRWIERB\FEZS, & WPEKH 506
PHWKRGYVY LV OHVV VHQVLWLYH WR WKH 23LQSXW” DQLVRWU
demonstrating the robustness of these three methods to determine the azimuth dependence of
the statistical prperties of an anisotropic sedffine surface. More precisely, estimates
reported for the WPS method are somehow systematically lower than the two others

techniques.

2.2.4.D. Effect of noise

In all physical measurements, noise is present in the dataideec# the limited
resolution of the measuring device. Such noise is usually described using Gaussian statistics
with a zero mean and a constant variance. We have analyzed how the presence of noise in
synthetic data could alter the estimation of the Hexgtonent. For this, we have calculated
synthetic anisotropic surfaces and added a Gaussian noise with a standard deviation equal to
1/200 of the standard deviation of the rough surface (Figuee b). This artificial alteration
of the synthetic surfaceimics measurements biases obtained on natural data, for example

due to electronic noise in the measurement device or duedihering of the fault surface.
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Figure 2.7.Influence of an additional noise on the saffinity property of an anisotropic sghetic
surface (513x513 points) characterized by two Hurst exponents ( and ) in

perpendicular directions. The Gaussian white noise is characterized by a standard deviation two
hundred times smaller than theughness amplitude of the synthetic surface. (a) Example of 1D
SURILOHV H[WUDFWHG LQ WZR SHUSHQGLFXODU GLUHFWLRQV R
with an additional noise. Note that altered profiles appear more jagged or rougher at siall sc
compared the noiskee profiles. Analyses of those altered surfaces are performed with the six
independent sekiffine methods: (c) Roeheansquare correlation (RMS), (d) maximeminimum

height difference (MM), (e) correlation function (COR), (f) Rét&elation function (RMEOR), (g)

Fourier power spectrum (FPS), (h) Wavelet power spectrum (WPS). For each method, except the
RMSCOR function, two plots are represented: the upper plot shows the difference between the noise
free surface and the alteresiirfaces in the direction of the largest exponent and the lower one in
direction of the smallest exponent. For the R®ISR technique, the upper plot represents the
difference between the noiBee and the altered surface in both directions: perpendicialad

parallel to striations. The lower subplot displays two polar plot ofobtained with the nois&ee and

the biased surfaces. Note that the flattening of the scaling behavior at large scales is related to a finite

size effect.

We have then estimated the Hurst exponents using the six signal processing methods and
compared theesults with the noiséree analysis. The results confirm that adding noise to the

synthetic data induces a levelinff of the curves at small length scal@enardet al, 2006;
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Sagyet al, 2007) and therefore a possible underestimation of the Hurst exponent, for all the
six signal processing methods (Fig@réc-h).

Despite the fact that the Gaussian white noise added is isotropic, each plot ZHigime
indicates that the effect of noise is slightly dependent on the azimuth of the profile: the
underestimation of the Hurst exponent is more pronounced along striations than
perpendicularly to them. Indeed, the addition of noise in the rough signal priefiéreaiters
the roughness at small scales, and therefore has a stronger effect on the profiles parallel to the
striations because they are characterized by a smaller amplitude at large length scales
compared to the profiles perpendicular to the striations

For the RMS, MM and RMEOR methods, the noise does affect not only the small
length scales but also the large length scales. Indeed, such an effect is strongly pronounced for
these three methods and, slopes of the curves in Figuef lead to a sigricant
underestimation of the actual value of the-sdfilne exponents. Notably, the polar plot of
from a surface with added noise obtained with the RBOER technique (see Figu&7f)
shows errors of 10 % and 20 % on the Hurstoegmt measured in directions perpendicular
and parallel to striations, respectively.

Conversely, the COR, FPS, and WPS techniques are less sensitive to the addition of
noise. At large scale, the noise appears as a negligible correction, and even Wekeaceir

affected at small scales, the estimation of theaf@itie exponent is less affected.

2.2.4.E. Effect of missing data

When considering natural fault measurements, local weathering and/or the presence of
vegetation may form patches of missingaddto study their influence on estimation of fault
surface properties, we generated incomplete data sets removing an increasing percentage of
clusters of points from a synthetic surface that initially contained 513x513 points (E@ure
For the FPS andlVPS methods, the incomplete cloud of points was interpolated across the
gaps (Figure.8b), using a linear fit. However, for the RMB0OR method, the biased data can
be used without interpolation of the holes (FigR&E).

Typically, in our natural data &5 % of interpolated holes is the maximum percentage
of spurious points removed from the raw scanner data. The results (Bi§di® indicate
that the RMSCOR, FPS and WPS analysis show an error of only 4 % on the Hurst exponent
estimated on a surfaceith 40 % holes compared to a complete surface. Therefore, 5% of
missing points does not affect significantly the measurement of surface properties, whatever

the technique employed.
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Figure 2.8.Influence of the interpolation of missing data on theneation of the Hurst exponent. (a)
Synthetic surface (513x513points) with H = 0.8. (b) Same surface with 5% of holes (white dashed
lines) that have been interpolated. ¢) 3D view of the surface in a) with the holes. (d) RMS correlation
function (RMSCOR), (¢ Fourier power spectrum (FPS), (f) Wavelet power spectrum (WPS). The
different curves on each plot present the result of the analysis for five different percentages of missing
points (5%, 10%, 20%, 40%).

2.2.5. Quantitative Acquisition of roughness data on natual faults at various
scales

2.2.5. A Acquisition of the data on the field and in the laboratory

The roughness data of several fault samples were acquired at various scales using five
different scanning devices (Taklel). At the laboratory scale, we wsa homemade laser
profilometer (Meheust2002), where a sample, set on-ax&s moving table, is scanned by
measuring the distance between the sample and a laser head. The horizontal scanning steps
are either 20 or 24 micrometers and the vertical rasolig better than 1 micrometer.
On field outcrops, we measured several surfaces with four different LIDARS, where two main
technologies were used. The S10 system (TAfk)econtains a laser source and two cameras;
the distance between the laser head arslirface point is measured by triangulation. The
maximum shooting distance is around 15 m and the resolution in the distance measurement is
close to 0.5 mm. Surfaces of several square meters can be measured with this system. The
main drawback of this sy is that it must be operated during night time otherwise the day
light may blind the cameras.

The other three LIDAR systems (Tal#d) are based on the same technology and were
built by three different companies: a light pulse is sent from a laseranektthe time of flight
to the target point is measured, allowing calculating the distance, knowing light velocity. The
whole target surface is scanned by rotating the laser head at constant angular velocity. The
main advantages of this technology is thedtfscanning rates can be achieved (up to 5000
points/s), the shooting distance can be as large as 1500 m and the system can be operated even
under day light. However, compared to the S10 system, the measurement accuracy is lower,
between 1 and 2 cm. No#ééso that if the laser wavelength is in the infed range, absorption
by water present on the target surface might also alter the quality of the data.

We have used these scanning measurement devices on two faults in limestones, where
outcrop fault planesvere scanned at various scales. Hand samples of slip surfaces were also

collected and measured with the laboratory profilometer.
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Table 2.1 Characteristics of the field and laboratory scanner devices.

3D scanner | S10 GS100 LMS 7420i | llris-3D Lab.

device Profilometer

Company Trimble Trimble Riegl Optech Univ.
Strasbourg

Resolution 0.5 mm 10 or 20 mm | 20 mm 20 mm 20 or 24 Rn

(dx)

Noise on the | 0.9 mm 4.5 mm 10.2 mm 20 mm <1 Hn

data

Acquisition 70 pts/s 5000 pts/s | 5000 pts/s | 2500 pts/s | 60 pts/s

speed

2.2.5. B. The Magnola normal fault

The Magnola fault outcrop, in the Fuccino area, is part of the extensive fault system in
Certral Apenines (Italy). This X&m long normal fault shows microseismic activity and
offsets limestone beds with a vertical displacement larger than 500 meters and a slight shear
component witnessed by mechanical striations dipping at a 85° angle onlth@dae. This
site is characterized by recent exhumation of the faalu(®boet al 2004, Gircailletet al
2008) with less alteration by weathering than older exhumed portions of the fault. Recent
earthquakes have exposed a -AiGthick band of fresh mmestone (Figure2.9a) where
mechanical striations and grooves at all scales are still visN#ehave scanned several sub
surfaces of the fault wall (Tabt22, Figure2.9b) and collected one hand sample from the
roof of the fault for laboratory measuremte (Table2.2, Figure2.9c). This sample, that
shows mechanical striations, was excavated from below the ground surface, to get a slip
surface preserved from climatic weathering. The larger outcrop surfaces show evidence of
erosion and some karstic watartlets provided holes for vegetation. Small bushes and grass
outcrops had to be removed either directly from the fault plane, or from the LIDAR data. The
result was incomplete data sets of the fault surface, with missing points in the records.
Nevertheles, elongated bumps and depressions at large scales (E@oyeand grooves and

ridges at small scales (FiguB9c) aligned parallel to slip can be observed. Note that 1D
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profiles (Figure2.9d, e) extracted from the Digital Elevation Model (DEM) of btta field
surface (Figur®.9d) and hand sample (Figuz®e)appear to be rought all scales.

Figure 2.9.3D scanner data of the Magnola fault slip surface at different scales. (a) Photograph of
the fault surface, showing significant weathering andecimg by vegetation. The black polygon
corresponds to the surface shown below. (b) Digital Elevation Model (DEM) of the surface A32 (Table
2.2). The LIDAR data contain 799,830 points, sampled on a roughly regular grid of ~40 x ~40 mm.
The measurements veeperformed on a ~20 x ~20 mm grid and then averaged on a coarser grid. The
resolution of the elevation is 20 mm. The fault surface shows elongated bumps (red) and depressions
(blue), which have a pitch of approximately 85°, and indicating a main nornpalrsition. The
corrugation, with maximum amplitude of around 2.2 m, can be observed at all scales down to the
measurement resolution. (¢) DEM of hand sample M2 (TaB)etl2at contains 3999 x 3120 points on

D UHJXODU PHYV K Tk surface coftains grooves (blue) and ridges (red) aligned parallel
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to slip and with maximum amplitude of around 1.2 mm. (d) and (e) Example of 1D profiles extracted
from the DEM of sdace A32 (d) and hand sample M2 (e), in directions perpendicular (black profile)
and parallel (green profile) to striationg.he position of extracted profiles is shown by a black line
(perpendicular to striations) and a green line (parallel to striatjoos each scan surfacélote the
vertical exaggeration (x10) in order to highlight the roughnesparllel and normalprofiles at all

scales for field and laboratory datdhe reduction of the amplitude of parallel profiles compared to

normal profiles isan expected consequence of striations.

2.2.5.C. The Vuache strikeslip fault

The Vuache fault is an active strikép fault system in the western part of the French
Alps (Thouvenotet al. 1998). The fault outcrop we analyzed lies on a short segment tha
connects to the main Vuache faahd is no longer activehis fault was analyzed Renard

et al (2006) and we present here new data of large and small scale slip surface2(Eijure

Table 2.2 Fault surfaces analyzed in this study.

Fault Surfacearea, dx Scanner
Vuache, SURF1 17 x10 m, 20 mm GS100

Vuache, SURF7 24 x 11 m, 30 mm GS100

Vuache, SURF6 45 x 9 m, 20 mm LMS Z420i
Vuache, SMALL 10 x 9 cm, 24Rn Lab. Profilometer
Vuache, SURRPG 0.5x0.5m, 1 mm S10

Magnola, A32 35x15m, 20 mm Optech

Magnola, M2 7.2 x 4.5 cm, 20An Lab. Profilometer

This fault has a mainly strikelip component, witnessed by large elongated bumps and
depressions associated with linear striations of smaller size observed at all scales up to the
resolution of he scanners LIDAR (Figur210ce). Conversely, the laboratory data show that

the surface below the centimeter scale appears more polished and only smooth decimeter
ridges persist (Figurg.10f). Moreover, Figure2.10h shows that 1D profiles extracted from

the hand sample fault plane also appear clearly smooth at small scale. This observation is

confirmed when we perform an isotropic dilation of profiles (Fig2ud®h). In a different
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way, we observe a roughness at all scales on profiles extracted frdnsuréhces (Figure
2.109).
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Figure 2.10.3D data of the Vuache fault slip surface at all scales. (a) Photograph of the outcrop,
where the white boxes correspond to the surfaces shown in (c) and (e). (b) Lateral photograph of the
slip plane that highlightsts remarkable waviness. -@ Fault surface topography of SURF1 and
SURF6 (Table 2.2). Each surface contains approximately 450,000 points sampled on a constant grid
of 20 x 20 mm. The resolution of the elevation is 10.2 mm for (c) and 4.5 mm forpedtivedy. The
surfaces show large elongated bumps (red) and depressions (blue) with maximum amplitude of around
2 m associated with linear striations of smaller size (grooves and ridges). Both geometrical patterns
with a pitch of 1525° indicate a striksslip motion with a small normal component. (d) DEM of the
bumpy zone SURBPG (Table 2.2) that contains 107,606 points sampled on a regular grid of 1 x 1
mm. Note the vertical exaggeration. The resolution of the elevation is 0.9 mm. (f) DEM of the hand
samSOH 60%// 7DEOH WKDW FRQWDLQYV [ SRITGWY RQ F
resolution of the elevation is less than one micrometer. The scans clearly show a smoothing of the
roughness from large to small scales. Large fault surface mehsurehe field have asperities over

the entire range of observed scales down to the measurement resolution. Conversely, the laboratory
data show that the surface below the centimeter scale appears more polished and only smooth
decimeter ridges persisfg) and (h) Example of 1D profiles extracted from the DEM of surface
SURF6 (e) and hand sample SMALL (f), in directions perpendicular (black profile) and parallel
(green profile) to striationsThe position of extracted profiles is shown by a black line gretjgular

to striations) and a green line (parallel to striations) on each scan surface. For each surfaces, lower
subfigures represent zooms on portion of profiles (located by grey zones on the upper profiles) which

have been detrended and dilated withnitigal ratios over the horizontal and the vertical directions.

The fault offsets metescale beds of limestones and the fault plane was exhumed ten years
ago by the activity of a quarry. As a consequence, the LIDAR measurements could be
performed on freshsurfaces, where weathering was minimum and no vegetation had
developed on the fault plane. For these surfaces, the data recovery was excellent, greater than
99.5%. We therefore obtained the topography of the surfaces without holes in the data,

making thesignal processing results reliable.

2.2.6. Roughness results and interpretation
2.2.6. A. Magnola Fault

The roughness analysis results of the Magnola fault outcrop and hand sample are shown
on Figure2.11. To focus our analysis on the scaling properties of dog#i of the roughness
versus wavelength, i.e. the Hurst exponent, we chose to normalizEothveer power

spectrum and the averaged wavelet coefficients spectrurthddy respective prefactors
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(Figure2.11ad). Indeed, for a sekiffine profile, the powespectrum and averaged wavelet

coefficient behave respectively as: and where prefactors
and  define the overall amplitude of the roughness. We will see later ipaiber how

to characterize and compare these prefactors.

On each plot (Figur@.11ad) both Lidar data (upper curve), acquired with the Optech
scanner (Tablg.2), and laboratory profilometer data (lower curve) are represented, showing a
scaling behavior & HU RUGHUV RI PDJQLWXGH RI OHQJWK VFDOI
m). Each curve represents an average over a large set of parallel 1D profiles extracted from
the DEM of the fault surface shown on Fig@&#8. The level of noise for the field LIDAR
sanner (Table2.1) is estimated as the height of the flat part of the spectrum at small length
scales and is indicated by the black arrows (Figuid). The flattening of the scaling
behavior at large scales is related to a finite size effect.

The FPS andVPS techniques performed along and perpendicular to the slip direction
(Figure 2.11ad) indicate that the power laws can easily be connected for the field and
laboratory data, demonstrating the robustness of the scaling behavior. Moreover, our results
highlight a significant directional morphological anisotropy over a wide range of scales: the
profiles parallel to the slip direction are rougher than perpendicular Bogge(et al, 1988;
PowerandTullis, 1991;Lee and Bruhn1996;Power and Durhanl997;Renardet al, 2006;

Sagyet al, 2007). These two methods estimate a similar Hurst exponent perpendicular to the

slip orientation ( ) across the whole range of scales investigated in this study, a

property similar to fresh mode | frure surfacesRoweret al, 1987; Schmittbuhkt al,

1995b, Buchaud 1997). However, the FPS technique indicates a greater anisotropy,

, Where represents the Hurst exponent in the direction of slip, than
quantified by the WPS method ( ). Moreover, the WPS method overestimates
the selfaffine exponent along the slip direction ( ) compared to the FPS method

( ). An attempted explanation of tleekast two differences is given by our parametric

study of synthetic rough surfaces: the WPS method slightly overestimates the roughness
exponents when measuring couples of Hurst exponents in perpendicular directions with range
of values similar to thosef oatural fault surface (0.6 to 0.9). Notably, the exponents accuracy
with anisotropic surface of 2049 x 2049 points and for two Hurst exponents in perpendicular
direction of 0.8 and 0.6 is numerically estimated@61 and-0.06 for the wavelet method,

respectively (Figur@.4f). For example, an amount .06 should be added to the measured
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minimal exponent with the WPS analysis to obtain the actual one. Accordingly, on natural
fault surface with two perpendicular exponents of 0.8 and 0.6 calculatéldebyPS, the
estimated Hurst exponent in direction parallel to slip is systematically lower than with the
WPS method (Figure®.11, 2.13). Moreover, since the error on the output Hurst exponent is
greater in direction of slip than perpendicularly to ithsequently the output anisotropy
decreases, as observed on natural fault surface (Rdure.13).

Our estimations obtained on the hand sample with the -RKR function (see Figure
2.11e) show that the minimum Hurst exponent () is at 85°, in the direction of slip,
and the maximum Hurst exponent ( ) is almost in the perpendicular direction. These
two extremes values of the selffine exponent correspond also to those determined at all
scales by the FPS and WR%thods. At the field scale (see Fig@édle), the minimum
( ) and maximum ( ) Hurst exponents are observed in directions similar to that
for the hand sample. However, the results obtained with the-R®IS metlod suggest that
the roughness exponent of the Magnola fault surface is smaller at the field scale compared to
the laboratory scale, regardless of the azimuth. We ascribe this variation to natural weathering
(pitting) of the exposed fault surface at shoatvelengths, aBowerandTullis (1991).

Indeed, the section of the Magnola fault surface (Fi@®b) shows an increase of the
roughness amplitude at short wavelengths created by weathering. Other sections of the
Magnola fault surface, that are not prdsenin this study, display evidence of strong
alteration at short length scales leading to a significant reduction of the Hurst exponent,
regardless of azimuth. Conversely, the clean hand sample (FR8cg that shows
mechanical striations, should repeat the actual topography of the fault surface at short
length scales, related to the faulting process before the action of climatic weathering. This
hypothesis is supported by the fact that the fresh slip plane, scanned in laboratory, displays
the same df-affine RMSCOR regimes in the directions parallel and perpendicular to slip
than those estimated using the FPS and WPS methods. The increase of roughness at short
wavelengths on the field surface due to the erosion appears to be similar to thefeffect o
DGGLWLRQDO QRLVH WHVWHG RQ 2L)GIH both caga<Q ivNeKHUWLL F  V X L
exponent decreases in all directions. Our statistical study led on synthetic surfaces shows that
the noise effect is more pronounced when using the RIA@K tehnique. To summarize, the
roughness scaling estimated using the RBA3R calculated on the weathered field surface
exhibits a decrease of the Hurst exponent in all directions, which is not observed with the FPS

and WPS techniques.
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Figure 2.11.Roughnes scaling analysis from the best preserved outcrops of the Magnola fault
plane, scanned using ground based LIDAR (surface A32, Figig), or using the laboratory
profilometer (hand sample M2, Figu&9c). (ab) Fourier Power Spectrum (FPS) normalizead

(c-d) Wavelet power spectrum (WPS) normalized along two directions, parallel and perpendicular to
the direction of slip, are represented in {my plots. Powetaw fits (black dotted line) are performed

for each curve and the corresponding slopes) @nd roughness exponents () are indicated above

the spectra. The inset displays an example of the amplitudeatid the wavelength () of a rough
profile. Contours (redines) of constant amplitude () to wavelength () ratio, reflecting a seff
similar behavior, are provided to allow easier interpretation of the spectra. Black arrows indicate the
level of noise of the LIDAR. )(&urface anisotropy revealed by the angular variation of the Hurst
exponent determined by the RMS correlation function method. The polar plot of H on the left and the

right sides correspond to data of the field surface and hand sample shown onZ8yuespectively.

On the polar plot of obtained at the laboratory scale (see Figutée), when departing
a few degrees from the direction of slip, the Hurst exponent is close to the value of the
maximum Hurst exponent measured in theection perpendicular to mechanical striations.
6XFK EHKDYLRU LV DOVR YLVLEOH R Q5)UrGdtherQvords) eV KH W L F
azimuth of the maximum Hurst exponent is not vagfined (gray shadows on Figuzd 1e),
while the minimum expnent corresponds to a specific orientation. Note that this property is
less visible on the polar plot of the altered field fault section (see Figure 11e) where the
angular variation of is more progressive.

To obtain a full descripin of the fault asperity geometry, the prefactor of the scaling
function has also to be characterized. For instance, usirggaheard deviation of the

Irl-H

height , the prefactor can be designed as: = " where the prefactol;

denotes a length scale, also known as the topothesy of the fault roughmessséfet al.,
2000; Schmittbhulet al, 2006; $hmittbhul et al, 2008). The topothesy corresponds

physicallyto the length scale for which the slope of the rough profile is equal to 1:

In other words]; is the theoretical length scale over which the rough profile has a mean slope
of 45°. The smallek;, the flatter the profile appears aimmacroscopic scale.

Figures 2.12a& b show respectively the scaling of the RMS along the slip and
perpendicular to it, of the field surface topography and of the hand sample surface
topography. From the best fit of these curves, we estimate the rougixpesent and the
topothesy (Figur@.12c) of these two surfaces, along two perpendicular directions. For both

scales, the local slope of the surface is always significantly smaller than that for the range of
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scales that we explored, i.e. from 40 mm to 3fbnthe field surface and from 0.04 to 90 mm
for the hand sample surface, as shown on Fi@Qu2a, b. In other words, the estimated

prefactors are very small showing that these surfaces are rather smooth.

Figure 2.12. Scaling of the roetmeansquare corelation function (RMS) for the Magnola fault
surface topography at field scale (a) and laboratory scale (b) along slip direction and perpendicular
to it. The best fits (black dotted lines) of the form ~ =1,*" " define the roughness exponent

H and the topothesy (c).

2.2.6. B. Vuache Fault
As already explained for the Magnola fault results, Rbarier power spectrum and the

averaged wavelet coefficients are normalizedthmir respective prefactors and in

order to directly compare the different slopes of the scaling laws.

The FPS and WPS techniques highlight a significant directional morphological
anisotropy over six orders of spatial scales (Figui@ad). Piofiles parallel to slip have a
smaller Hurst exponent than perpendicular ofesveret al, 1988;Powerand Tullis, 1991;

Lee and Bruhn1996; Power and Durhaml997; Renardet al, 2006;Sagyet al, 2007).
These two methods, applied to series of preflerpendicular to the direction of slip, indicate
that the power laws of individual surfaces can easily be connected across the wide range of

scales investigated (Figu213b, d), and the value of is similar to what was
measured 10 the Magnola normal fault surface. However, in the slip parallel direction there is
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a slight change in the magnitude of located in the length scale range between 5 mm and 2
cm (gray shadows on Figugel3a, c). is larger below this length scale range than
at larger length scales, where and for the FPS and WPS methods,

respectively. The smoother aspect of the Vuache fault surface in the direction of slip
comparedo the perpendicular direction is an obvious and expected consequence of striations,
but the smallest directional morphological anisotropy at the laboratory scale compared to the
field scale is novel in this study. At the field scale, the morphology oéltiregated bumps
and depressions along the slip direction is different from the grooves and striations observed
at the laboratory scale (Figu&l10). As the fault Vuache outcrop is quite fresh, and was
preserved from the climatic erosion, we propose thigt crossover in the slope at length
scale of several millimeters is significant. We interpret this eowss length scale as a
witness of different mechanical processes responsible for the creation of fault topography at
different spatial scales.

Our results obtained at the field and intermediate scales with the OIS function (see
left and center plots on Figur@.13e) show that the minimum Hurst exponent

( ) is oriented at 20° with respect to the horizontal, indicating the ol a

normal component and not only a stril@ one. The maximum value Is located

for an almost perpendicular direction. These two extremes values of tladfieelfexponent
are slightly lower when estimated using the RRISGR function than when using the FPS or
the WPS methods. This slight underestimation with the RNIER technique is consistent
with our results on synthetic surfaces for the accuracy in this range of parametersZBigure
Indeed, our parametric stuayith syrthetic anisotropisurfaces shows that the estimation of
H calculated with the RMEOR technique slightly underestimates its actual value (Figure

24d). At the laboratory scale (see right plot on FigRi3e), and are

located in orientations similar to that for the three larger surfaces measured on the field.
However, the polar plot of calculated using the RMSOR function suggests an increase
of the scaling exponents in all directionshile the estimation using the FPS or WPS
techniques underlined that the exponent increased only along the slip direction. In addition,

the two exponents and  for the hand sample are overestimated when caémlilaith

the RMSCOR method compared to the FPS and WPS techniques. The latter observation
cannot be explained by the results of our parametric study on synthetic surfaces. As a

consequence of the extremely smooth aspect of the hand sample at smalFspaie’.10f,
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h), the RMSCOR method could lose its robustness. However, a new reliable result is that the
directional morphological anisotropy calculated by the RBAIR function significantly

decreases at the laboratory scale, as observed with the &REPshtechniques.
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Figure 2.13.Roughness scaling analysis from five surfaces (Fi@.t8, Table 2.2) of the Vuache
IDXOW FRYHULQJ RUGHUV RI PDIJQLWXGH RI ITUHTXHQFLHV RU .
The data collected contain four surfac@lue and green curves) that have been scanned using LIDAR

and one hand sample (magenta curve) measured by laboratory profilomet8r.F@urier power

spectrum (FPS) normalized and-d¢ Wavelet power spectrum (WPS) normalized along two
directions, pardel and perpendicular to the direction of slip, are represented iAldggplots. Power

law fits (black dotted line) are shown for each curve and the corresponding slopes@ roughness
exponents ( ) are indcated next to the spectra. Each curve is an average over a series of parallel
profiles extracted from the DEM shown on Fig@&0. The level of noise for the Lidar scanners is
estimated as the height of the flat part of the spectrum at small length aodlés indicated by the

black arrows. The flattening of the scaling behavior at large scales is related to a finite size effect.
Contours (red lines) of constant amplitude Y to waveleQ JW K UDWLR UHIOHFWLQJ
surface, are also indicated a guide for the eye. The inset displays an example of the ampljtude (

and the wavelength () of a rough profile. () Roughness anisotropyeaed by the angular

variation of the Hurst exponent determined by the RNMIER method. The polar plots of on the

left, in the center and on the right correspond to data of the field surface, the intermediate scale

section and handample, respectively (see Figwta0).

As already observed on the polar plot of calculated on the Magnola fault surface
(Figure2.11e), the azimuth of the maximum Hurst exponent is less constrained (gray shadows
on Figure2.13e) han the single specific orientation of the striations. Remarkably, despite the
weak anisotropy of the hand sample topography, the slip direction is always significant,
demonstrating the accuracy and reliability of the R®ISR method.

We also estimated théopothesy of the Vuache fault surface (Figtd4) when

computing the standard deviation of the height . As for the Magnola fault data,

the prefactol, lies always outside the range of scales that we exploeedrom 20 mm to 15

m for the field surface and from 0.024 mm to 80 mm for the laboratory suaschown on
Figure 2.14ab. In other words, the topothesy of the measured fault planes represents a
theoretical value, that is very small (see Figifiglc) and that confirms that fault surfaces are
rather smooth. Moreover, it is of interest to note that at the field scale, the topothesy value of
the Vuache fault surface (FiguBel4c) is similar to that of the Magnola fault (Fig@é&2c).
However, at labratory scale this quantity is significantly lower for the Vuache hand sample
compared to that of the Magnola. This characteristics highlights the smoothing of the Vuache

69



Accuracy of the signal processing tecluuies

fault plane at small scale as already observed on the DEM (RdL0B, the 1D prafes of
the Vuache hand sample (Fig@&0h), and the roughness scaling analysis (Figur@).

Figure 2.14. Scaling of the roemeansquare correlation function (RMS) for the Vuache fault
surface topography at field scale (a) and laboratory scalea{bhg slip direction and perpendicular

to it. The best fit of the form = | " defines the roughness exponent H and the

topothesy,l(c).

2.2.7. Discussion & Conclusion

The six statistical tools used in this studgve different responses tihe effect of two
kinds of biases, the intrinsic errors of the methods (FigieR.4, 2.5, 2.6) and the artifacts
inherent in data acquisition (Figur2¥, 2.8). Using a parametric approach, where we varied
the size of thesurface and its anisotropy, we selected the three most reliable and accurate
methods (RMSCOR, FPS, WPS) for roughness analysis of natural fault topography (Figures
211, 2.13). The FPS and WPS techniques allow obtaining a robust description of the fault
asperity geometry in the direction of slip and perpendicular to it (Fi@utésd, 2.13ad). In
an additional way, the RMESOR technique is robust to characterize the angular variation of
H (Figures2.11e,2.13e).The Hurst exponent estimation at vari@esles for the natural slip

surfaces displays the same trends and provides a consistent and robust characterization of
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their scaling regimes. We emphasize that the slight variations in the results given by each one
of these methods fall within the rangieesror estimatd by our parametric study (seection
4).

One of the most robust results of our scaling analysis is that the FPS and the WPS
methods estimate a same Hurst exponent equal to 0.8 in the direction perpendicular to slip,
over approximately 6rders of magnitude of length scales for two different fault surfaces
(Figures2.11b, d an®.13b, d). However, in the slip direction two different scaling behaviors
are highlighted: the Magnola fault surface shows an identical scaling regime at large and
small scales (Figur@.11a, c). Conversely, the scaling property of the Vuache fault roughness
exhibits a cros®ver in the slope at length scale of several millimeters (Figu@a, c). In
other words, the scaling property of this fault surfaces is similiarge scales but changes at
small scales. The statistical analyses (Figlii8) and the scan of the Vuache fault surface
(Figure 2.10) clearly show a smoothing of the roughness below a length scale of several
millimeters.

The scaling regime of 0.8 rsured in the direction perpendicular to slip is a classical
result already observed for tensile crackReweret al, 1987; Schmittbuhkt al, 1995b,
Bouchaud 1997), indicating that the topography of the fault surface in the direction
perpendicular to I has not registered the effect of shear. Along slip, the general
interpretation is that mechanical wear processes, such as frictional ploughing, cause striations
that reduce the amplitude of the large scale roughmessefet al, 1987, 1988fowerand
Tullis, 1991; Power and Durham1997; Sagy et al., 2007) and accordingly the Hurst
exponent. Nevertheless, our scaling analysis seems to indicate different mechanical processes
responsible for the creation of fault topography at different spatial scales.

Prior comparative studies of natural fault roughness based on 1D profilorRetmer(
andTullis, 1991;Lee and Bruhn1996) suggest a change in scaling properties between large
and short length scales. However, due to technical limitations, their meageresnot
sufficiently accurate to decipher if this variation was related either to -sceallt surface
weathering of the fault scarp or to the faulting process itself.

From laboratory experimentsh€n and Spetzlgi993) suggest that the break in slope at
length scales of several millimeters is caused by a change in the dominant mode of
deformation from smalécale intergranular cracking to intragranular cracking at a larger
scale. We think this interpretation does not apply to the Magnola and Vuaché&uatse
the grain scale of these limestones is very small (< 0.1mm), well below the observed cross

over length scale.
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Recently, Sagy et al. (2007) observed that faults with large cumulated slip display
surfaces with elongate, quasi elliptical bumps dtfecale and are polished at small scales.
Conversely, fault with a small cumulative slip are rough on all sc8lagy and Bodsky
(2009 proposed that the waviness of the large slip fault surface reflects variations of
thickness of the cohesive layer endhe slip surface formed as boudinage structdmméon
and HRetcher 1994; $nith, 1977; TWwiss and Moores 1992, (®@scombeet al, 2004).
Therefore, they evoke two different deformation mechanisms between large and small scales:
abrasion caused by friohal sliding at the origin of the smoothing at small scales, and
SERXGLQDJH® FUHDWLQJ HORQJDWHG EXPSV DQG GHSUHVVL

From our study of natural fault roughness, we obsdavge elongated bumps and
depressions in slip direction on two éifént fault planes (Figurés9b, 2.10ae). There is no
evidence that the small segment, polished at small scale (Rd@fe h), that connects to the
main Vuache fault has accumulated more slip than the Magnola fault surface that is rough at
all scales (Figur.9b, c). Therefore, we propose that large elongated bumps and depressions
of several meters in length with maximamplitude of around 2 m may reflect the processes
of lateral growth and branching that links together several fault surfaces, during all the stages
of the evolution of the fault zone, as suggestetdd® and Bruhrf1996) and ibicki and Ben
Zion (2005).

At small scales, two different kinds of scaling regime are observed on the two fault
surfaces, (Figure2.11, 2.13), both being linked to mechanical wear process. Frictional
sliding is expressed through ploughing of small asperities and is responsibhe femall
scale abrasional striations on the Magnola fault surface (F&j@c® This mechanism is also
responsible for the polishing of the Vuache fault surface below the centimeter scale (Figure
2.10f, h). One should keep in mind that only one hand sampk measured for each surface
and therefore it is possible that differences of the scaling behavior between the two fault
planes reflect spatial heterogeneity of core fault at small scales. Notably, on the Vuache fault,
although the surface appears poéid at the laboratory scale on the whole surface, zones with
striations due to ploughing elements could be present. A more extensive study of fault
roughness in several different faults should therefore bring more information on the

mechanisms at work dug faulting.
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2.2.8. Appendix 2.A

function RoughSurf = Synthetic2DFault(N,H1,H2)

% This Matlab(c) function creates a self - affine 2D surface,
% with a directional anisotropy (courtesy of Hermine Bierme,
% Univ. Paris V, France) , when H1 is different from H 2.

% Input parameters:

% N = size of the surface: (2"(N+1)+1) x (2*(N+1=+1)

% Typically N must be between 8 and 11 when running on a
desktop computer.

% H1, H2: Hurst exponents in two perpendicular directions

% must be  positive, smaller than 1.

% Output re  sult:

% RoughSurf: rough surface of size (2*(N+1)+1) x (2"(N+1=+1),
% with two perpendicular directions of self - affinity
% characterized by Hurst exponents H1 and H2 , 11=1/H1and
% |2 = 1/H2 represent the eigen values of the anisotropy

% diagonal matrix

11 =1/H1,;

12 = 1/H2;

X=( -2*2"N:2:2*2"N)/(2"(N+1));

X(2"N+1) = 1/2"N;

Y =( -2*2"N:2:2*2"N)/(2"(N+1));

Y(2"N+1) = 1/2"N;

XX = X(ones(1,2*2"N+1),:);

YY = Y(ones(1,2*2"N+1),:)’;

clear XY
% rho is the pseudo - norm associated to the eigen values I1 and
12

% rho(x,y)=(abs(x)(2/11) + abs(y)*(2/12) )(1/2)
rho = sqgrt(abs(XX).A(2/11)+abs(YY).~2/12));
clear XX YY

%phi is the spectral density of the field built from rho
phi = rho. A1 + (11+12)/2);
clear rho

% W = Fourier transform of the anisotropic Gaussian field
Z = randn(2*2"N+1,2*2"N+1);
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W = fitshift(fft2(2))./phi;

clear Z

T = real(ifft2(ifftshift(wW)));
RoughSurf=T - T(2"N+1,2"N+1);

% Plot the 2D rough surface
imagesc(RoughSurf);

axis equal

axis tight
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Roughness of fault surfaces over nine decades of length scales

3.1. Chapter 3 overview (Présentation du Chapitre 3

3.1.1. Introduction

Dans ce chapitre, je présente un article prét a étre soumis a laJoewvnal of Geophysical
Research & HWWH pWXGH UHJURXSH OfHQVHPEOH GHV PHVXUHV
durantPD WKgVH (Q XWLOLVDQW OD PpWKRGH VWDWLVWLTXH T
travail présenté dans le chapitre 2, il est démontré que la rugesitéurfaces peut étre décrite
par un modéle géométrique afliine légérement asotropique Cette description est valable
GHSXLV OfpFKHOOH GH TXHOTXHV FHQWDLQHV GH PLFURF
sismogenique, et ne dépend pas du contexte géologique (lithologie, composante principale du

déplacement, et le déplacement accumulékdess de failles analysées.

3.1.2. Presentations at international meetings

201Q American Geophysical Union, Fall meeting, San Francisco (USA):
Renard, F, Candela, T., Klinger, Y., Bouchon, M., Schmittbuhl, J., Mair, K., and
Brodsky, E., Roughness of fault saré: evidence of seéfffine morphology from the

submillimetric scale to large earthquake surface rupture. Abstract-Z28R

2010 PhysictcFKHPLFDO SURFHVVHV LQ VHLVPLF IDXOWV"™ :RUNVK]
Candela, T, and Renard F., Seidfffinity and vaiability of the morphology of fault

surfacesxHigh resolution topography measurements over nine decade of spatial scales.

3.1.3. Contributors to Chapter 3

-{DL SHUVRQQHOOHPHQW SURGXLW WRXW OHV UpVXOWDW
des failles deCorona Height (San Francisco) et de Dixie Valley (Nevada) ont été acquises sur le
terrain par E.E. Brodsky, F. Renard et m@me. Les scans de la faille de la VuaSiiengy et
ceux de la faille de Magnola, ont été effectués par F. Renard et C. Masfaille de Bolu
(Turquie) a été scannée par J. Schmittbuhl et-m@ne. Les mesures topographiques en

laboratoire des échantillons des surfaces de failles, ont été réalisées-farddéi | OJLQV WL W X\
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physique du globe de Strasbourg en collaboraticet av Schmittbuhl. Les données acquises
DYHF OfLQWHUIpURPgQWUH j OXPLqUH -ménieQE HaHor&@aVvdepWp H |
« Physics of Geological Processe®n collaboration avec K. Mair. Les données de traces de

ruptures ont été acquises par Yinger.
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3.2. Roughness of fault surfaces over nine decades of length scales:-self

affinity, variability, and absence of characteristic length scale

Thibault Candel Francois Renard? Yann Klinger', Karen Maif, Jean
Schmittbuhf', and Emily E. BrodsRy

Y|STerre, University Joseph Fourier Grenoble I, CNRS, OSUG, BP 53, 38041 Grenoble,
France.

E-mail: Thibault.Candela@ujgrenoble.fr; francois.renard@ugrenoble.fr

’Physics of Geological Processes, University of Oslo, Oslo, Norwg-mail:
karen.mair@fys.uio.no

3Institut de Physique du Globe de Paris, CNRS, 4 pl. Jussieu, Boite78®05 Paris Cedex 05,
France. Email : klinger@ipgp.jussieu.fr

*UMR 7516, Institut de Physique du Globe de Strasbourg, Strasbourg, Fr&aTmil:
Jean.Schmittbuhl@eostsirasbg.fr

®Department of Earth and Planetary Sciences, University of CalifeBsdata Cruz, Santa Cruz,
California 95064, USA. #nail: ebrodsky@es.usc.edu

Abstract

We propose that fault surface topography can be characterizedadvysatropic selaffine
morphology with nacharacteristic length scale from the micrometer scale to the thickness of the
seismogenic zoneUsing several high resolution laser distancemeters and laboratory
profilometers, we have measured the topographfivef exnumed slip surfaces (French Alps,
Turkey, California, Nevada, Appenines). A consistent model emerges as the morphology of the
slip surfaces can be described by a straight line covering five decades ofdealgthin a log
log plot where the axeare the fault roughness and the spatial length scale. Therefore fault
roughness is scale dependent, with a commora$igiie behavior described by two parameters:
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a powerlaw exponent H, found constant among all the faults studied and slightly anisotropic

( in the direction of slip and perpendicular to it), and a pre

factor which shows a quite large variability. We have also analyzed the roughness of the surface
rupture of eight major continental earthquakest bccurred in the past 20 years. For a range of
scales between 200 m and 50 km, these ruptures show the saradfirselfoehavior

( ), extending the range of scales to nine decades, without characteristic length

and indicating that unique physical process may be at wditis description of the scanned
fault scarps and the rupture traces, which both are markers of the morphology of the active
structures of fault zone, is independent of geelogical context and particularly thenculated

displacement.

3.2.1. Introduction

The morphology of fault planes controls the dynamics of faulting and shgerR studies
attempted to reconstitute the spagonporal history of slip and stress on a fault during a large
earthquake (Bouchon, 1997; Mand Beroza, 2002) and showed that both coseismic slip and
stress appear to be very heterogeneous along the fault plane. A possible explanation is that the
fault plane is rough and asperities concentrate stress and slip heterogeneities at various spatial
scales Schmittbuhlet al, 2006). Indeed, earthquake and fault activity create and destroy this
roughness that participates to the heterogeneity of the stress field in the fault zones. Other studies
have also shown the importance of fmanar structuresithe rupture propagation (e.g. Aochi
and Madariaga, 2003); and the close relationship between the rupture geometry and its
propagation velocity (Valléeet al, 2008; Bouchonet al, 2010). Numerical models of
earthquake rupture and strong motion needirate morphological models of fault surfaces,
necessary to improve simulations of rupture scenarios.

As direct observations are very difficult at the depths of the earthquake nucleation, data of
exhumed faults scarps (Powadral, 1987; Renarcet al, 2006; Saget al, 2007; Candelat al,
2009; Brodskyet al, 2011 and references therein) or earthquakes surfaces ruptures (Wesnousky,
2006, 2008; Klinger, 2010) provide a means to characterize the fault plane morphology over a

wide range of spatial scales.
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Pioneering fault roughness measurements (Brown and Scholz, 1985; €&toaler1987;
Power and Tullis, 1991Schmittbuhlet al, 1993; Power and Durham, 1997) performed on
exhumed scarps found that their roughness can not be aesbyita single number such as the
standard deviation of the roughness amplitude. Rather, fault surface topography was observed as
nonstationary and more particularly fractal, the amplitude of the topography increasing with the
wavelength undeconsiderathn. More preciselySchmittbuhlet al. (1993) proposed that a self
affine fractal concept might provide useful model to describe natural fault surfaces.

A 1D rough profile (Figure8.1) is selfaffine if it remains statistically invariant undtre
scaling transformation (Feder, 1988; Meakin, 1998), where is the

coordinate along the profile and is the roughness amplitude. For a sdffne profile, the
scaling exponen , which is also called Hurst exponent (or roughness exponent), lies in the
range . Accordingly,if a profile is selfaffine, different magnification factors will be
needed in the directions parallel and perpaunidr to the profile for a small portion of the profile

to appear statistically similar to the entire profile (Fig@re). As a consequendbe slope at
large scales along a selffine profile scales as , and tends to flatten foohg

wavelengthssuggesting a significant role of the small spatial scales (Schmittbahl(1995).

All these pioneering studies measured profiles using mechanical profilometers and the
noise was quite significant in the data. Ouligcrete information of the whole fault surface
geometry was obtained. Recently, with the development of a new generation déser
scanners, fast and accurate acquisitions of topographic data are now available éRehard
2006; Sagyet al, 2007; Candel&t al, 2009; Brodskyet al, 2011). These first results showed
that fault surfaces are rough at all scales and morphologically anisotropic with a Hurst exponent
smaller in the slip direction than perpendicular to it.

In the presnt study, we investigate roughness properties of five fault surfaces in different
geological contextvarious lithology, accumulated displacement, tectonic reguse)g three
independent scanner devices (LIDAR, laser profilometer, white light interfégoynspanning a
range of scales from the micrometer to tens of meters. In addition, we analyzed the geometry of
eight high resolution rupture traces of large continental earthquakes. Our data set gives access to

the scaling properties of fault surface gbhness from the micrometer scale to several tens of
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kilometers. We characterize the scaling of both data sets (fault surface scanned and ruptures
traces) using the same statistical tool, i.e. the Fourier power spectrum analysis. This technique is
both wellsuited and robust to characterize sdffne roughness of fault zones (Candetaal,

2009).

A self-affine model implies that the Fourier spectrum as a function of either the spatial
frequency or wavelength plots as a linear trend irldggcoordinatesTwo parameters describe
such a selaffine model in the spectral domain: the slope of the power spectrum and-its pre
factor on a logog plot of the Fourier spectrum. The slope (directly proportional jodescribes
how the roughnesshanges with scale, while the geetor determines the magnitude of the
surface elevation at a given scale (Power and Tullis, 1991). We computed these two parameters
for the fault surfaces and rupture traces in order to decipher if a global tendebsgnged. In
addition, westudy the fluctuations of these two parameters.

In section3.22, both the characteristics of the fault surface scannédugture traces are
detailed. ection3.23 is devoted to the presentation and the application abtighress analysis
method. In ection3.24, our results indicate that a global anisotropic-affihe model with two
different Hurst exponents in perpendicular directions could fit the entire data set of fault scarps,
despite different geological context. Tiariability of the prefactor at the scale of a single fault
zone is observed and explained by means of a synthetiafBe#f surface model. Secondly, we
highlight that a global selffine regime could fit the eiglgarthquake ruptures traces. gtsm
3.25, we show that our data collectively suggest that a uniquaffielé behavior is maintained
from the micrometric scale to the large earthquake surface rupture without characteristic length.
The variability of the prdactors for each data set (fasurfaces and ruptures traces) is discussed
with respect to the different geological context sampled and more particularly the accumulated

slip.

3.2.2. Fault roughness data
3.2.2. A. Exhumed fault scarps

We have analyzed five natural fault surfaces which wsekected because of their
particularly well preserved slip surfaces, large exposures and few pits or weathering patterns (see

Table 3.1). Existing data sets on the Vuache (Renerdal, 2006; Candelaet al, 2009,
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Anghelutaet al, 2011) and Magnola (Caalh et al, 2009) faults have been updated and
extended with three new faults (Corona Height, Dixie Valley, and Bolu). A complete list of our

fault data is given in Tablg.1.
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Figure 3.1. 1D profiles from the Corona Heights fault surface parallel andppadicular to slip. A:
Profiles along slip direction and B: perpendicular to it. For both directions, a magnified portion of the

profiles has a statistically similar appearance to the entire profiles when using the scaling transformation

. For each scale, profiles have been shifted vertically for clarity.

Corona Heights and Dixie Valley faults cut through silicate rocks. The Dixie Valley (Basin
and Range province in Nevada) fault surface has a mainly normal slip component aindtsross
through rhyolite. Chemical changes during faulting have altered the mineralogy and chemical
composition of the rock near the fault surface (Poeteal, 1987; Power and Tullis, 1989,
1992). Indeed, the material that forms the fault surface consmatssiakentirely of secondary
guartz, a mineral which is extremely resistant to weathering. Based on gravity studies, combined
with reflection seismology studies (Okaya and Thompson, 1985), Power and Tullis (1989),
estimated that the total normal slip is pebly between and km. Geologic and mineralogic

constraints indicate that the slickenside surface formed at depths of less thkam and
temperatures less than (Power and Tullis, 1989). Major historic earthquakes and

microearthquakes activity occurred on the region of the studied fault scarp (Wallace and
Whitney, 1984; Dozer, 1986). Additionally, Power and Tullis (1989) have argued that seismic
faulting played a rolén the development of the slickenside surfaces, based on textural features
they described ithe fault surface materials.

The Corona Heights strikdip fault (Figure3.2) located in the Castro district of San
Francisco, crossuts brown Franciscan chertand was exposed by pd€d06 earthquake
quarrying. This fault constitutes a segment of the San Andreas Fault system. The relatively
recent exposure of the fault and the high resistance of cherts to weathering allows for excellent
preservation of the slipurface (Figure3.2). In most places on the outcrop an anastomosing set
of slip surface is present (FiguBe2). Individual patches of the fault surfaces may have been
activated at different times and differaegpths. Although the total slip for theufazone as a
whole could be large (kilometric), individual surfaces could have recorded smaller (metric)
displacements which are difficult to precisely estimate due to the absence afefiredd

structural markers.
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* Except for the Vuach&illingy fault surface, a lower and upper bound of the displacement is given.
Indeed, although total geological cumulated slip for the fault zone as a whole can be kilometric (i.e. the
upper bound), scanned individual surfaces within the fault zone may have experensiderably less

slip (i.e. the lower bound).

The other three faults offset limestone rocks (Vuashiengy in the French Alps, Magnola
in the Appenines, and Bolu in Turkey). The Vua8ikingy fault is an active strikslip fault
system in the westn part of the French Alps (Thouvenot, 1998). The fault surface (Rebhard
al.,, 2006; Candeleet al, 2009) lies on a short segment of this fault system, where the
accumulated slip was small, in the range meters (estimated on adrghotographs). The
fault plane was exhumed ten years ago by the activity of a quarry and as a consequence, the
LiDAR measurements could be performed on vegetation free fresh surfaces, where weathering
was minimum. The Magnola fault (Candeda al, 2009),in the Fuccineo area, is part of the
extensive fault system in central Appenines (ltaly). This 15 km long normal fault shows

microseismic activity and presents an average vertical displacement larger thareters.
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Figure 3.2. Corona Heights fault. Multiple bumpy discrete slip surfaces constituting lenses and
striations can be detected at all scales up to the measurement resolution of each scanner device. A: Whole
outcrop view. The inset corresponds to the surface shown on RBd€e B: Zoom on the fault showing
different segments constituting the surface. C&D: Map of fault surfaces scanned with a LiDAR
topography. The inset in C corresponds to the patch shown on FgRie E and F: Maps of fault
surfaces scanned with the lasaoflometer. G and H: Zoom on the FiguB2E-F scanned with the

white light interferometer.

The site we study has been recently exhumed (Pal@thalh 2004; Carcailleet al, 2008)
with less alteration by weathering than older exhumed portions édudlte The Bolu fault is part
of the North Anatolian strikslip fault system. The studyrea (Figure3.3) is a part of the section
that ruptured during the 1944 earthquake (Koetlal, 2005; Kondcet al, 2010; Barka, 1996).

The small vertical compongnf the motion (~1m), compared to the dominant horizontal strike
slip motion (~3.5), was responsible for the partial exhumation of the fault plane (Bglre
during the 1944 earthquake (Barka, 1996). More recently, anthropic acexitgvation for a
garbage dumpalso contributed to the exhumation of the outcrop. As for the Corona Heights
fault, even if the total geological offset can be mkillibmeter in the region of the Bolu segment
(HubertFerrariet al, 2002), it is not easy to define the slgrammodated specifically on each
individual slip surface constituting the fault zone of the Bolu segment. Paleosismological
investigations on the Bolu segment give a lower bound of approximately 20 m.

The five faults studied were exhumed from shallow degdth depths), and their
topography has recorded both the propagation and termination of major earthquakes rupture that
initiate at greater depths. Even if it is difficult to accurately determinate under what conditions at
depth (confining pressure, temperature, strain rate and chemical environment) fault surfaces were
built, our set of faults clearly samples a large range of different parameters (accumulated

displacement, lithology, tectonic regime) which possibly could control fatfiee roughness.

3.2.2. B. Scanner devices and digital elevation models of fault roughness
Fault surface topography was scanned in the tisidgfive independent  portable laser

scanners (also called LIDAR, Light Detection AndnBeng apparatus) that use the time of flight
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of a light beam to accurately measure distances. The laser scanner records the topography of
each exposed fault surface by collecting a cloud of points whose three dimensional coordinates
correspond to points ae fault surface (Renart al, 2006; Sagyet al, 2007; Candelat al,

2009; Resor and Meer, 2009; Zhargtal,, 2010).

The actual point spacing depends on the distance between the target and the scanner and a
chosen angular spacing. Different tecjugs were used to scan fault surfaces. Either, the entire
fault outcrop was scanned or fresh swifaces were selected for higher resolution acquisition
(Figure 3.2, 3.3). Up to five scans of the same saurface have been also realized and the raw

data & each scans have been stacked together to decrease the level of noise.
Our data sets cover surface scales from to at a spatial length scale resolution
from to . This spatial length scale resolution corresponds to the point

spacingafter the datprocessing (seeestion3.2.3, and is systematicalgken twice as large as

the average irregular spacing one, thafrasn to . The actual precision in the

spatial positioning is estimated to be at the maximum equal to half the original average spacing,

that is to

The height pecision achievable depends on scanning conditions and is closely related to the
spatial length scale resolution and to the roughness amplitude of the surface. I8.Table
represents the estimated amplitude of the instrumentad.nois

The scans were combined with digital photographs to distinguish clear slip surfaces from
eroded areas. This manual cleaning of the extremely large datasets (several tens of millions of
points) was completed using Reshaper softwaye point cloud editor and visualization tool.
Once all norfault features such as trees, grass or anthropogenic structures, were removed, the
whole fault scarp or selected smaller patches were analyzed (Bigu&3). Typically, in our
data sets leshidn 5% of spurious points were removed from the raw scanner data. As pointed
out by Candelat al. (2009) the estimation of the fault surface properties was not significantly
biased by the presence of randomly distributed holes and missing data in thefgbaints (see
Appendix3.A for a quantitative analysis of the bias inherent to data acquisition in the estimation

of the geometrical properties of fault surfaces).
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In the laboratory, we used a hommade laser profilometer (Méheust, 2002), to measure a
sample of the fault surface (between and , Figure3.2 and3.3), set on a

moving table. The sample is scanned by geometric triangulation, measuring the distance between
the sample and as$er head (Schmittbubt al, 2006; Candel&t al, 2009). A difference with
the LIDAR is that the data are regularly spaced with the laser profilometer. The spatial length

scale resolution is equal here to the horizontal step ttisa . The actual precision in the
spatial positioning is and the vertical resolution () is better than . The reliability

and accuracy of the cloud of points obtd with this laser profilometer required that only few

spurious points were removed (less than 0.01%).

At the millimeter scale, the topography of several slip surfaces (between and

, Figure 32 and 3.3) was masured using White Light Interferometry (WLI)
microphotography (Dysthet al, 2002). This is done by a microscope that uses a Hraad

white light source and that is coupled to a Michelson interferometer. A reference arm creates
interference fringes wit maximum intensity at equal optical path lengths of the imaging beam

and reference beam. By vertical movement of the sample and simultaneous image capturing the
interference, intensity envelope and thereby the relative height of the imaged surface at each

pixel is determined with a resolution of . The horizontal resolution depends on the lens

used and with the highest magnification it is at the diffraction limit of white light, of about
micrometers. In the psent study, we have selected horizontal stepg between and
micrometers (Table3.1). The actual precision in the spatial positioning is estimated to be

. As for data acquired with the laser profilometer the cloud of points obtained are

regularly spaced and only some spurious points have been manually removed. The whole suite of
characteristics of the scanners devices and digital elevation models (spatial preessifution
, hoise on the data ) used in this study are shown in TaBl&.
As examples, two fault surfaces (Corona Heights fault, Fi§@#eand Bolu fault, Figure
3.3) have been selected to illustrate tbpographic data acquired at all scales with the three
techniques presented. These fault surfaces are constituted of many discrete slip surfaces
delimiting bumpy lenses elongated in the slip direction (Fi@2¢ These multscale bumpy

90



Roughness of fault surfaces over nine decades of length scales

lenses give the awy aspect of the fault surfaces that are overprinted by fine linear polished

striations and coarser corrugations generated by abrasions (Rdues®l3.3).
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Figure 3.3.Bolu Fault A: Photograph of the fault zone in the Bolu limestone. Dashed reduront
corresponds to the limits of the cloud of points shown in B. C: Photograph of qresdrved slip
surface constituting the fault zone. D: LIDAR data of surface in C. E and F: Zoom on the fault surface
and the corresponding topographic map acquiredhwthe laser profilometer, which still includes

anisotropic roughness features in the slip direction.

3.2.2.C. Surface rupture data

Fault trace roughness has been previously analyzed (Scholz and Aviles, 1986etPawer
1987; Lee and Bruhn, 1996; Wresteret al, 2010). Most of the previous work focused on the
San Andreas system and some studies wrestled with precision issues. In the present study, high
resolution geological maps of large continental stdlge earthquakes surfaces ruptures, in
various geological setting, were analyzed, using the dataset of Klinger (2010) (See for example
Figure3.5 in Klinger (2010)). For each event, the surface ruptures length, earthquake magnitude,
and total geological offset are provided in Tab@

In a first gproximation, we consider that the surface rupture trace of siifk@arthquake
is representative of the fault roughness along the slip direction. These rupture traces have been
acquired using field cartography that allowed mapping the geomorpholagestof the rupture
coupled to slip distributions, and to high resolution satellite images (Kletgal, 2005, 2006;
Klinger, 2010). The actual point spacing is irregular and its average is comprised between 200 m
and 1300 m. However, it is worth to eahat the precision of the position of each point is close
to the meter scale by coupling the field observations with high resolution satellite images
(Klinger et al, 2005). This last information is crucial to have access to a-melir fine
description of the roughness of the rupture trace.

First of all, we emphasize that to avoid bias due to local wiggles of the digitized rupture
trace, the data set aresampled to ensure consistent spatial sampling, independent of the length
of each rupture (Klinge 2010). This resampling procedure does not affect the Fourier
transform computation and makes it possible to keep the scaling information of the rupture traces
(see AppendiB.A).
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Typical geometric discontinuities that are commonly observed on dgi leigh resolution
maps of large continental striglip earthquake surface ruptures are fault azimuth changes or
bends, relay zoneshich are also referred as jogs.

These discontinuities reflect the mwdttale erechelon pattern of the fault system,tire
range from a few hundred meters to several kilometers in size. Due to the presence of abrupt
steps associated with relay zones, which influence the Fourier transform and therefore bias the
roughness analysis, the ruptures traces are divided into dondiveegments (Figurg.4). A
SUHFRQVWUXFWLRQ" RI WKH HQWLUH UXSWXUH WUDFH FDQ
information contained in the first order large scale segmentation has been removed. Note that for
some earthquake surface traces (LyzBuaperstition Hills, Hector Mine) no abrupt step was

detected and the whole rupture trace can be directly analyzed.

Figure 3.4.Digitized surface rupture trace of the Gebitay earthquake. The inset zooms on one of the
steps removed for the Fourierahsform analysis. Each segment individualized and bounded by steps
have different colors and the whole profile is represented in green. The reconstructed trace by removing

steps is displayed in gray.
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3.2.3. Analysis of scaling properties of roughnessata
In this section we detaihe procedure to characterize the scaling properties of the scanned
fault surface topography. The same approach was followed for the digitized earthquake surfaces
ruptures since they are considered as rough profiles extfastedhe fault surface. In Appendix
3.A, the potential biases inherent to roughness data acquisition have been quantitatively defined
in order to demonstrate that they do not significantly affect the Fourier transform computation.
First the original clouaf points (Figure3.3) with irregularly spaced points was rotated, so
that the mean rupture surface is horizontal and parallel to major axis (X, Y), and in this case the

set of points was transformed in two data set: () + 1D ( ) (Renardet al, 2006; Saget
al., 2007; Candelat al, 2009; Zhanytet al, 2010). A set of parallel cuts was taken through the

cloud of points to obtain a series of thin bands of points striking at an anfgten the X axis.

Then, each band of points was projected to obtain a series of profiles with irregularly spaced
points. The thickness of the bands of points is closely related to the average spacing (X, Y) of the
original raw data. Linar interpolation on a regular spacing and linear detrending are performed

independently on all profiles to yield a set of heights , function of the coordinate along

the cut. The regular spacing taken for timedr interpolation has been systematically chosen as
twice as large as the average irregular spacing of the original profiles. In the linear detrending
procedure, any trends or undulations with wavelengths longer than the profile length were
removed by rierencing all heights along the profile to a line forced to go through the first and
last points. The trend removal procedure causes an apparent decrease in power at wavelengths
close to the profile length. This can be corrected by considering a varigtyfité lengths from
each surface (Powet al, 1988).

To describe the scaling properties of these rough profiles (Figdje we search for
possible spatial correlations of the height fluctuations. Along each profile, we computed the

autocorrelation @inctions. If the auteorrelation function of a rough profile is a power law and
scales as , then the rough profile is sedfffine with the Hurst

exponent, if multiaffinity is excluded. One way to estimateethutecorrelation function is to
compute the power spectrum which is the Fourier Transform. This method isuitetl and

robust to recognize and characterize-affihe roughness, as suggested by Canelieéd. (2009).
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The Hurst exponent H can be estied from the Fourier power spectrum, which has a power
law form for a self-affine profile (Barabasi and Stanley, 1995; Meakin, 1998). For each

profile, the Fourier power spectrum , i.e., the square of the mads of the Fourier

transform, is calculated as a function of wavenumberThen, after having verified the
stationarity behavior of the statistical properties of each profile in one direction, each cloud of
points is computed as a wle by stacking and averaging all Fourier transforms to reduce the
noise associated with individual profiles. When plotting the average power spectrum as a

function of wavenumber in a ldigg space, a sekffine function reveals lbnear slope, which is
itself a function of  through . The powetlaw exponent of the spectrum,

, describes how the roughness changes with scale, while the interceptfactpre
fixes the steepness or roughness of the surface at a reference scale (Mandelbrot, 1983, p. 350),
and both parameters are necessary and sufficient to describeadfiselfgeometry. As an
example, the computed Fourier power spectrum albtegstip direction of one patch of the
Corona Heights fault surface (CoreBa acquired with a LIDAR is displayed on Figugeb.
Taking into account one standard deviation compared to the best linear regression fit (least
square method), we estimate theoetsar on the calculated Hurst exponent. For our entire data
set of fault surface patches acquired with three independent scanner devices (LIiDAR, Laser
profilometer, WLI), the upper bound limit of the error bar on the estimated Hurst exponent is
equal to . Due to the fact that only one rough profile for each rupture trace is analyzed
(Figure 3.4), the noise in the spectrum is higher compared to fault surface patch (constituted by
an average of a multitude of profile). For a single pogpectral estimate, the standard deviation
is equal to the mean (Pressal, 2007). So that the upper bound limit of the error bar in the

estimated Hurst exponent of the eight rupture traces analyzed is equal to
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Figure 3.5.Estimation of the Hurst exponent and the associated error on each Fourier power spectrum.
Taking as example the Corofafault patch (see Table 3.1), a linear fit regression (least square method)

is performed on the linear portion of its spectrum. Theeftahg at small scales (or large wavenumbers)

is a consequence of the electronical noise inherent to LIDAR data acquisition. We consider one standard
deviation from the best linear regression to estimate both the upper and lower bound of the acceptable

fits and therefore the error bar on the estimated Hurst exponent.

3.2.4. Fault roughness results
3.24.A. Anisotropic self-affine regime

First, the Figure3.6 compiles allroughness values calculated on the five fault surfaces,
bringing together LIDAR, laserrpfilometer, and WLI measurements. Fourier power spectra,
underlining the scaling properties of each fault patch analyzed (4%usfates in total), are

displayed along ahnormal to the slip direction.
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Figure 3.6. Fourier power spectrum of the 41 swés analyzed along slip direction (left) and
perpendicular to it (right). The computed curves of all the fault patches scanned with the 3 independent
scanner devices (LIDAR, laser profilometer, WLI) are represented together on each of theseldgo log
graphs. We emphasize that the linear regressions have been computed on the linear part of each
individuals Fourier power spectrum (see Figures 5 and 8). A large variability in thdaprer is
highlighted between scanned fault patches of the same faultswafal also between the five faults. The
slight variability of the estimated slope of the curves (i.e. on the estimated Hurst exponent) is depicted in
Figure 8. Two powelaws fit with prescribed Hurst exponent of 0.6 in the slip direction and 0.8

perpendcular to it, are displayed one each graphs for eye guidance.

In order to highlight the specific trend of each fault, we have averaged the similar spectra
(that means spectra with an approximately identical slope but with a slightly different vertical
postion) obtained from each scanner devideach curve on Figurd.7 representsherefore an
average of similar spectra obtained for multiple fault patches. In this way, this technique gives a
smoother spectrum that represents the averagaffel charactr of the entire fault surface
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while preserving good wavelength resolution. Our results show an identical directional
morphological selaffine anisotropy for the five faults, characterized by two different global

Hurst exponents (see Tal8d): in the direction of slip and
perpendicularly to the slip. We will refer to and afterwards. We emphasize

that the slip direction underlined by striations and the diregberpendicular to it correspond
roughly to the direction where the estimated-affihe exponents are respectively the smallest
and the largest.

The Fourier power spectrum technique indicates that the gawsrare similar for field
data and laboratorydata, demonstrating the robustness of the-af@lie behavior over
approximately decades of length scales (between and ). Hence, it excludes
several sefaffine regimes, with differembughness exponents, aled by characteristic scales.

A systematic bending of the Fourier power spectra (along both the parallel and the

perpendicular slip directions) at the length scale is observed on the WLI data. This

change bregime occurs at large length scale relatively to the expected WLI resolution, and we
suspect that it could be the hallmark of the transition between two physical processes appearing
at the grain scalentleed, Chen and Spetzler (1993) suggest tletagacteristic length scale
appearing at the grain scale is due to a change in the dominant mode of deformation from small
scale intergranular cracking to intraganular cracking at large scale. The same observation and
interpretation was made by Meheudd@2) on tensile cracks. Howevdris beyond the scope of
this work to quantitatively characterize this possible characteristic length scale and we limit our
scaling analysis down to

Slight deviations (natural variation) of thefeer power spectra from the general trend can
be observed, for example between and , for the Bolu fault surface roughness data;
the Hurst exponent is slightly lower than along the diretion of slip We propose, however,
that the global anisotropic sedffine behavior is consistent when taking into account the typical
fluctuations indicated in Tabl®.1. Indeed, fault surface with a Hurst exponent smaller or larger
than one standard detion of their distribution ( in slip direction and normal to

slip) exist, but all Hurst exponents fall within two standard deviations interval (Figgixe
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Figure 3.7. Fourier power spectra from éhfive faults analyzed along the slip direction (left) and
perpendicular to it (right). Each curve at each scale (LIDAR, laser profilometer, white light

interferometer) includes together the average spectra of severadwstdres (or fault patches in Tabl

3.1). Powedaw fits (thick gray lines) with a roughness exponent of and , connecting
the field and laboratory data in both directions, are shown on plot for eye guidance. Dotted black lines
indicate the rang of prefactors, , extracted from the powdaw fits at

. For each curve at large scale the deviation from the global linear trend is due to finite size

effects. Black arrows (at the bending of spectra) ingidhe level of noise of the LIDAR and the lower

limit for the fit performed at the WLI scale.
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For each scanned fault patch, the profiles parallel to slip are smoother (i.e.plower

spectrum modules at each scale and more precisely the-faaweelatbnships between

and have both lower powdaw exponents and pffectors) than profiles normal to slip.

Some surfaces show vertical shifts between the spectra obtained by each device. These shifts
might be duepartly to their various resolutions, and partly to the fact that the surfaces are
statistically heterogeneous, i.e., different-faetors may be calculated from different parts of the
same surface. This latter observation gdssed imore details irthe gction 32.4.C

Finally, the compiled results of the present data and previous works (Schmétbahl
1993; Lee and Bruhn, 1996; Renast al, 2006; Candelat al, 2009) clearly show that a
universal anisotropic se#fffine model accurately desioes fault surfaces roughness. In addition,
this description of the fault surfaces is independent ofgdn@ogical context, i.e. lithology,

accommodated displacement, tectonic regime.
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Figure 3.8. Plot of the Hurst exponents (see Table 3.1) in slipctiva (down) and normal to it (up). To
differentiate the five faults, the same color code of Fi@usehas been used. The average Hurst exponent
is equal to along the direction of slip and perpendicular toti The shaded area and dashed

lines indicates the  and confidence intervals, respectively.

3.2.4.B. Pre-factor variability

In section 3.24.A, we have focused on the analysis on the slope of the plawerhich
appear tde constanalongslip and perpendicular to fbr the whole set of fault surfaces. This
observation highlights the fact that, for one direction (parallel or perpendicular to slip), the
relative amplitude of short and large wavelengths resaentical for the whole data set.
However, a significant variability of the pfactor (the vertical position of the Fourier power
spectra) is observed for each fault surface and at each scale (LIDAR, Laser profilometer, WLI).
Here we illustrate this vability on the data acquired with the LIDAR on the Corona Heights
fault, along the slip direction. A significant vertical shift is observed on the Fourier power
spectra corresponding to thix slifferent patches of th€orona Heights fault (Tablg.1). The
slope, however, seems similar (Fig#8). As it is observed on profiles extracted from each of
the six fault patches (Figu9), this vertical shift is correlated to the roughness amplitude of the
profiles at all scalesindeed, sectionsf the faut surface with a large relative pfactor (or
Fourier power spectrum relatively higher in Fig&®8), include profiles with larger roughness
amplitude but keep the same saffine scaling properties of amplitude versus length scales. In
other words, orthe Corona Heights fault surface, individual patches show differences in Fourier
power spectrum at all scales but the Hurst exponent i.e. the relative amplitude of the modes of
short and large wavelengths remains identical.

In order to validate this obsetion, we have performed a test on two synthetic anisotropic
self-affine surfaces computed byFmurier based method (Cand&tal, 2009)for which the
Hurst exponents are identical but the-faetors of the powelaw vary by a factor (Figure

3.10). These synthetic simulations mimic fault patches on the Corona Heights fault and

show that a decrease of the {bmetor shifts vertically downwards the position of the spectra in

the loglog, whereas the sloper(the Hurst exponent) remains constant (FigBui®). These
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simulations can explain the variability in the {faetor observed in natural fault surface and

illustrated on Figur@&.9.

Figure 3.9.Variability of the prefactor on the Corona Height fauturface. A: Fourier power spectra
calculated in the slip direction from the six patches of the Corona Heights fault surface measured with a
LiDAR and showing a significant vertical shift between the spectra whereas they keep a roughly similar
slope. B: Exanple of 1D profiles extracted along slip direction. The vertical shift of the spectra is

correlated with the roughness amplitude of the profiles at all scales.
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Figure 3.10. RMS roughness amplitude and variability of the-fartor on synthetic fault stace. A:

Map view of synthetic anisotropic selffine surface. The standard deviation at the length scale
follows a power law (top) and (bottom) along slip direon, and
(top) and (bottom) perpendicular to it. B: Fourier power spectra

performed in slip direction for both synthetic fault surfaces shown in A. The inset displays an example of

the and for a rough profile extracted from these surfaces.

3.24.C. Geometrical model of slip surfaces

In this section we give full description of fault surface geometry that includes all the
roughness scaling information includedthe Figure3.7, that is the Hurst exponents and the
range of preactors of the scaling functions along and normal to the slip direction for each fault
surfaces.The second order moment of the heights distribution, which corresponds to the root
meansquare ( ) roughness amplitude, is related to the power spectrum modsiag
SDUVHYDOYV WKaH RWH,Rf 6DJ\ , for a profile of length , the integration

of over the wavelength (with ) yields that the roughness
correlates as . Therefore, we use the range of fmetors and the
average value of and for each fault surface, which represent the global
trends observed in Figur8s7, 3.8, to infer the roughness amplitude as a function of scale
(Figure3.11).

For each fault surface and both along and rabmam the slip direction (except for the Dixie

Valley fault in the slip direction), the variability of the giactor implies a range of values.

In both directions (along slipnd perpendicular to it), the maximum and minimumfpotors

are extracted from the data set shown in FiQureand indicated in Tabl@.3. Finally, we obtain

for each faults two powdaws relationships between  and , which bound the slip parallel

and slip perpedicular roughness (FiguB11). These anisotropic sedffine geometrical models

do not show any characteristic length scale and are valid over a restricted range of wavelengths

between approximately and
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Figure 3.11. Anisotropic seHaffine geometrical models of fault surfaces inferred by roughness
amplitude as a function of scale. Taking into account the close relationship of the power spectrum module

with the moment of order of the heights distribution (which is the roughness amplitude), and
usingthe two global Hurst exponents ( and ) and the range of préactor between

and shown in Figure3.7 and Table 3.3, we propose a geometrical model for each fault surface
valid over the range of wavelengths sampled by the five fault studied, i.e. between approximately

and

As a consequence of the large range offactors (Figure3.7 and Table3.3), it is difficult
to point out a characteristic length scale where the roughness would not depend on the
orientation relative to the surface, i.e. where tméagse could be considered as isotropic.

We also extract directly from these limit cases, the-facéor of the scaling

relationship , which defines the topothesy of the surface (Simoese,
2000; Schmitbuhl et al, 2006, 2008; Candelat al, 2009). The topothesy corresponds
physically to a length scale, for which typical fluctuations of the roughness are of the same order

as the wavelength considered, that is . In other words, is the length

scale at which the profiles shows an average slope of The topothesy is complementary to

the Fourier prdactor , but in contrast with this latter it is homogeneous at atfesgale
whatever the value of the exponent. The smaller , the flatter the surfaces appears on a

macroscopic scale (TabB3). Note that for each fault, given that their surface appears relatively
more rough or jagged in the slipreiction compared to the perpendicular direction (as a direct
consequence of the difference in their scaling exponents), the along slip topothesy is always
larger than perpendicular to it. Given the extremely small values of estimated topothesy along
slip and normal to it (see Tab&3), the local slope of the surface is always significantly smaller

than for the range of scales that we explored, i.e. from to , meaning that fault

surfacesare rather smooth macroscopically.
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The minimum and maximum piactor, are extracted from the power

law fits performed on Figur8.7 along the slip direction and normal to it for each fault surfaldeen,

using with , we can plot the RMS roughness amplitude as a
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function of scale, as displayed on Figi8d1l. On Figure3.11, theminimum and maximum topothesy,

for the five fault surfaces is extracted for thip direction and perpendicualr to it.

3.2.4.D. Roughness of large continental earthquakes surface ruptures

The GobiAltay earthquake rupture shows an example of how we have segmented surface
rupture traces each time we encountered a relay zone fdyrt® non ceplanar faults (Figure
34). As alreadymentioned in sectior8.2.2.C these disruptions in fault traces diffract the
Fourier transform and, therefore bias the roughness analysis. The Fourier transform analysis
performed on individual segmen(&igure 3.12) indicates that each of them has a roughly
identical seHaffine regime characterized by a Hurst exponent of (see also Tabl8.2).
ORUHRYHU WKH SURILOH REWDLQHG IRU WKH HQavddgél SUHFR
of the roughness over all the individual segments and keepgp@oximately identical self
affine exponent (Figurd.12). To summarize, the seiffine regime is maintained constant along
the rupture trace, characterized both by stableaditfe exponent and pifactor.
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Figure 3.12.Roughness analysis of the Ga¥tay earthquake surface rupture. Fourier power spectra
of each segment of the Gebtay earthquake surface rupture and the whole reconstructed trace shown
in Figure 34 (inset).Colors for each curve follow the same code used for the profiles in FRyre
(inset). Above the crossrer length scale, indicated by the blue vertical bar and marking the beginning of
the regime controlled by data-sampling, all the curves follow a per-law behavior with a similar

slope giving an average Hurst exponent of (see also Table 3.2).

In Figure 3.13, a compilation of the roughness results is provided for the eight surface
ruptures. Results of the Fourier power speutranalysis are shown for one selected segment
(bounded by abrupt steps), and the whole rupture trace. Pawerfits and inferred Hurst
exponents on the linear part of the curves at large scales show a consistent similar slope for
selected individual segents and the whole rupture trace (FigB/E3). Note that except for short
segments (i.ewith a frequency contennot large enougifor a Fourier analysisan identical
scaling behavior is observed for all individual segments, but for clarity of the RdiBewe
focus here on the comparison between one segment and the whole rupture trace.

On the same lotpg graph (Figure3.14) a stack of all the spectra performed on individual
VHIPHQWY FDOOHG :3a8R)Xbhplements theFiguBRE@rd undrlines that the
totality of our rupture data can be described by a unique globahffiel exponent with an

average Hurst exponent of . Another interesting result highlighted in the FigGr#4 it

is that even if the eight ruptuteaces analyzed clearly sample variable geological settings, a
unique global sel&ffine regime best fits the data and, in particular, no trend is observed with the
finite geological offset accumulated by the fault zone hosting the earthquake ruptdess, In
even if the surface rupture traces are related to fault zone which have accumulated a large range
of finite geological offset (see TabB2), the variability of the prgactors highlighted in Figure
3.14 seems to be uncorrelated with the geologitfslet. Hence, no smoothing related to fault
maturity is observed. This last observation is also supported by the fact that a unique global self
affine exponent characterizes the whole rupture traces analyzed. It is important to point here that
rupture traes actually individualize the active portions of the fault zone, which should possibly
have recorded a signal of geometrical regularization with the slip accumulated. Such a signal of
fault maturity (BerZion and Sammis, 2003) is not observed here.
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Figure 3.13.Compilation of the surface rupture roughness results: Digitized rupture traces (top) and
corresponding Fourier power spectrum (bottom). Because of the abrupt steps biasing the Fourier
transform computation, we have performed this roughmesdysis on one segment (colored in red)
between two steps of the whole profile (in green). In addition, the gray profile and the gray Fourier
power spectrum corresponding represent a reconstruction of the entire profile. -Rowéts and the
inferred Hust exponents on the linear part of each curves at large scale (above theoeesdgngth

scale) are represented on each graph. Note here that for each rupture trace, the curves corresponding
respectively to the selected segments and the reconstruatéitbpboth follow a similar setiffine

regime as seen on FiguBel2.
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Figure 3.14.Variability of the prefactor and roughness amplitude. A: Stack of all the Fourier power
VSHFWUD Rl VHOHFWHG VHJPHQWYV RU WKH ZKHR@OW VXUQJDMHHEOMKSW .
underlining the global trend of the selffine behavior at large scale. Powkaw fit giving an average

Hurst exponent of is indicated. Variability of the vertical position, i.e. the fiaetor, between

each airve is not correlated with the slip accumulated.

3.2.5. Discussion
3.25. A No evidence of characteristic length scale

In selfaffine models only two parameters are needed, the Hurst exponent andfietqre
to describe how the of the fault surface roughness scales in one direditiothis section,
we focus on the Hurst exponent, directly related to the slope of the Fourier spectrum.

Previous studies on natural fault surfaces have shown that the slope of the Fourier spectrum
could dhange from large to small scales (e.g. Lee and Bruhn, 1996) highlighting that different
processes may be involved during the generation of surface fault textures at different spatial

scales. In fact, any inflexion of the spectrum would correspond to aatbastic scale and
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would often be interpreted as the transition between physical processes. Lee and Bruhn (1996)

observed several characteristic length scales between and several meters and attributed

them to a combination of filonal ploughing, secondary fracturing, and intersections between
anastomosing fractures along sliding surfaces. At length scales greater than several meters,
roughness would reflect the process of lateral growth and linking of several fault surfaces.
However, such conclusions were based on profilometry data that sampled only punctual
information along the whole fault.

In the present study, five fault surfaces in different geological settings have been scanned
with three independersicanner apparatuses. Our analysis of the spatial correlations of the fault
surface roughness is based on robust and consistent data, providing a global geometrical model
for the five fault surfaces scanned. An unique anisotropic raffitte geometric modefor the

five faults, characterized by two different global Hurst exponents and best

fits the entire data set between and . No significant deviation from thislgpal

trend could be determined for each cloud of points (see Babknd Figure3.7, 3.8). All Hurst
exponents extracted from the whole set of fault surfaces fall within a two standard deviations of
their distribution. This last observation demonstrétes this simple geometrical model is robust

and the existence of several regimes bounded by characteristic scales could be excluded between

to

3.2.5.B. Variability of the Hurst exponent between scanned dult surfaces and
rupture traces
The rupture trace geometry of strikkp earthquakes should correspond to the continuity at
the kilometer scale of the fault surface roughness sampled on fault scarps along the slip direction.
However, our results highligra small difference in the Hurst exponents of the eight ruptures
traces compared to the average trend in slip direction of the five fault surfaces scanned. The
spatial correlations of the rupture trace irregularities are characterized by a roughnesstexpon

value of , close to that in the direction perpendicular to slip, collected on the five fault

surfaces scanned. We propose that the roughness increase at the rupture trace scale is due to the
fact that the slip direction is notrigtly sampled as it is the case for fault surfaces scanned. Slip
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distributions of strikeslip earthquakes show that at some locations a vertical component could be
significant (as for example the Gehitay earthquake, Florensov and Solenko, 1965; Kurushi

et al, 1997). Therefore, at the surface rupture scale, a slight vertical slip component along the
whole rupture trace of the strilghip earthquake would explain that we sample a roughness
oblique to the slip direction. This assumption is verified auf@3.15. The Hurst exponents of

synthetic anisotropic se#ffine surface ( in slip direction and

normal to it) were calculated on series of 1D profiles extracted at an anffem the slip
direction. The same procedure was performed on a patch of the Corona Heights fault scanned
(CoronaA in Table3.1). A clear similarity is observed in the angular variability of the roughness
exponent computed for the synthetic surface and the natauv#tl patch (considered as
representative of our set of fault surfaces). Both surfaces expose the salinearotkependence

of the Hurst exponent with the azimuthal direction of profile extraction YWhen departing a

few degreesrbm the direction of the smallest exponent, i.e. the slip direction, the Hurst
exponent sampled is already very close to the largest exponent, i.e. the direction normal to slip
(Figure3.15). This effect could explain the slight difference in the roughegssnents observed
between the surfaces ruptures and along slip fault surface scanned.

Moreover, the traces of the ruptures show a structural complexity underlined by relay zones
(compressive and extensive jogs), and bends, which could locally accomraosigtaficant
vertical component at many locations along the fault (Klinger et al., 2006). In this case, the
ruptures traces morphology would correspond to a combination of topography along slip
direction and normal to it, which might partially explairetncrease of the measured Hurst
exponent compared to that of along slip fault surface scanned.

Finally, we suspect that no characteristic length scale is present in the gap of explored length
scales between fault surfaces scanned and ruptures tracelseMdfere propose that the global
self-affine regime observed at the outcrop scale is maintained at the kilometer scale of

earthquakes ruptures traces.
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Figure 3.15. Angular dependence of the Hurst exponent. Top: Hurst exponents computed on a synthetic

anisotropic seHaffine surface with two input exponents in perpendicular directions ( and

). The Hurst exponents were calculated on series of profiles extracted at an angle

between the slip direction () and the perpendicular direction ( ). Bottom: Angular variability
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of the roughness exponent computed for a patch (Ceforseee Table 3.1) scanned with the LIiDAR on
the Caona Heights fault surface. Both surfaces expose the saménean dependence of the Hurst

exponent with the azimuthal direction of profiles)(

3.25C. Pre-factor variability independent of displacement

Even if our results illatrate that the spatial correlations of fault surface topography can be
described by a unique selffine exponent along the slip direction and perpendicular to it, a large
variability in the prefactor is observed in both data sets, fault surfaces amarespraces. In this
paragraph, we attempt to decipher if this variability could be related to difference in the total slip

accommodated.

Faults surfaces scanned

Faults zone are constituted by several nadtle discrete slip segments. A tempting
explaration of the variability of the preactor within a same fault surface is that the finite
displacement accumulated by rougher fault patches (or segments) is smaller than for the
smoother fault patches (Powet al, 1987, Power and Tullis, 1989). For trassumption,
abrasion process could explain the polishing of individual fault patch roughness in order to
maintain a spatially stable Hurst exponent but variousfamt®rs (Figure3.9). Following this
reasoning, it is likely that the spatial heterogengibe the prdactor illustrated in Figur&.9
highlights variable accumulated displacement (probably much less important than the total offset
recorded by the fault zone) on each individual segments (or fault patches) constituting the whole
fault zone. Howver as underlined by Power and Tullis (1989), this possibility is difficult to
guantify because the total displacement for subparallel individual surfaces (which represent a
part of the total offset of the fault zone) cannot be observed with certaititg freld. Alternate
explanations for the difference in surface characteristics (FR8yavould include formation of
the individual fault patches at different depths, confining pressure, temperatures, or strain rate.
Sagyet al. (2007), selecting systatically the smoothest fault patches from each fault, have
observed an evolution of its geometry in function of the slip accumulated for the whole fault
zone. However, the range of geector estimated in the work of Sagt al. (2007) to

discriminate betwen a largeslip and smaiklip fault falls in the range of variability observed in
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our study for the individual fault patches scanned on one individual fault surface (Biura
addition, in Figure3.7, each spectrum at each scale (LIDAR, Laser lprogter, WLI)
represents an average of the spectra computed from multiple fault patches with different pre
factors but similar slope. Consequently, each spectrum provides an average of the roughness
over the whole surface, and no clear relationship isrebdebetween this last global roughness
and the total slip estimated for the whole fault zone.

Other recent studies have noted changes in fault roughness and damage parameters as a
function of maturity for faults spanning a range of offsets shifted frard#taset here (Sagy
al., 2007; Mitchell and Faulkner, 2009; Savage and Brodsky, 2011; Bredsky 2011). Sagy
et al.(2007) noted a difference in faults that slip more than 10 m versus those that slip less than 1
m. The fault roughness data presehhere is for offsets that are within the mature population by
these criteria. The lack of a discernible evolution signal is consistent with the suite of data in

Brodskyet al.(2011) that also shows that smoothing is a very weak process.

Earthquakes rugure traces

Another important information of our roughness scaling analysis is that no correlation was
observed between the finite displacement by the whole fault zone hosting the rupture trace and
the ioughness of this last onseg sction 3.2.4.0). Thisobservation is consistent with the work
of Klinger (2010), who showed that the correlation between the characteristic fault segment
length and the thickness of the seismogenic crust, is maintained, independently of the total slip
accumulated. In additiorwe suggest in this study that a coherent spatial organization persists
over the entire range of length scales accessible (i.e. from hundred meters to ~ 50 km, see Figure
3.14), independently of the total geological offdébte herethat infollowing the reasoningof
Klinger (2010), a specific length scale should appear at approximately 20 km (i.e. the thickness
of the seismogenic crust). Howevbgcause of thick of sufficientfrequency contertbetween
20 km and 50 km, this probable characteristic flersgale is not clearlsevealedoy our analysis.
Similarly, rupture trace data presented here covers an even greater scale of offsets that are well
within the mature zone based on both the roughness and damage studies see a change in behavior
about ~150 noffset (Savage and Brodsky, 2010).
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Smoothing of fault geometry has been suggested by other studies (Wesnousky, 1988;
Manighettiet al, 2007), and is thought to result from surface roughness of faults being inversely
related to their total displacementuc® smoothing of a fault trace, however, is mainly concerned
for large scale geometrical asperities, such as®teps of several kilometers. lour study,
given that we remove these fistders geometric discontinuities to perform our Fourier
transformanalysis, we lose these hallmarks of the fault maturity.

The notion of geometricregularization R U 3 P D Wefdstovthe'intuitive ideathat the
fault zonesimplifies itself by abandoningr smoothingthe complexityof the initial structures
(segments during the successive slip. Befion and Sammis (2003) recommetitht it is
necessary tseparatehe abandonedstructural unitsof thosewhich actively participate ithe
accommodation of thslip to reveala possibleregularizationof the geometry ofthe fault zone
with slip. It is therefore necessary to emphasize that both the fault scarps scanned on the field
and the rupture tracesemarkersof the morphologyof the actives structured fault zone.Our
results thuslemonstratéhat the active portonsof faults from the spatialscaleof micronsup to
at least the thickness of the seismogenic crust preseceenplexgeometryduring successive
displacementsin other words, the complexity of active fault surfacenaintainedregardless of
theaccumuateddisplacementand more precisely it is spatially organize following a simple self
affine geometrical model independently to the lithology and to the tectonic re@uore.
observations suggest that arceighening mechanism is active in the fault ztmenaintain the
geometrical complexity during the successive slips (Brodskgl, 2011). As suggested by
Klinger (2010), during the rupture propagation, processes related to branching and preexisting
secondary faults (Poliakost al, 2002; Bhatet al, 2004), could explain the persistent of some

level of complexity and prevent the complete smoothing of the fault geometry.
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3.2.6. Conclusion
The roughness properties of fault surfaces over nine decades of length scales (between

and & least the thickness of the seismogenic crust, i.e. ~20 km) is displayed on Figure

3.16, where the Fourier power spectra of the Corona Heights fault surfaces along the slip
direction and the spectra obtained for the continental earthquake swrfdoeesare plotted

together

Figure 3.16.Comparison of the roughness of the earthquakes surface ruptures with the Corona Heights
fault topography. The Fourier power spectra along the slip direction of the Corona Heights fault surface
are plotted on a lodog graph together with those obtained for the eight continental sslipe
earthquakes surface rupture traces. The Corona Heights fault data (purple, green, blue curves) are
identical to those plotted on Figui®7, and those of the surface ruptures (grayves) correspond to

that of Figure3.14. The red curve is an average of the spectra calculated for all data presented in Figure
3.14. Both Hurst exponents defining the sdfine regime in the range of scales sampled by the rupture

traces (between and approximately , i.e. above the blue vertical bar marking the beginning
of the regime controlled by the data-sampling) and that in the range of scales (between and

) sampled by the scanners devices, are indicated.
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The overall picture indicates that a single anisotropic-af@élie model ( and

) is maintained over nine decades of length scales whatever the geolodicgl set

addition, even if in both cases, for the scanned fault surfaces and the ruptures traces, we have
focused our analysis on the active portion of the fault zibragpearghatonce a small amount
of offset has been achieveitheir geometriccomplexty is maintainedregardless ofvhatever

furtherslip is accommodated
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3.2.7. Appendix 3.A

3.2.7. A Potential bias in the roughness data
Reliability of the roughness results at the LIDAR scale: effect on the noise in the
acquisition system

Before analyzing the main biases inherent to LIDAR data acquisition, we emphasize that
raw scanner da acquired with the horamade laser profilometer are considered as ¢dasi
and noise free (a detailed description of the conditions in which measurements with this scanner
device departs from the reality is given by Meéheust, 2002), given access docarate
estimation of the roughness scaling properties of the fault plane in the whole large range of
length scales accessible with this scanner device (between and ). In addition, the
slope of the spectra sgputed on WLI scans at scales higher than , are consistent with
those of laser profilometry for the same range of length scales (see Eiguréhis observation
shows that an anisotropic moeaffine geometric model describes cotesigly bothfield and
laboratory measurements over range of scales from 0.05 mm to 30 m and demoths&rates
consistency of measuremegtsried out with these different devices.

In the spirit of the work of Schmittbutdt al. (1995) on the reliability ofa seltaffine
measurement on  rough profile, Candelat al. (2009) have reviewed different statistical
methodologies which allowed the assessment and characterization of the anisotraffmeelf
behavior of fault topography. Thisork was mainly devoted to precisely define the intrinsic
error of the statistical methods (as the Fourier power spectrum) to estimate the scaling properties
of fault surface roughness.

Here, a new test is performed by taking into account the error eecedrith the spatial

position ( ) of each points measured by the laser scanner. We used a synthetic
anisotropic sefaffine surface (Figur8.A1) of with an original regular point spaciraj
, and with two different Hurst exponents in perpendicular direction ( and

). In order to simulate the error inherent to LIDAR data acquisition on the spatial

position of each points ( ), we added a Gaussian white noise with a distribution

on the original position of each points, to obtain the disturbed grid ().
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Figure 3.Al.Effect of noise inherent to LIDAR datacausition. A: Ideal synthetic selfaffine
surface with an original regular point spacing of . B: lllustration of the addition of a noise in the

regularly spaced original grid . To obtainthe disturbed grid . A Gaussian white

noise with a distribution was added to the X and Y coordinates. The new height of each

points, for example , is computed by interpolating with theiginal height of the four nearest points

. Finally, we add aGaussian white noiswith a standard deviation of to Z
coordinates. C: Comparison of the Fourier power spectra in direction of slip obtained fadehke
synthetic surface and the noisy synthetic surface. Both vertical dashed grey lines indicate limits taken for
fitting the Hurst exponent. D: Distribution of measured Hurst exponents, onsimulations, for the
direction of slip ad perpendicular to it. Black bars show the ideal simulated fault surface models, and
the gray ones correspond to the noisy simulated fault surface models. The solid lines (black for the ideal
case and gray for the natural case) represent the fits of tesamements to a normal distribution with

mean and standard deviation given at the top left for the noisy natural case and the top right for the

noisefree case.

Then the height of ead points at these new positions () are computed by interpolating
(bilinear interpolation) the four nearest points of each of these new positions on the original ideal
model (Figure 3.Al1). In a final step, a Gaussian white noise,avétandard deviation equal to
, Is randomly added on the interpolated heightsto yield the error of the LIDAR data

in the vertical position.

After generated this noisy cloud of points ( ), we extracted profiles oriented along
slip direction and perpendicular to it as done for the measurements, and estimated both Hurst
exponents. The results are then averaged over 100 realizations of synthetic surfaces. Due to the
noise, the Fourier powespectra flatten at short length scales (as for examples in the slip
direction shown in Figure 3.Al), which results into a slight underestimation of the Hurst
exponents. For both directions, along slip and perpendicular to it, we find that the median
estimates of and of the biased synthetisurfaces are and
respectively, compared to the nofsee data where the Hurst exponents were and

, respectivelyNote that the error bar of the estimated Hurst exponent of the biased
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synthetic surfaces is approximately twice larger in direction perpendicular to slip relatively to
that in the slip direction. In both directions, avié the Hurst is slightly underestimated for the
noisy data, its value is still included in the range given by the standard deviation of thre®ise
data. Therefore, the noise in the LIDAR data could be estimated as well as the reliability of Hurst

exponent values.

Reliability of the roughness results at surface rupture scale: effectsaimgling

For each earthquake, once the surface rupture map has been digitized, the data-set are re
sampled to a regular spacing to ensure consistent spatial sanipdiegendent of the length of
each rupture. This reampling is performed to avoid bias due to local wiggles of the rupture
trace (Klinger, 2010). We verified here how this-sampling process affects the Fourier
transform. The original digitized ruptuteace of the Hector mine earthquake, taken as example
is resampled with various constant values of in the range 620 m (Figure3.A2). On the
Fourier power spectra of this set of digitized rupture traces, two regimes can besdb&érv
small scales, i.e., large wave numbers, (between approximately and ) the behavior
can be attributed to data-sampling. At large scales, i.e. small wave numbers (above ), a
powerlaw giving a Hurst exponent represents the best fit. The crasger length scale
of the two regimes corresponds to the maximum spacing between two points in the original data.
Whatever the value of taken forre-sampling the data, the cresser length scale remains at
the same position. The regime at large scales, characterizing roughness properties of the digitized
ruptures traces is therefore not affected by datanepling; both the slope and the {fmetor of
each spectrum being identical (Fig@42).

The same rsampling procedure has been performed on ideal synthetiafBe# profiles
in order to precisely define if the scaling property could be modified (Figure 3.A3). An original
selfaffine profie ( ) with regular spacing point of and a total length of

(extracted from a synthetic surface as previously presented), is disturbed by adding to

the X coordinates a Gaussian white mowith a distribution (Figure 3.A3). This
altered profile is resampled with different values of in the range [4B50] m. The Fourier

spectra (Figure 3.A3) indicates that for the different values otthe large scale regime (above
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) characterizing the input sedfffine behavior with a Hurst exponent of is not biased.

This test validates that the -sampling procedure makes it possible to (kebe scaling

information of the rupture traces at spatial scales above 1200 m.

Figure 3.A2.Effect of resamplingon surface rupture roughness: example of Hector Mine earthquake.
A: Digitized surface rupture traces of the Hector Mine earthquake. Tigenal rupture map with an
irregular point spacing (pink profile) is reampled in order to ensure consistent spatial sampling with a

regular spacing . The inset indicate the position of the zoom located on the right, showing the

irregular point spacing on the top and the gradual increase of ttsamgpling (or decreasing of ) with
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a regular point spacing of profiles downwards. B: Fourier power spectra of the digitized rupture traces
shown in A. Spectra coloege the same than in A. On the right: the spectra have been shifted vertically
to improve the visibility. The blue vertical bar on both graphs highlights the -ongsslength scale, at

approximately , between both regimes, one beloattributed to data resampling, and that

above, characterizing roughness properties of the digitized with a Hurst exponent

Figure 3.A3. Effect of resampling on synthetic sadffine profiles. A: Example of synthetic rough
profiles with a standard deviation that scales as , analogue of digitized surface rupture

traces. The green profile at the top of the left figure is the original ideal synthetic profile with a regular

point spacing  of . A Gaussian white noise with a distribution is added randomly on

the original regular spacing to obtain a noisy profile (pink curve) similar to that of original ruptures
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maps. This noisy synthetic pilefiwith irregular point spacing is reampled with a regular spacing .
The inset zooms on the synthetic profiles located on the Bglourier power spectra of the synthetic
seltaffine profiles shown in A. Colors of each curvesrespond to those of profiles. On the right: the

spectra have been shifted vedily to improve the visibility.
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Fault slip distribution and fault roughness

4.1. Chapter 4 overview (Pesentation du Chapitre 4)

4.1.1. Introduction

Dans ce chapitre, je présente un article soumis a la r&eephysical Journal
Internationale Cette étude vise a démontrer le lien, souvent pressenti mais jamais clairement
établi, entre larugosité 3D des failles et la distribution spatialeD2du glissement apres un

tremblement de terre.

4.1.2. Presentations at international meetings

2019 American Geophysical Union, Fall meeting, San Francisco (USA):
Candela, T, Renard, F., Bouchon, M., Schtbuhl, J., and Brodsky, E., Seidffine fault
surface roughness: implications for the slip distribution and the amount of static stress
drop after an earthquaké&bstract S54A03.

4.1.3. Contributors to Chapter 4

-{DL SHUVRQQHOOHPHQW PGW HJY DSSCEJHENEOHER - ERLQET S W L R Q
modeéle numérique de propagation qug§sW DWLTXH GIXQH UXSWXUH D pWp L
Perfettini et al. (2001), puis adapt pour cette étude par J. Schmittbulles mesures
topographiques de la faille de CaeoHeight (San Francisco) ont été acquises sur le terrain par
E.E. Brodsky, F. Renard etmé#trPH (Q ODERUDWRLUH OYDFTXLVLWLRQ G
échantillons des surfaces de failles ont été effectués pamérme en collaboration avec J.
SCchmWWEXKO | OfLQVWLWXW GH SK\WLTXH GX JOREH GH 6WI

« Physics of Geological Processgs
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4.2. Fault slip distribution and fault roughness
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Abstract

We present analysis of the spatial correlations of seismological slip maps and fault
topographyroughnessilluminating their identical selaffine property. Though the complexiby
the coseismic spatial slip distribution can ibeuitively associated witlgeometricalor stress
heterogeneities alonghe fault surface, this has never bedamonstrated.Based on new
measurements of fault surface topography and on statistical analyses of kinematic inversions of
slip maps,we propose a model which quantitatively characterizes the link between slip
distribution and fault surface roughne&xir agproach can be divided into two complementary
steps (i) Using a numericatomputation we estimate the influenoaf fault roughnes®n the
frictional strength(pre-stress) We model a fault as a rough interface where elastic asperities are
squeezed. (r results suggest that pstress dminates the dynamical stress produced during

earthquakesThe Hurst exponent , characterizing the se#ffinity of the frictional strength
field, approaches , Where is the roughness exponent of the fault surfexcée

direction of slip (i) Using a quasstaticmodelof fault propagationwhich includesthe effect of
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long range elastic interactisnd spatial correlations in the frictional strendtie spéal slip

correlation is observed to scale as , Where  represents the Hurst exponent of the

slip distribution.Under the assumption that the origin of w@atial fluctuationsn frictional
strength along faultsis the elastic squeeze of fault asperities, st®w that selfaffine

geometrical properties of fault surface roughnesstrol slip correlations anthat
Given that for a wide range of faultsvérious accumutad displacement, host rock,
and slip movement), we predict that . Even if our quasstatic fault model is more

relevant forcreeping faults, the spatial slip correlations observed are consistent ws#hoth
seismological slip map# consequence is that the saffinity property of slip roughness may
be explained by fault geometry without consideriignamical effects produced during an

earthquake

4.2.1. Introduction

The increasing resolution of near field strong ground motion recavés gow a clear
evidence of the spatimmporal complexity of the rupture process. Even if different kinematic
inversions for the samearthquakeshow discrepancies, images of the spatial and temporal
evolution of coseismic slip on fault planes providenpelling evidence that fault displacement
is spatially variable at all resolvable scales (Mai and Beroza, 2002; Lavallee and Archuleta,
2005). Seismic sources have been shown to present large heterogeneities in the coseismic slip
and the rupture velocityAfchuleta, 1984; Brune, 1991; Cotton and Campillo, 1995). The origin
of this complexity is still poorly understood and often explained as generated by a combination
of incorrect mapping of rupture variability into the slip distribution as well as the deome
irregularity of the fault surface or compositional heterogeng(iiitss and Beroza, 2002)

In addition, in their extended analysis of spatial correlations of slip maps for 44 earthquakes,
Mai and Beroza (2002) found that the heterogeneous slip disbrbfollows a seHaffine
regime characterized by an average value of the slip roughness exponent close to those of recent
statistical scaling analyses of high resolution topography measurements of natural fault surfaces
(Renardet al, 2006; Candelatal., 2009). Even if thisimilar geometrical complexity between

slip maps and natural fault surfaces may suggest that both are associated, whether the observed
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slip patterns may reflect the underlying frictional or geometrical properties of the fault, or
whether these are separate effects, remains to be addressed. The aim of this vpoopostoan
approachwhich demonstrates that a controlling parameter of the spatial slip corrglation
related to the scaling properties of the topography of thewgtipce (.e. fault roughness).

In the following, we present new analysis of the spatial corretad seismological slip
maps (ection4.22) andnew data offault surface roughnesseggstion4.23), illuminating their
identical seHaffine propertyln section4.24, we present our model which can be divided in two
pars. Firstly we link the shear strength field distribution (jsteess) to the roughness of the fault
plane using a numerical computation of the transformation of fault asperities (inctheing
broad range of asperity size as suggested by thaf§ielé property of natural fault surfaces)
when submitted to a normal loa@nly elastic deformation of the topography is considered
which is dominant at large scaewhile the friction coefficiet is held constant(i.e. Coulomb
criterion). Secondly, using a quasiatic numericamodel offault propagationwhich includes
the effects of long range elastic interactions, we study the influence of the shear strength field
distribution, provided by hfirst step of our model, on thmesultingslip distribution. Finally, we

compare our numerical slip distribution with thasefsmological slip mapsn active faults

4.2.2. Selt-affine correlations of seismological slip fields
Let first recall some definitias related to the scaling properties of a rough signal. A self
affine 1D profile (Figure 4.1) remains unchanged under the scaling transformation
(Meakin, 1998). Here, is the coordinate along the 1D profile andis

the slip or roughness amplitude in the framework of our study. For -afal profile, the

scaling exponent , also called Hurst exponent (or roughness exponent), lies in the range
. In the particular case where , the profile is called selimilar. Accordingly,if a

profile obeys to a seBimilar description, a small portion of the profile, when magnified

isotropically, has a statistically identical appearaioce karger part of the profile. Conversely, if

a profile is best fit with a seliffine model, different magnification factors will be needed for the

directions parallel and perpendicular to the profile for a small portion of the profile to appear

statistcally similar to the entire profile (Figuré.l). As a consequence the laigmale slope
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along a profile scales as (Schmittbuhlet al, 1995).Accordingly, as opposed to

selfsimilar surfacesa selfaffine profile is flatter at largecales but still includes a large variety

of amplitudesof smallscaleasperities.

Figure 4.1. Representative-D synthetic selfffine profile computed with a Hurst exponent equal to
. We used a Fourier based method to simulatesttifaffine profile, as performed by Candela et al.

(2009). Inset: magnified portion of the profile, which has a statistically similar appearance to the entire

profile when using the rescaling transformation

Theoretical studies foextended source earthquake models describe heterogeneous slip
distributions on fault planes (Andrews, 1980; Frankel, 1991; Herrero and Bernard, 1994)

following a selfsimilar behavior characterized by , with the Hurst exponent of the

spatial distribution. However, in their extended analysis of spatial correlations of slip maps for

44 earthquakes, Mai and Beroza (2002) found that the heterogeneous slip distribution follows a
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seltaffine regime characterized by average value , independently of moment

magnitude or source dimensioms support of these findings, Causse et al. (2010) have recently
shownthat kinematic inversions methods are a relevant tool to retrieve the slip roughness even
the smoothing constraints used to stabilize the inversion lead to a slightestideation of the

slip spectrum corner wave numbdihe observation that implies a larger showcale

variability of slip than for the selimilar model, and indicatethat this model may not apply to
explain the current knowledge on slip maps.
In the spirit of the analysis of Mai and Beroza (2002), we have examined the scaling

heterogeneities of several slip fields extracted from finitesource ruptte models

http://www.seismo.ethz.ch/srcmpdand selected ten of themwith a frequeny content

sufficienty largefor a Fourieranalysig(seealsoTable4.1).

The Hurst exponent can beestimated from the Fourier power spectruvhich follows a

power law for a 1D seltaffine profile (Barabasi and Stanley, 1995; Meakin, 1998). For each
parallel profileextractedn thehorizontal direction (or strike direction) ofséip map,the Fourier

power spectrum , I.e., the square of the modulus of the Fourier transform, is calculated as a

function of the wavenumber. Then the spectrum of the entire surface is calculated by stacking
and averaging all-D Fourier transforms to reduce the noise associated with individual profiles.

When plotting the power spectrum as a functiowavenumber in a lotpg space, a sekffine
function reveals a linear slope, which is itself a function of through

Since we focus our analysis on the slopéhe spectrunand to allow a better comparison of
each power spectrunfsigure 4.2 displays thenormalizedpower spectraf the 10 slip fields
selected along strike directigmable4.1). In this figure, each Fourier spectrummisrmalizedby
its maximum powerEven if the directionnormal to strike correspoado the average slip
direction for normal or reverse faults, this direction is less extended than along strike and
contains most of the timensufficientfrequencycontent for a Fourier spectral analysis. However,
as suggested by Mai and Berdq2802)and our analysis on the Northridgarthquake slip map
(inset on kgure 4.2), which contains a sufficieritequencycontent in tle direction normal to

strike, both directions have identical saffine propertiegi.e. anisotropicspatial distribution)
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Finally, & large scales (abovapproximately ), i.e., above the effect of the spatial
smoothing applied irthe slip inversionwe find a seltaffine behaviorcharacterized byn

average value of which is very close to the aveegoughness exponent

calculatedby Mai and Beroza (20029r these ten selected slip maps (Tahle and fallswithin
their range proposed in their extended analysis of spatial correlations of 44 slip maps
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Figure 4.2. Analyses of the roughness of several seismological slip distributions. Top: example of one of
the ten slip maps analyzed (Table 4.1) derived mgZmd Anderson (1999) for the Kobe earthquake,
and illustrating the spatial variability of slip on the rupture plane. Bottom: Normalized Fourier power
spectra of the horizontal (or strike direction) slip profiles of the ten slip maps analyzed. Insétatitun

on the Northridge earthquake of the identical sdfine regime in the strike direction and perpendicular

to it.

# The frequency range correspondufgper and lower limits of wavenumbers used for fitimgrigure
4.2.
* Roughness exponentsgahipp maps obtained by Mai and Beroza (2002).

4.2.3. Fault surface roughness
4.2.3. A Self-affine properties of fault surfaces

High-resolution relocations of earthquakes using the multiplet technique have shown streaks
of earthquake along several faults inlifdania (Rubin et al, 1999). This pattern has been
interpreted as resulting from the presence of an organized large scale fault roughness (asperities)
resisting slip (Schafét al, 2002). However, despite recent progress in seismology, the imaging
of fault planes over a large range of scales at depth is not yet available. Ainigas access to
high resolution description of the fault plane comes from exhumed fault scarp observations. This
requires, of course, that the main morphological patternsuticfenapped at the surface of the

Earth persist at least across the seismogenic zone.
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Owing to technical limitations, the roughness of several fault planes has been studied mainly
using 1D profilometry(Poweret al 1987) From these pioneer measuremefds|t roughness
has been shown to be scale invariant with aseiflar (Poweret al, 1987, 1988; Power and
Tullis, 1991; Power and Durham, 1997) or safine character (Schmittbulet al, 1993; Lee
and Bruhn, 1996).

As pointed out byPoweret al. (1987), there is a significant limitation in studying such
roughness profiles, both because of intrinsic heterogeneity of the fault surfaces that may have
existed at the time of faulting, and because later degradation of the surface by weathering may
introdue variability and errors in the determination of the slope of the spectrum.méyis
explain why their studies i) did not have access to slight variations of the slopes, and ii)
FRQFOXGHG RQ WKH SUH \ihgldrrfegide.DQ *DYHUDJH™ VHOI

With the recentdevelopment of high resolution distancemeters, it is now possible to use
accurate statistical approaches to quantify fault roughness. Indeed, porlabés& scanners
(also called LIDAR, Light Detection And Ranging) allow mapping fault surface outaops
scales of millimeteto several tens of meters (Renatdal, 2006; Sagyet al, 2007; Candelat
al.,, 2009). The accuracy of the measurements enables a reliable quantification of the data.
Renardet al (2006) andCandelaet al. (2009) demonstrategrecisely the selaffine properties
of fault topography using ground based LIDAR and laboratory profilometers. These studies,
using two different and independent signal processing tools, vatitapgeliminary results of
Schmittbuhlet al. (1993) and ke and Bruhn (1996)and indicate that the various faults are
characterized by an approximately identical-sdfine geometry

In the following paragraph, we use a technique based on Fquuiger spectrumas
previously presented for slip correlationsabsis and whose reliability and accuracy has been
previously tested (Schmittbuldt al, 1995, Candelaet al, 2009) to investigate the scaling

properties of fault surfaceandconfirm the selfaffine model.

4.2.3. B. Scaling properties of the Corona Kights Fault, California
We present new roughnedsata obtained om fault localized in the Castro Ared San
Francisco(Corona Heights, 37.76°N, 122.43°W), that croats the brown Franciscan cherts

and where a post906 earthquake aggregate quarry lesn transformed into a playground and
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pet cemetery. The relatively recent exposure of the fault (F§Be and the high resistance of
cherts to weathering allow excellent preservation of the slip surface Tthedffault has a mainly
strike-slip conponent, witnessed by large elongated burapd depressions, associated with
linear striations of smaller size observed at all scales dowme resolution of the measurement
devices. We emphasize thidwe fault surface is characterized by an anastomasatgork of

highly polished, slickenlined surfaces, which might have been active during different episodes of

faulting and might have accumulated various displacements.
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Figure 4.3.Surface topography of theastro Area fault (Corona Heights, San Frasen). (a) The fault
surface consists of many discrete slip surfaces at all scales. (b) Example of fault surface topography
measured using a LIDAR, and represented as a <uale digital elevation model (DEM)The
measurements were performed on a rougbdgyular grid with spatial resolution , which

contains points, and then averaged (bilinear interpolation) on a coarser grid to obtain the

final model. The resolution of the elevation is less than one centimeteREM of a hand sample,
scanned with a laboratory laser profilometer. The surface contains points on a regular grid

with spatial resolution and elevation reslution less than . (d) Exampleof a DEM

obtained with white light interferometry, that contains points on a regular grid and gives
access to a micrometer height resolution.

At the field scale, a LIDAR apparatusejca HDS3000)was used to acquire digital
elevaton models (DEM) of the fault roughnesatsa spatial length scale resolution of 5 mm and
with a height resolutiorof approximately 2 mm(Figure 4.3b). At the laboratory scale, the
roughness of several slip planes was characterized using a laser profilfveétenst, 2002,

Figure 4.3c, Schmittbuhlet al, 2008) with horizontal incrementsof and a vertical
resolution better than . We used als@a White Light Interferometer (WL.Ifrom Veeco@

giving access to a mimmeter spatial length scatesolutionfor an estimated height resolution

close to (Figure 4.3d). Each measurement produces a matrix of millions of points from

which 1D profiles in any direction can be extractedétson Figure4 .4).

To compare fault surface spatial correlations with that of the seismological slip maps, we
focus our Fourier transform analysibbngthe slip directioreven if the fault surface roughness
showsa slightly anisotropicmorphology(see Renarckt al, 2005; Candelaet al, 2009) On
Figure 4.4, the spectrum in each structural direction (the slip direction and normal to it) is
obtained by averaging several spectra with variabldgmters but with roughly identical slopes
at every scale (LIDAR, laser profometer, WLI). In other words, each curve represents an
average of similar spectra obtained for multiple fault patches. In this way, this technique gives a
smoother spectrum that represents the averagaf§elé character of the entire fault surface
while preserving good wavelength resolution.

Our results highlight a se#ffine regime in the slip directioncharacterized by

(refered to afterwards) over approximately @lecadesof length

scales (Figuret4), smilar to what was observed by Renatlal (2006) andCandelaet al
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(2009) for other faultsThis roughness exponent corresponds to an average of those calculated at
every scale and given for the LIDAR, laser profilometer, and the WLI scalespectiviy:

, , and . The Fourier power spectrum technique indicates that
the power laws can easily be connected for the field and laboratory data, demonstrating the
robustness of the sedfffine behavior and excludingeveral regimes (with different roughness
exponents) bounded by characteristic sc@e® has to note that the slight vertical shift between
the spetra obtained by each device used in this study might be due partly to theirsvariou
resolutions, and partly to the fact that we have preferentially selected surfaces with ridges and

grooves i.e. larger amplitude) at the laboratory scales (FiguBe, d).
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Figure 4.4.Fourier power spectra and their respective standard deviationsulzabed for theCastro

Area Corona Heights fault surfacdong slip and covering 6 decades of spatial wavelengths. The data
collected contain five sections of the fault, that have been scanned using ground based LIDAR (magenta
curve), two hand samples meeeti by laboratory profilometer (green curve), and two surfaces scanned
using white light interferometry (blue curvegach curve is an average over a large set of parallel
profiles extracted from several DEM as shown for example on FigBr&ach DEM gies one spectrum.

For the LIDAR scale, five similar spectrums computed from five DEM have been averaged, and for both
the laboratory profilometer and the white light interferometer scale simglar spectrums have been

averaged Powerlaw fits (dashed darknes) with a roughness exponent , connecting

the field and laboratory data, are shown on plot for eye guidaBogh black arrows indicate the level
noise of the LiDARand the lower limit for the fit performed at tidite light inteferometer scaleThe

insets display examples of rough profiles at all scales extracted in the direction of slip from each DEM
shown in Figure.3.

The compiled results of this analysis and previous wdBkstittbuhlet al, 1993; Lee and
Bruhn, 1996;Renard et al, 2006; Candelat al, 2009) clearly show that, despite different
geological settings (various accumulated displacement, host rock, and slip movenn@qt)ea
seltaffine model may describe accuratelye geometry offault roughnessalong theslip
direction.The fact that the fault studied was exhumed from shallow depthk(g),5mpliesthat
(i) its topography has only recorded the propagation and termination of hypothetic major
earthquakes ruptures that initiate at greater depths, anti§idifficult to identify irrefutable
coseismic slip markers (as melt productdpwever, it is worth to note that in a recent work
(Bistacchiet al, 2011), the same sddfffine regime was found for the Gole Larghe fault zone
(Italian Alps) where the coitibns of seismogenic nucleation depths have been sampled and
where pseudotachylytes were found (Di Toro and Pennacchioni, 2005). One may conclude that
the presented setiffine geometrical model represent a global feature of natural fault surfaces

and midnt be preserved in depth.

4.2.4. From fault geometry to the spatial distribution of slip
4.2.4. A. Correlation between the pre-stress field and fault roughness (asperity
squeeze model)
Schmittbuhlet al. (2006) have proposed thatterogeneities dhe stress &ld are quenched
along the fault planei.e. dominated byintrinsic fault propertiesand weakly sensitive to
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dynamical stress fluctuations due to earthquake propagation since spatially persistent before and
after the rupture event (at least at large sgaldseir model, based on the studies of Haredeal.

(2000) and Batrouret al (2002), consists of a boundary element method that describes the full
normal contact between two facing elastic -séfine rough surfaces matedith spatially
correlated asp#ies. This model disregards plastigrocesses like rock fragmentation, and
focuses on elastic deformation of the topography which is the dominant mode at largdtscales.
follows thatwhen the loading is sufficient to suppress the fault morphology resghand

transform it in a normal stress roughness along a smooth plane, the Hurst exponent

characterizing the se#ffinity of the normal stress fiel¢the initial or prestress field before a

rupture event)approaches: , Where represents the Hurst exponent of the fault

surface morphology under exposure condition (no normal strékis) relationshiparises from
the fact that, for an elastic material, the stress field is related to rdtedérivative of the
displacement field

If we use our estimate of the Hurst exponent of the fault morphology , we obtain

that the Hurst exponent of the normal stress field is:

4.2.4. B. A quasi-static heterageneousslip distribution model

We use a quastatic three dimensional fault mogdeletailed by Perfettinet al. (2001)
which accounts for long range elastic interactidperfettini et al. (2001) have examined the
influence of spatial heterogeneitiefsfioctional strength on the slip distribution along a creeping
fault. In this model, Bp fluctuates spatially because of pinning on local asperities
(heterogeneities of frictional strength). Depinning from these asperities involves local
instabilities. When the elastic coupling is small, the motion is controlled by individual asperities.
Converselyfor strong elastic couplinge. weak pinning, asperities interact because of elasticity
and the dynamics becomes global.

In distinction to the study dPeafettini et al. (2001) wherea uniform random distribution of
guenched frictional strengtlhias usedo characterizeraheterogeneous static ps&ess field, we
consider here, also a quenched disorder of the frictional strengthdar strengjhbut spaally

correlated and controlled by a saffine exponent . We propose to link the Hurst exponent
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of the shear strength to that of the normal stress on the basis of a local Byerlee critar:

with . Because of the linearity between the shear strength and the normal
stress, both are expected to exhibit the same scaling leading to: . With our
estimate of , Wwe obtain

Numerical model
In this paragraph we briefly list the main characteristics and assumptions of thatqtiasi
numerical fault model, based on the study of Perfedinal. (2001) We consider a simple
elastic modebf rupture along a fault plane located at through an unbounded homogeneous

elastic solid. The rupture propagates along théirection.

The problem is then governed by a qustatic scalar wave equation involgim twc
dimensional displacement field , and the related shear traction across planes parallel to
the crack is . The actual slip is the slip discontinuity
across the fault plane and denotes the associated perturbation of traction. We assume that

slip occurs quasstatically and neglect any dynamical effects. In that case, elastic waves are

neglected, and the stress change , located at , and due to variations of slip

discontinuity along the fault is given by (e. g. Cochard and Rice, 1997)
(4.1)

where integration takes place over the fault of sizand indicatesthe principal value. The
elastic kernel accounts for the long range elastic interactions ands the shear
modulus. To avoid edge effects, we assume aperiodic interface in the direction such that
the kernel in @.1) transforms in

In order to characterize locally the heterogeneous frictional properties along the interface,

we balance with a quenchd frictional strength that does not evolve with time
. To mimic the spatial heterogeneities of the frictional strength previously

described, their fluctuations are assumed to be spatially correlated with long range correlations,
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i.e. the frictional strength are controlled by a negative-aiihe exponent . A

uniform random distribution of the frictional strength (Perfetéhal, 200L) would correspond

to in two dimensiongHansenet al, 200]). The correlation function of the frictional
strengthis assumed to behave as and in Fourier space
At any time, the quasstatic motion of the fault has to satisfy: for all

points of the interface. The evolution of the system may be regarded as purely dissipative, i.e. all
the released energy being dissipated by frictional work (Fisher, 1998).

The loadingresults from an imposed displacement. The system is discretized both in time
and space. An elementary step.( a time step) corresponds to the motion of only one segment

for which a frictional strength has been defined. At each step, the weakest segment

is searched for (i.e., event driven dynamics) by agsg that its location corresponds to the least
shear traction required to advance the crack. At each step of the calculation, only the weakest
point slips by an elementary distance which is a fraction of the discretization length. The local
driving forceis locally updated according to the adopted-a#iihe distribution to follow the
guenched imposed disorder of the frictional strength. At that stage, the rupture front is locally
unloaded and all the forces along the front line are modified accordimglisxretized form of
equation 4.1). The procedure is then repeated. The behavior of the system is controlled by the
competition between local fluctuations of the frictional strength and the effects efdogg
elastics interactions.

Perfettiniet al. (2001) have shown that three regimes of slip correlations exist depending on
the ratio of the stress drop of a point that just slipped by an elementary distance and-the root
meansquare (rms) of the frictional strength fluctuations. In the first regimen Wieestress drop
is much greater than the rms of the frictional strength fluctuations, the heterogeneities are not
strong enough to pin the front, thus crack advance can never be ar@stedrsely slip in the
second regime is expected to have the sata@istical distribution as the fluctuation of the
frictional strength, because the magnitude of the elastic interactions (due to a small stress drop) is
much smaller than the frictional strength heterogeneities. The third regime, on whiobuse
our sudy, is intermediate and the magnitude of the elastic interactions is comparable to the
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frictional strength variations. The interactions between frictional strength heterogeneities and

elastic stress transfers lead to non trivial spegioporal correlatios of slips.

Results

In the numerical model, we let thmitially flat slip front evolve with increasing
displacement. In Figurd.5, the evolution of the crack front line geometry during the transient
regime is displayed, and corresponds to the spreadisiip over the whole length of the model,
until slip correlations reach a stationary regime. For small increment of slip, the profile appears
essentially flat (only correlated a&mall wavelengtls), showing that the spatial correlations
between succes& slip distribution occur agmall wavelengtls. As slip increases, the activity
zone spreads, and the profile appears correlated at all length scales when it reaches the system
size. In other words, during the transient regime, the spreading of theyaistigmphasized by
the increase of the fluctuations of the crdidat line which becomes rougher and rougher until
is stationary geometry is reach. The spreading of the activity with increasing displacement results
from two competing effects: long rangelastic interactions and frictional strength
heterogeneities. The former tends to strongly correlate slip laterally while the latter tends to pin

the slip at one site.
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Figure 4.5. Evolution (bottom to the top) of the crafthnt line geometry during theansient regime
until the stationary state. The system size is . Elementary slip of broken segment is taken in a

uniform distribution . The shear modulus is set to . The average shear strgth is

with a rms of . The Hurst exponent of the shear strength distribution is

The power spectrum of the slip distribution in the statistically stationary regime, averaged
over mary realizations of the ruptur&ont, is shown in Figurd.6. As previously indicated, we
have considered the case where frictional strength correlations are controlled byaféingelf

exponent , which mimics the initial strength fieldalg a fault. The~ourier power
spectrum of the modeled fronts exhibits a power law behavioraapibwerexponent ,
which indicates a setiffine behavior with a Hurst exponent ( , see

Meakin 1998).

This result is consistent with that obtained mode Irupturesby Schmittbuhl and Villote
(1999, who studied the slow propagation of an interfacial mode | crack, including the effects of
long range elasticity and those of spatial correlationthe toughness of the interface. They

obtained that the cradkont line correlations scale as for any value of , which
extends our particular case, and , using he analogy between mode | fracture
and shear rupture discussed in Schmittledlal. (2003)
Finally, combining , that comes from the elastic squeeze of fault asperities, and
, given by our numerical fault modeke obtain that . In other words the

origin of the spatigemporal complexity of the slip distribution could be related to geometrical
properties of the fault. Considering two seffine surfaces pressed together elastically and
shared, we have made the link between tHe fault roughness, which is perpendicular to the

fault plane, and the-P slip roughness included in the fault plane.
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Figure 4.6.Power spectrum of the slip distribution in the statistically stationary regimeraged over
fronts taken each after iterations ( iterations in total). The power law fit provides an

estimate of the Hurst exponent of the slip distribution:

4.2.5. Discussion andConclusion

Considering theawo main assumptiamade in our study (fluctuations of the stress field
along the fault are dominated by quenched fault properties and slip occurstqtiaally), our
results shed some lights on the influencettd fault surface roughness on the spatial slip
distribution for creeping faults. Indeed, our wqmoposesa direct link between correlations in
shear strength and slip distribution along the fault plane. Given that the origin of the spatial
fluctuationsof the shear strength (or initial stress) along faults is possibly the elastic squeeze of
fault asperities, we therefore demonstrate thataféiie geometrical properties of fault surface
roughness may control slip correlations.

Even if our quasstaticfault model is more adapted to creeping faults sinegiaandwave
effects are neglectedt is worth to note that the sediffine spatial slip correlations observed in
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our quasistatic model are consistent with that of seismological slip maps. Even still have

to evaluatea complete elastodynamic description of this probl@amanathan and Fisher,
1998) this last observatiotteads usto proposethat dynamical effects produced during an
earthquakeepresenbnly a secondorder effectas assumed e asperity squeeze model. This
line of thoughts seems to be validated by strong similarities in the spatial correlations of initial
and final shear stresses along the Nojima fault for the Kobe earthquake (Schnattlaihl
2006).Finally, as pointed at by Sammist al.(1999), our resultsupportthe hypothesis that the
continuous slip of a creeping fault may results from a series of fei@ots related to breakage

of asperities (such as the ones in the numerical model), and has the advantagectofetyl

gathering seismically active and creeping faults.
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5.1. Chapter 5overview (Présentation du Chapitre §

5.1.1. Introduction

Dans ce chapitre, je présente un article soumis a la fBulletin of the Seismological
Society of AmericaCette étude se situe dans la continuité du chapitre 4, et vise a estimer les
implications probables des propriétés géométriques-atites des surfaces de failles sur la

chute de contrainte aprés un tremblement de terre.

5.1.2. Presentations at international meetings

2019 American Geophysical Union, Fall meeting, San Francisco (USA):
Candela, T, Renard, F., Bouchon, M., Schmittbuhl, J., and Brodsky, E;affeie fault
surface roughness: implications for the slip distribution and the amount of static stress
drop after an earthquaké&bstract S54A03.

5.1.3. Contributors to Chapter 5

- 1 D Lso@nélement mis en place RRQFHSWLRQ GH @B scfdJdudd& Hesv XLY L H
mesures topographiques de la faille de Corona Height (San Francisco) ont été acquises sur le
terrain par E.E. Brodsky, F. Renard et m@me. Les scans de la faille de laa¢heSillingy

ont été effectués par F. Renard et C. Voisin.
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5.2. Stress drop during earthquakes: effect of fault roughness scaling

Thibault Candeld,Francois Renard;* Michel Bouchort,Jean Schmittbuliand
Emily E. Bodsky”

lISTerre CNRS &University Joseph Fourier Grenoble |, OSUG, BP 53, 38041 Grenoble,
France.E-mail:|thibault.candela@ujfrenoble.ff francois.renard@uggrenoble.fr
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Abstract

We propose that a controlling parameter of static stress drop during an earthquake is related
to the scaling properties of the fault surface topography. Using high resolution laser
distancemedrs, we have accurately measured the roughness scaling properties of two fault
surfaces in different geological settings (French Alps, Nevada). The data show that a fault
surface topography is scale dependent and may be accurately describedajfiasg/éometry

with a slight anisotropy, characterized by two extreme roughness exponentsn direction of
slip and perpendicular to it

Assuming that a fault zone is elastic at large scales, the stress dr@gpostipnal to the
deformation, which is a spatial derivative of the slip. One can derive directly froseltadfine

property of the fault surface, the evolution of stress drop fluctuations on the fault plane with the

lengthscale as

Assuming no characteristic length scales in fault roughness and a rupture cascade model, we

show thatas the rupture growshe average stress drop and its variability should decrease with
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increasing source dimension, thatas the average stress drop: , Where s the

radius of a circular rupture. This resultdasdirect consequence of tledastic squeeze of fault
asperities which inducdbat the largest spatial fluctuations oétbhear strengthefore and after
the earthquakshowat local (small) scalgseculiarspatial correlations

5.2.1. Introduction
One of the most commonly used source paramgtehe interpretation of earthquakes is the

static stress drop , Which measures the stress decrease after an earthquake, averaged over

the rupture surface area (Aki, 1967; Scholz, 2002). A controversial question about stress drop is

its dependence or independence with respect to the seismic momenselfsimilar models of

earthquakesg,e., scale invariance property of earthquake source mechanics, imply that small and
large earthquakes are similar in terms of their rupture physics, and, as a consequence, stress drop
should be independent of eagttake size. This has been proposed in many studies where
earthquake stress drop is generally described as independent of source dimension and seismic
moment (Aki, 1967; Hanks, 1977; Kanamori and Brodsky, 2004; Kanamori and Anderson, 1975;
Abercrombie, 19951de et al, 2003; Imanishi and Ellsworth, 2006; Abercrombie and Rice,
2005; Prietcet al, 2004; Shearest al, 2006).

The wide dispersion of commonly accepted values of static stress drop, however, calls into
guestion the assumption of whether eartlkgusource properties are in fact scale invaridhe
scatter of static stress drop values versus seismic moment originates partly from unmodeled
sources of error such as directivity effeBe(nardet al, 1996; Imanishi and Ellsworth, 2006r
nearsurfece attenuation (Hanks, 1982; Anderson and Hough, 1984; Anderson, Iri8&d,
corrections for patland site responseffects need to be appliedefore determining the source
radius and the stress drop (Frankel and Wenneberg, 1989; Boatetright1991). However,
other studies suggest that heterogeneous properties in faulting influence the value of static stress
drop, and propose that source factors do account for the observed variability (Venkataraman and
Kanamori, 2004; Choy and Kirby, 2004). SinghdaSuwrez (1988) report a correlation between
low stress drops and smaller number of aftershocks in the Cocos subduction zone in Central

America compared to a global average. They proposed that variations in the smoothness of the
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seafloor topography may laepossible cause. Harrington and Brodsky (2@thve observed that

small earthquakes on immature faults obey the energy scaling expected for constant stress drop
(self-similar model), while those of mature faults do ridased on the estimations of source
parameters from spectra of 42367 earthquakes between 1984 and 2005, Allm&hearst

(2007) indicate that the patterns of high and low stress drop regions on the San Andreas Fault
(California) remain largely unchanged by the occurrence of the 2004 Raéidield earthquake.

These authors suggest that stress drops are mainly controlled by rock properties and that strong
heterogeneities of the stress field persist along the fault over the seismic cycle. This picture is
also supported by the observatioattthe aftershocks of the Parkfield earthquake are distributed
along the same streaks and display the same seismicity holes as the background before the main
shock(Allmann andShearer2007)

In the present study, we propose that a controlling paramétde cstatic stress drop is
related to the scaling properties of the topography of the fault surface, i.e. fault roughness.
Combining new fault roughness measurements with a recent study (Schnettali2006)that
links the fault surface morphology thithe shear strength along the fault plane, and using a
numerical model of fault propagation (Schmittbuhl and Vilotte, 1999; Cardelg 2011, we
deduce that fault geometry controls slip fluctuations on the fault plane. Given the close
relationship ltween slip and stress drop, we infer the evolution of the spatial fluctuations of the
stress drop on the fault plane as a function of the length scale. Then, considering that an
earthquake is constituted of a hierarchical set of smaller earthquakes,op@seprin the
framework of a rupture cascade model, a theoretical scaling model for the average static stress
drop and its variability directly associated with the scaling property of the fault surface.

In section5.22, we present new analysis of fault gbmess illustrating a unique identical
self-affine property whatever the geological setting (various accumulated displacemént, hos
rock, and slip movement). Irestion5.23, we present the scaling of the spatial variability of the
stress dromlong the upture surface. Inestion5.24, we infer the evolution of the average stress
drop and its variability as a function of the earthquake size by applying a rupture cascade model.
Our scaling relationships are applied on the Nojima fault plane (Kobe ed#hddd, 1995) for
which the stress pattern along the fault plane could be imaged before and after the earthquake

(Bouchon et al. 1998). We extrapolate the spatial fluctuations of the stress drop after the Kobe
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earthquake towards small scales and inferawerage stress drop and its variability for small
earthquakes nucleating on this fault.

5.2.2. Roughness of natural fault surfaces
5.2.2. A Definition of scaling properties and the Hurst exponent
Let first recall some definitions related to the scaling progperif a rough signal. Aelf

affine 1D signal (Figure 8) remains unchanged under the scaling transformation
(Meakin, 1998). Here, is the coordinate along the 1D profile andis
the obughness amplitude. For a saffine profile, the scaling exponent , also called Hurst
exponent (or roughness exponent), lies in the range . In the particular case where
, the profile obeys a selsimilar description: a small portion of it, when magnified
isotropically, has a statistically identical appearance than a larger part of the profile. Conversely,
if a profile is best fitted with a se#ffine model ( ), different magnification factors

will be needed for the directions parallel and perpendicular to the profile for a small portion of it

to appear statistically similar to the entire profile (Figh. As a consequence the slope along
a selfaffine profile fdlows a scaling such that , and tends to flatten for long

wavelengths (Figur&.1). Accordingly, as opposed to salimilar surfacesthis shows that the
profile roughness is flatter at large scales but still includes a large vafigtgttern of small

amplitude asperities.
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Figure 5.1. Representative -D synthetic selffine profiles computed with Hurst
exponents . We use a Fourier based method to simulate bothaffeie profiles
(Candela et al., 2009). Tharofile parallel to slip (with the smallest Hurst exponent) appears jagged at

small scales and smooth at large scales, compared to the profile normal to slip. Inset: magnified portion

of the profile along slip, which has a statistically similar appearatocthe entire profile when using the

rescaling transformation

5.2.2. B. Fault roughness scaling

Despite recent progress in seismology, the imaging of fault planes over a large range of
scales at depth is not yet available. A gquasque access to high resolution description of the
fault plane comes from exhumed fault scarp observations. From pioneer measurements of fault
surface topography using a mechanical profilometer, it has been shown that fault roughness is
scale invariantvith a selfsimilar character (Powest al, 1987, 1988; Power and Tullis, 1991,
Power and Durham, 1997). Two parameters are required to describesindalf or selfaffine
model in the spectral domain: The slope of the power spectrum and its intercefuglog plot

of power spectral density versus frequency. The slope of the spectrum (directly proportional
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to ) describes how the roughness changes with scale, while the intercept determines the

amplitude of surface elevation atjen scale (Power and Tullis, 1991).

Owing to technical limitations, as pointed out by Poeteail. (1987), these pioneer analyses,
performed mainly with D profilometer, did not give access to slight variations of the slope of
the spectrum because dietlarge variability and errors introduced by the sporadic sampling of
the whole fault scarp. Consequently, these studies have focused their efforts on the intercept and
concluded that an obvious and expected consequence oélglipd striations on faufilanesis
that profiles paralleto slip have lower spectral densities than those normal to slip, whereas the
slope is roughly identical in both directions and follows3dd Y H U D Jdiiriilay tegime(Power
et al, 1987, 1988; Power and Tullis, 1991; Rovand Durham, 1997)

With the recent development of high resolution distancemeters, it is now possible to use
accurate statistical approaches to quantify fault roughness. Indeed, porlabées& scanners
(also called LIiDAR, Light Detection And Rangingylow mapping the whole fault surface
outcrops over scales from millimeter several tens of meters (Renatdal, 2006; Sagyet al,

2007; Candelat al, 2009). The accuracy of the measurements enables a reliable quantification
of the data. Renaret al. (2006) andCandelaet al (2009) demonstrated precisely the anisotropic
seltaffine properties of fault topography using ground based LIDAR and laboratory
profilometers. They showed thabth slope and intercept are lower in direction of slip than

pergendicular to it

5.2.2.C. Self-affine geometry of the Vuache and Dixie fault scarps

In addition to previously published data acquired on the Vuache(Reiftard etal., 2006;
Candela eal., 2009) we include new measurements performed on the Dixileyault surface
(Table5.1) where a neighboring fault scarp has been studied by Rave¢r(1987) and Power
and Tullis (1992). The aim of this section is to compare two faults in different geological settings
and to quantify their roughness properties

The Vuache fault is an active strikp fault system in the western part of the French Alps
(Thouvenot, 1998) which offsets metarale beds of limestones. We consider here a satellite

branch of this fault system, where the cumulated slip was sm#ik irange meters. The
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fault plane was exhumed ten years ago by the activity of a qéeriy.consequence, the LIDAR
measurements coulde performed on fresh surfaces, where weathering was minimum and
vegetation free.

The Dixie valey (Nevada) fault surface has a mainly normal slip component andazrsss
throughrhyolites.The high resistance of rhyolite (composed mainly of quartz) to weathering and
the dry climate of the Nevada desert allow excellent preservation of the shges(Figure
5.2a). These latter consists of many discrete slip surfaces at all scales separating lenses of
variably deformed fault rockAlthough normal cumulated slip for the fault zone ashele in
the study area is (Okaya and iompson, 1985-onseca, 1988; Power and Tullis, 1989),
individual surfacesvithin the fault zone have experienced considerably less slip.

Three different models dfiDAR apparatus were used to acquire digital elevation models
(DEM) of the fault roughnessithh a height resolution down to one centimeter, respectively the
Leica HDS3000 for the Dixie fault and both the Riegl LMS Z420i and Trimble GS100 for the
Vuache fault (Tableb.1). For each fault, several patches of the surface were scanned at a
resolutionfrom 5 mm to 30 mm, coarser than the precision of the scanner, and constituted
individual DEM whose size lies between and . In Figure 5.2b, we show one
example of a DEM extractefdlom the Dixie fault surfacewhereas DEM of the Vuache fault

surface are presented in Candatial. (2009).
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Figure 5.2.Dixie Valley fault surface topography. (a) Whole outcrop constituted by many discrete slip
surfaces. The inset corresponds to the surface shown on (b). (b)afothra fault which corresponds to
the digital elevation model (DEM) labeled Dix2ein Table 5.1. (c) Representativélselfaffine profiles

of the slip surface extracted from the DEM (b) in the direction of slip and perpendicular to it.

The Hurst expon# can be estimated from the Fourier power spectrum which has a
power law form for a D selfaffine profile (Barabasi and Stanley, 1995; Meakin, 1998). First,
linear detrending is performed independently on all the profiles selectegiven direction from
a DEM (Figure5.2c). Then, for each parallel detrended profile in direction of slip and

perpendicular to it (Figurg.l1), the Fourier power spectrum , i.e., the square of the modulus
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of the Fourier transfon, is calculated as a function of wavenumberThen the spectrum of
each DEM is calculated by stacking and averaging-BlIHourier transforms to reduce the noise
associated with individual profiles. Each DEdlves one spectrumThree and four similar
spectra were computed from three and four DEMthe Vuache and Dixie fault surfaces,
respectively. These spectra were then cegramed and averaged to recover the general trend of
each surface (Figu®3 and Tablé.1).

Whenrepesentingthe Fourier power spectrum as a function of wavenumber in-tdpg
plot, a selfaffine function reveals a linear slope, which is itself a functionrHothrough

. In Figure5.3, Fourier power spectra are displayed for tle direction and

normal to it, showing the two extreme saffine regimes characterizing fault topographyg
suggested by Candedd al. (2009). Note that these scaling relationships flatten at lesagties

below for the Vuacheand for the Dixie fault. This is due to the noise inherent to

the measurement using LIDAR apparatus. This noise level varies between thedtieeents

we used and was in the range (see Tabl&.1).
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Figure 5.3. Fourier power spectrum calculated for the Vuache fault and Dixie faulfaces in
directions &long and perpendicular to slip) and their respective standard deviations. The data collected
contain respectively three and four surfaces of thecWeaand Dixie fault surfaces, that have been
scanned using ground based LiDARowerlaw fits (dashed red lines) are shown on plots for eye
guidance The blue vertical bars display the upper limits of wavenumber used for fittirey.insets
display an exaple of the height elevation Z (- [LV YV ZDY H O H&i3Méka rougiNpradile]

The level of noise is indicated by the arrows.

Ourresults clearly highlight an identical directional morphological-a#ihe anisotropy dr
both fault surfacgeometries (Figurg.3). All the powetlaw fits performed for each stgurface
(or DEM) to extract each roughness exponents are presented inrbTlablbe Vuache and Dixie
fault surface geometry can be accurately described by two scaling roughnessxbongnés

in both structural directions, which are and
, respectively.The structural slip directignhighlighted by

linear striations at small scaleand the direction perpendicular it correspond roughly to the
two directiors where the estimated selffine exponents are the smallest and the largest
respectively

The compiled results of this analysis and previous works (Schmittbah| 1993; Lee and
Bruhn, 1996; Renardt al, 2006; Candelat al, 2009) show that, despite different geological
settings (various accumulated displacement, host rock, and slip movement), an anisotropic self

affine model may describe accuratédylt asperity geometrylhe roughness exponents are

in the range 06.8 (.e. selfaffine case), and always smaller thani.&. self-similar case) in
both structural directions.

The two faults studied were exhumed from shallow deptas<{5 km). Their topography
hasrecorded bottihe propagation and termination of major earthquakes ruptures that initiate at
greater depthdt is worth noing that in a recent work (Bistacchkei al, 2011) the same self
affine regime wasneasurean the GoleLarghe fault zon€ltalian Alps) This fault has recorded
slip processes ahe depth of seismogenic nucleation. One may concltidat the seHaffine

geometrical modahayrepresent a global feature of natueallt surfaces.
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5.2.3. Spatial variability of the stress drop on the fault plane
5.2.3. A Relationship between slip and fault roughness

,Q WKHLU 3DVSHULW\ VT X et-h] KROP6} BaMeproosdd RPHaiMWetEaXidh©
of the frictional shear strength field can be understood as the expression of taffirsefault
planes pressed totper elastically and sheared with frictional sliding (i.e. at Coulomb threshold).
Within their approximations (full contact, elastic deformation of the topografifotjonal shear
strengthdistribution constitutesan intrinsic property of thdault plane and is only slightly
affected bydynamical stress fluctuations produced during the earthgéakerdingly,the Hurst

exponent , characterizing the se#ffinity of the shear strength field before the earthquake

approaches
(5.2)
In addition, Schmittbuhl and Vilotte (1999), using a numerical model of ¢piaisc tensile
crack propagation have demonstrated that the interactions between toughness heterogeneities and
elastic stress transfers lead to nawidt spatictemporal correlations of slip. Indeed, neglecting
any dynamical effects due to stress overshoots, inartiaave effects, they show that for long

range correlations of toughness heterogeneities, characterized byaHiselexponent |, the
roughness exponent of the slip distribution follows the scaling for a wide range of
values of between and . The results obtained with thimimerical model developed for

mode | cracks can be extended to mode Il or Il ruptures, which are relevant for the description
of shear fault rupture during earthquakes (Schmittleaitdl, 2003; Candel&t al, 2011). The
toughness disorder in the casenobdde | rupture propagation is then converted into frictional
disorder for mode Il or Ill cracks and

(5.2)

with , Characterizing the lonrgange correlations of theictional shear strength (such as due

to asperities) along the fault plane before the rupture. Finally, combibifhy gnd 6.2), it
follows that
(5.3)
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showing that selfffine geometrical properties of fault surface roughness may control slip
correlations. Even ithe quasstatic model of fault propagation discussed here neglects any
dynamical effect inherent to rapid coseismic slip, we emphasize that the spatial slip correlations
observed (Equatioh.3) are consistent with those of seismological slip maps (MaiBeroza,

2002).

5.2.3. B. Scaling of the standard deviation of the stress drop after an earthquake
Fault slip distribution and stress drop variability
For a twedimensional scalnvariant model of slip, the Fourier transform of the slip

distribution follows , with  a Gaussian white noise (Marsan, 200BY.
definition, for an elastic body the stress di®proportional to the deformation, which is a spatial
derivative of the slip. Thefore, the stress drop scales as for a
wavenumbek (Marsan, 2006), and the scaling of the standard deviation of the stress

drop at scale is given by

(for <1) (54)

where is the size (total length) of the coseismic rupture. In the limit ,
(5.5)
Note that, when reaching small wavelengths, the standard deviation stréke drop should
diverge. There, the elastic assumption is not relevant anymore because plastic deformation must
take place to dissipate the largest stress concentrations (Dieterich and Smith, 2009).
As suggested by the previous paragraph, spatiakcslilations are directly linked to the

distribution of fault asperities and combinirig4) and 6.5) with (5.3) we obtain for  <1:

(5.6)

and in the limit ,

(5.7)
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indicating that the evolution of the stress drop standard deviation with the-koad¢h may be
controlled by fault geometrical propertiés.other wordsthe variability of the stress drop along

the fault plane after agarthquake should increase towards small scales becaihrseselfaffine
character of the fault surface (). Note that, in the case of a ssiimilar fault roughness,
stressfluctuations would be of the same intensity at all scdtegire5.4 displays this standard
deviation for ranging from 0.6 to 0.8, as given by equatibib). Considering the

two endmembers obtained in the fault roughness analysis ( ), we
illustrate the scaling of the standard deviation of the stress drop on a rupture surface of total
length , when the stress drop variability is known down to the scale of as

generally obtaied by seismological slip inversions. In other words, we extrapolate at small
scales the stress drop variability on a fault surface caused by a magnitude ~ 7 earthquake

(analogue to the Kobe earthquake).

Figure 5.4.Increase of , the stress drop variability (standard deviation) at scale with the
decrease of , for the range of Hurst exponents given by fault roughness analyses
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( ). This graphrepresents the generic case of a rupture of total length L, for which
the stress drop variability is known from seismological slip inversions down to scale. Such a scale
is generally close to , correspondingo a long rupture (i.e., a magnitude event,

analogue to the 1995 Kobe earthquake).

Absolute shear stress and stress drop variability
a. Analogy between the stress drop and the fracture aperture scaling

In secton 5.2.3.A the shear strength field before the rupture is directly linked to fault
WRSRJUDSK\ E\ WKH 3DVSHULW\ &t aX@&ugH InRirGahe wa/Ftki® L WW E .
model implies that the state of stress after an earthquake is controlled toypdgiiness and is
only slightly affected by the dynamical effects during the rupture propagation, at least when
considering its scaling properties. In this framework, the only way to alter the final strength
distribution is to modify the fault morphologluring the slip event. Therefore, the relationship
(5.1) could be applied for both the initial and final shear strength and the scaling of their standard

deviations at a given length scaleevolves as:

(5.8)
where  corresponds to the final shear strendthone assumes that the stress drop quasi

statically from the initialshear strength (which can be interpreted as the yield stress) to the

final shear strengthi.e. the final loading stress), therefore the static stress drop after an

earthquake can be defined as . To derive the scaling of its variability we make the

analogy with the scaling of fracture aperture (Méheust and Schmittl08).2indeed, in our

case, each facing fracture surface mimicks the initial and final shear strength. Two situations are
possible: (i) both seléffine surfaces display fluctuations uncorrelated with each other at all
scales, or (i) they are matched atgi scales but uncorrelated at small scales. In (i) the
difference of the two seliffine surfaces (the fracture aperture or the stress drop) is also self
affine with an identical Hurst exponent, but for the case (ii) at large scales where both surfaces
are matched, their difference appears smooth and does not preserve-tféngetegime still

present at smaller scales.
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b. Application to the 1995 Kobe earthquake

The 1995 Kobe, Japan, earthquake (Nojima fault) for which it has been possible to
reconstruct at only the stress drop, but also the absolute stress field (Boetlabn1998), is a
unique case which gives the opportunity to test both previous possibilities and infer the scaling
of the stress drop variability in a different and independent walgeobne previously proposed
in (3.2.1). In Figure5.5a, the shear stress maps before and after the Kobe earthquake show
persistent spatial fluctuations (Bouchenh al, 1998): relative maxima are located at similar
positions along the fault plane, exceptaaige depths.

Before precisely analyzing the spatial distributions and more especially the possible spatial
correlations of the absolute stress field and the stress drop of the Kobe earthquake, it is important
to clarify some points on the reliability af model derived from an inversion. Indeed, even if
inversions of the same rupture event show discrepancies, Mai and Beroza (2002) in their
extended analysis of spatial correlations of slip maps for 44 earthquakes found that they follow a

seltaffine regine characterized by an average value . This result even if it is

accompanied by a large standard deviatlemonstratethat the very heterogeneous patterns of
slip maps is better fit by a sedffine model (i.e. H <1 ) rather than e@fssimilar one (i.e. H = 1).

In addition, Causseet al. (2010) have recently shawthat kinematic inversions methods
represent relevant tool to retrieve the slip roughness even if the smoothing constraints used to

stabilize the inversion lead to a sliginderestimation of the slip spectrum corner wave number.
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Figure 5.5.Investigation of the absolute shear strength and the stress drop variability inferred for the
Kobe earthquake. (a) Absolute shear strength and stress drop inferred for the Kdipualket (after
Bouchon et al., 1998). Above 10 km of depth, these distributions show persistent spatial fluctuations:
relative maxima (dark gray areas) are located at similar positions along the fault plane.

(b) Fourier power spectrum of the absolute shetaength and stress drop profiles averaged over the ten
first kilometers of depth in the maps shown in (a). Note ttiavertical dashed gray line displays the
smallest length scale at which the spatial fluctuations of the stresses are accessiblecignbbogical
inversions, i.e. ~ 4 km.

(c) Profiles extracted at the same position (7 km of depth) for each stress maps displayed in (a) showing
that fluctuations are larger at small scales than at larger scales where they appear nearly linear. In
addition, persistent spatial fluctuations of relative maxima are clearly identifiable between the initial
stress profile and the final one even if the overall roughness amplitude of this latter is considerably
reduced. The resulting difference of these unmatchi&dliand final stress profiles, i.e. the stress drop

profile, displays identical fluctuations at all scales conserving the samafiet regime.
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In the same way performed for the roughness analysis of fault surfaces, we have therefore
searched for msible spatial correlations of the absolute stress field and the stress drop on each
map which can be considered reliable despite the small range of resolinéifourier power
spectrum of each stress map is obtained by averaging the spectra of titeiahgikofiles of the
ten first kilometers of depth (i.e. the region of highest resolutidm.power spectra of the initial
and final stress profiles along strike direction (Figbifd) show an identical seé#ffine behavior

with a negative Hurst expone at scales larger than , the scale below

which spatial smoothing applied for the inversitiasan effect. This selaffine behavior is in
gualitative agreement with the range of values predicted by theitaspgueeze modelThis
confirms that an elastic squeeze of fault asperities could explain the spatial distributions of the
shear strength along the fault, both before and after the rupture event.

Another important result is that the stress drop spaisttitoution follows the same self
affine regime as that for the initial and final stress. This later observation suggests that even if the
initial and final strength maps show persistent spatial fluctuations, they are also uncorrelated
with each other atllascales, explaining that their difference, i.e. the stress drop, is also self
affine with an identical negative sedffine Hurst exponent. Indeed, the vertical shift downward
of the final shear stress spectrum compared to the initial one, while kdbpisgme logog
slope, indicates that the roughness amplitude was decreased at all scales but the relative
amplitude of the modes of short and large wavelengths remains identical. In other words, and
illustrated by profiles extracted from the stress fieldps (Figures.5¢), the position of relative
maxima (largest asperities) have been conserved, keeping the spatial fluctuations persistent even
if at all scales the roughness amplitude has decreased.

Finally, given that in the framework of the asperityseze model, the stress field before
and after the earthquake are the fingerprints of the fault surface roughness, we suspect that this
difference in both stress fields is directly linked to slight change in fault morphology caused by
the rupture event. Asuggested by Schmittbulelt al. (2006), it is conceivable that a slight
decrease of the roughness amplitude at all scales (while keeping a similar Hurst exponent)
caused by the earthquake, could contribute to the decreasing of #faetpreobserved fothe

Kobe final strengthThis hypothesis is illustrated dfigure5.6 using three synthetic sedfffine
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profiles defined by an identical negative Hurst exponent@f2 and three different prefactors as
visualized for the distributionsf the shear strengtand the stress dradong the Nojima fault
plane before and after the Kobe earthquake.

In summary, our analysis of the spatial variability of the strength before and after the Kobe
earthquake demonstrates that they are uncorrefatgdally at all scale even if large scale
fluctuations are persistent, and confirms that their difference, i.e. the stress drop, scales also with

as provided by the scaling relationshio/{.

5.2.4. Evolution of the stress drop with rupture size
5.2.4. A Implication of a rupture cascade model on the variability otthe stress drop

In the previous section, we have demonstrated, #mt consequence of , the

variability of the stress drop after an earthquake increases towards thessahedl and large
stress drops could be attained at small scales along the fault plane hosting the rupture. Here we
propose to deduce the dependence of the average stress drop with rupture size.

In a slip pulse model of earthquake on a fault with a spatalrying strength, once slip
initiates at a point, the fault continues to slide until it encounters a strong barrieBr@egky
and Mori, 2007. In a different point of view, but not incompatible with the slip pulse model, an
earthquake can be concealized as a hierarchical cascade of ruptures: an earthquake would be
composed of subevents with different sizes and these subevents are themselves composed of
subevents, and so ofr@ankel, 1991 Note that the propagation of each small earthquake or
sube&rent @n follow the slip pulse theorBased on our analysis of fault surface morphology, we
use a selhffine model of fault roughness on which a cascade rupture propagation occurs. For
such modelAndrews (1980) andrrankel (1991), have suggested that sitress drop could be
independent of event size. However, in both works, the initial shear strength was implicitly

independent of scale ( ).
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Figure 5.6.Conceptual model of the difference in the variability of the shear strenfhebend after

the Kobe earthquake. (a) Ideal synthetic -sffine profiles with a prescribed Hurst exponent-0f2
analogue to the stress field of the Kobe earthquake (shown in Fadbravithout smoothing inherent to
inversion procedure. The differembetween the synthetic initial and final stresses shows a decrease of
the roughness amplitude at all scales preserving the relative importance between large and small scale
fluctuations. Persistent spatial fluctuations at large scale are preserved. fEss gtop synthetic profile

is also seHaffine with an identical negative scaling exponent. At the right, the Fourier power spectra of

each profiles show a similar pattern as observed for the Kobe earthquake stress maps (displayed in
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Figure 55). (b) Samegraph as in (a) except that the ideal synthetic saffine profiles have been
smoothed as observed on seismological slip inversions. Large scale fluctuations are not affected by the
smoothing procedure. (c) Difference in the-fmetors of the respectvFourier spectra is directly related

to slight variations in fault morphology caused by the rupture event. Two examples of synthetic rough
profiles with a prescribed Hurst exponent of 0.8 (analogue to that sampled on natural fault surface).

Consequently,in their analysis, the average stress drop over a given surface area was
independent of the size of this area since the standard deviation of the spatial variations of the
initial shear strength was considered constant on the fault plane. In other astts, rupture
propagates, rupture of an asperity (or subevent) removes the spatial fluctuations in shear strength
over the dimension of the asperity. Thus the stress drop remains proportional to the standard
deviation of the initial shear strength. Astiveir model the shear strength was scale independent,
therefore each subevents of different sizes released an equal stress.

In the present studyye have constraints on the stress state before and after the mainshock,
directly given by the asperity squeeamdel and applied for the absolute stress distributions
visualized on the Kobe earthquake. The power spectrum modules of the shear stress distribution

of the Kobe earthquake are related to their spatial variability (standard deviation) in order to

visualilH WKH WZR ERXQGDU\ FRQCGCohdderh@thdat RI RXU SUREOHP

and , we directly deducethat , with . In Figureb.7, after

extracting the préactors of the poer laws fits performed on the Fourier spectrum of the initial
and final shear strength of the Kobe earthquake, we deduce the scaling of the variabiéity of th
initial and finalshear strengths asfunction of the length scale.
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Figure 5.7. Standard deviion scaling of the initial and final shear strengths of the Kobe earthquake
deduced from Fourier power spectra (data from Bouchon et al. 1998). The second order moment of the
shear strength distributions, which corresponds to the standard deviationi$pladial fluctuations, is

related to the power spectra modules. Each length scales are treated as subevents of hierarchical size
constituting the whole earthquake rupture, consequently the evolution of the stress release as a function
of the subevent ®zis conceptualized by the red arrows. On both graphs, the vertical dashed gray lines
indicate the smallest length scale at which the stresses variability is known by the seismological

inversions (i.e. ~ 4 km).

Considering that each length scale correggdn subevents of hierarchical size, it is possible to
visualize the evolution of the stress drop as a function of the subevents size. In the framework of
a rupture cascade model, the unique way to obtain the spatial distribution of the initial and final

shear strength on the Nojima fault plane is to rel@@seondition oktress proportiondy to the
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initial shear strength at each scale. Indeed, to obtain the final shear strength from the initial one,
the stress release is proportional to the initisdss state in order to maintain an identical-self
affine regime between the two distributions. Following the same reasoning of Frankel (1991), the
stress drop is proportional to the standard deviation of the initial shear strength. As a
consequence, thénhl stress state is still rough and heterogeneous after the rupture propagation
on the entire fault plane and could explain the occurrence of aftershocks just after the mainshock.
This differs from the model suggested by Frankel (1991), where a homogenmasth final
stress state is assumed.

A schematic model is presented on Figbigto describethe relationship between the initial
shear strength on the fault plane and the stress drop of each subevent constituting the mainshock
in a rupture cascade gragation. The negative Hurst exponeharacterizespatial correlations
of both the initial and final shear streS$iese correlations have an antipersistent property, which
is conceptualized as a sum of sine waves of amplitude to wavelength ratiosnmporéant at
small scale than at larger scales. As the rupture propagates, the rupture fronts will encounter the
smallscale stress variations that will form subevents and their own subevents. When each
subevent fails, the stress over its rupture area dropsthe solid line in Figur&.8 to the level
of dashed line. Given that this stress drop is proportional to the initial stress state, the smallest
subeventdeara larger magnitude of stress change.

Finally, based on a cascade rupture model of eartleqaekd constrained by both the initial
and final shear strength of the Kobe earthquake, we suggest that the stress drop averaged over
the rupture area could be dependent to the size of this rupture. Given the proportionality between
the initial shear stregth and the stress drothe scaling relationship reads:

(5.9)
where corresponds to the size of the evehlste this relationship also implies that the stress

drop variability averaged over the ruptuseea should scale in the same way and therefore

increase when decreasing of the rupture area, that is:

(5.10)
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Figure 5.8.Schematic model explaining the relationship between the initial shear strength on the fault
planeand the stress drop of each subevents constituting the mainshock in a rupture cascade propagation.
The sine waves of amplitude to wavelength ratios are more important at small scales and depict initial
and final shear stress profiles characterized by -petisistent spatial correlations (i.e. negative Hurst
exponent). Each wavelength is assimilated to a subevent constituting the mainshock. As the rupture
propagates, the smallest subevents fail, and the stress over their rupture area changes (marked by the
vertical red arrows) from the solid line (initial shear strength) to the dashed line (final shear strength).
When the rupture continues to expand on the whole fault surface, subevent of increasing sizes are

activated until the long and smooth wavelengtiaststrength constituting the mainshock is released.

5.2.4. B. Implications for earthquake sources parameters: application to Kobe
earthquake

To illustratethe theoretical scaling relationshifs9) and 6.10), we consider the case of the
M_ 7.2 Kobe eathquakein 1995where the stress drop and its standard deviation averaged over
the 60x20 km inversion region are rather lamdequal to 1.7 MPa and 0.7 MPa, respectively
(Bouchonet al, 1998) Approximating the rupture surface area as a disk, thesealwes/would
correspond to the average stress drop and its variability 26r lam radiuscircular rupture.lt
would be more accurate to approximate the area of the surface rupture of the Kobe earthquake to
an ellipse but we emphasize that this assumpti@aircular rupture is reasonable since we will
consider small events with magnitudes smaller than 6 nucleating on the Nojima fault plane.
Given this assumption, we can infer the scaling of the stress drop and its variability as a function

of the radius bevents nucleating on the Nojima fault plane,

(5.11)
(5.12)
wherer (m) is the radius of the ruptuead the stressese givenn MPa.
Taking , from the roughness results adction5.22, these scaling relationskip
become:
(5.13)
(5.14)
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Figure 5.9 displays the average static stress drop and its variability as a function of the
rupture radius. Whereas the average anudsti@ deviation of the stress drop are independent of
scale for a sel§imilar fault surface, iappearshat the stress drop fluctuations should be larger at
small scales and large stress drop values could be reached for small easthtjiskaportant
to emphasize that the scaling relationshipd3) and $.14) have only been determined for the
case of the Kobe earthquake and thefpotors are implicitly conditioned by the values given by
the seismological inversions of this event. We propose hatehis behavior could be generic of
earthquakes since the roughness Hurst exponents of fault surfaces and that of slip distribution are

systematically measured below unity.

Figure 5.9. Theoretical scaling model of the average stress drop and its biitya showing their
respective evolution with the radius of ruptures nucleating on the Nojima fault plane hosting the Kobe

earthquake. It is assumed that fault roughness is characterized by . Themodel of selkimilar

faulting is also shown for comparison.
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Figure 5.10.Map views of synthetic sedffine stress drop distributions calculated using the theoretical
scaling relationships§.12) and 5.13). (a) Smooth synthetic stress drop field similar ® ithversion

results of the Kobe earthquake. The inset corresponds to the map shown onsSHEi§bregb) Magnified

portion of the map (a) giving access to higher stress drop concentrations at small scales. This illustrates

the stress drop distribution infed for a small earthquake nucleating on the Nojima fault plane.

Figure5.10 displays map views of two realizations of synthetic stress drop fields computed

with a Hurst exponent of (corresponding to the stress drop field for ). A

Fourier based method is used to simulate the isotropiaBele matrix(Candelaet al., 2009).
The synthetic stress drop fields are normalized to the peak amplitude of the field, which implies
that areas of stress increase (negastress drop) are not visible. FigsdOa illustrates a
smooth stress drop field at large scales, with large correlated regions, similar to the inversion
result of the Kobe earthquake. Because slip inversions only resolve the largest wavelengths of
stress drop fluctuations, normalized stress concentrations between 0 and 2 MPa are appropriate
for this resolution. The implication is that improved resolution of slip yields higher stress drop
concentrationsThis isshown on Figur&.10b that highlights a agnified area of the stress drop
field (Figure 5.10a) withno smoothing at small scales and that is representative of a small
earthquake nucleating on the Nojima fault plafikese realizations illustrate that largeale
fluctuations of stress drop havegh-amplitude smaikcale variations within them. Given our
assumptions, this spatial distribution of the stress drop field can be understood as the expression
of two selfaffine fault planes pressed together elastically and sheared with frictional ¢iiding
at Coulomb threshold).

Still considering the case of the Kobe earthquake, we estimate some commonly calculated

source parameters relationships, such as average static stress dromverage slip , area
of rupture , VS. seismic moment . One can write the average stress drop in terms of

average slip and source radius (Kanamori and Anderson, 1975),
(5.15)

and the corresponding momexst(Aki, 1966)
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(5.16)
where is the shear modulus. Here is taken as a representative valllee average
static stress drop  , average slip , and area of rupture , vs. seismic moment are
shown in Figureés.11. Combining %.12) with 6.15), we obtain and combining this last
relationship with %.15) it appears that (5.17). Finally, associatinds(17) with 6.12),

as a consequence of the safine properties of the fault geometry, the faulting is not- self
similar and the average strain associated with the earthquake, or equivalently the avesge stre

exhibits a weak dependence upba seismic moment,
(5.18)
Taking )

(5.19)

Note that in Figuré.11, we inferred the evolution of the variability of the stress drop with
the seismic momenCompared with a selimilar faulting, our theoreticakcaling model based

on seltaffine fault roughness with , suggests that the rupture surface area should scale
strongly with slip and only weakly with seistmeoment. In other words, in contrast with a self

similar faulting model where and , the size of an earthquake, as measured
by , would be mainly controlled by the area of slip on the fault , with the

amount of slip having only a weak dependence on
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Figure 5.11.Scaling relationships for the static stress drogbfadisplacement (c), and source area (d)

with seismic momenipferred for the Nojima fault. In (a), the horizontal dashed black lines indicate the
range of seismologicallgbserved constant average stress drop, typically comprised between 0.1 and 100
MPa (e.g. Kanamori, 1994; Abercrombie, 199) is identical to(a) but plot in semiog axis in order

to highlight the increase of the variability of the stress drop with the decrease of the seismic moment. On
each graph, thecaling behavior of these source parameters is displayed, if the Nojima fault roughness

was selfsimilar or selfaffine . Dashed red lines are the scaling relationships

proposed by Nadeau and Johnson (1998).
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5.2.5. Discussion

In this study we havetuded WKH ITROORZLQJ VWLOO Glduakedvdddle TXHV W
selfVLPLODUO\ RU DUH ODUJH HDUWKTXDNHVIOuRdppreaen) OO\ GL
the squeezing followed by the shearingwb self-affine surfacesas it would be the case far
fault interfaceat depth supports the second/bothesis of this question. So that, the stress drop
could be scale dependent and more important for small earttep@keared to large oseThe
aim of this last part is to replace our results with regard to the previous works which support
most of theitmne a seHsimilar faulting,but alsoto highlightthe observationsorroborating our
findings. The limitationsof our approachand conclusions reached byur study will also be
exhibitedwith respect to thenain bias inherent irthe estimationof the souces parameters by

seismologicabbservations.

5.25. A Evidences of high stress drop for small events
Our scaling model implies only a slight dependence of the stress drop on the event size (Eg.
5.12) and predicts higher values of stress drop for smalhte (Figures.9) which are near the
upper bound of the range of seismologically observed stress drops, typically cdrbptiseen
0.1 and 100 MPa (e.g. Kanamori, 1994; Abercrombie, 199%)scaling arguments (Eg5.11-

5.12) suggest that, if a smalhehquake with a source radius of (i.e., a magnitude

earthquake) would nucleate on the Nojima fault, its average stress drop would approximately

reach . This estimate is neverthelesanditioned by the low average stress drop (~

1.7 MPa) over the inversion region of the Kobe earthquake (Bouehah, 1998) Taking a

rupture of similar size of the Kobe earthquake with a stress drop of 10 MPa given by the

seismological inversions, ouraitg model would predict a stress drop of nearly ,

which is still close to the upper limit of the large range of seismologically observed stress drops.
In addition, stress drops on the order of hundreds of MPa appear to be rasdibieen

observed. Munguia and Brune (1984) calculated stress drops in excess of 200 MPa for events in

the Victoria, Baja California earthquake swarm of 1978. Kanaetal. (1990, 1993) estimated

stress drops for a small earthquake in Pasadena (@&ifdretween 30 and 200 MPa. Imanishi

and Ellsworth (2006) studied 34 MEN2.1 earthquakes near Parkfield (California) from the
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SAFOD Pilot Hole Array and found that half had stress drops greater than 10 MPa, with some
exceeding 50 MPa.

5.2.5. B. Experimental ruptures and field observations

On way to estimate if the rupture processes of small and large earthquakes are different, is to
attempt to bridge the gap between experimental rupture performed in laboratory and natural large
earthquake. The works dficGarr et al. (2003, 2010) suggest that stiskp friction events
observed in the laboratory and earthquakes in continental settings, even with large magnitudes,
have similar rupture mechanisms. McGatral. (2003) have revealed that the maximum slips
inferred for major earthquakes are consistent with those measured in the laboratory during large
scale, biaxial sticlslip friction experiments (Lockner and Okubo, 1983), if differences in the
state of stress and loading stiffness are taken into accourgrtNeless, it is important to note
that directly due the fact that the friction experiments of Lockner and Okubo (1983) were
conducted at low normal stress (i.e. 2.76 MPa for the rupture event analyzed by McGarr et al.,
2003), accordingly the stress drapplied was also very low (~ 3 MPa) relatively to typical
measurement performed in laboratory.

Stress drops measured in triaxial experiments of shear failure of intact rocks are typically on
the order of hundreds of MPa to GPa (e.g., Brace and Byerleg). I9&xial experiments with
sawcut samples have yielded slightly smaller stress drops in the range from tens to hundreds of
MPa (Brace and Byerlee, 1966).

In the cascade rupture modeég¢tion5.2.4.A), faults are highly inhomogeneous and large
earthquies are composed by a sum of small asperities with large stress drop within an average
fault surface with small stress drop. Therefore, the laboratory failure experiments of Brace and
Byerlee (1966) are consistent with this line of thinking, and suggaststhess drops during
small earthquakes, constituted by single small asperities, would be relatively high.

Recently, Griffithet al. (2009) have proposed an alternative approach for studying the
source of small earthquakes, better characterizthe souce dimensions and geometry inherent
to the seismological inverse problelsing detailed field mapping of small subvertical strike
slip faults in the Lake Edison granodiorite of the central Sierra Nevada (California), they have

measured the rupture lengtind the slip identified for eight unique events. Assuming elliptical
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faults and using the equatiob.15), they calculatk stress drops in the range-280 MPa for

rupture radius of 82 m, i.e. in qualitative agreement with our theoretical estimate for
eathquakes of similar size (see Figs®). As emphasized Griffitlet al. (2009), all of the
coseismic slip occurred at an interface that may have represented an at least partially strong
healed asperity. This suppdie argument that large earthquakesy be composeddf multi-

scales small asperities with large stress dide smaller the scale of an earthquake, the more

likely a single, isolated asperity is sheared.

5.2.5. C. Evolution of the stress drop with the magnitude

Until now we have simply disesed the occurrence of high stress drop for small ruptures
but not the dependence of the stress drop with the event sizes. In the casscafirtigeof its
variability, some seismological observations seems to be in aggreement with the theoretical
model nferred by our studyindeed, Cottoret al. (2008) and Akkar and Bommer (2010),
observed in their set of seismological data that the growsttbn standard deviation increases
when the magnitude decreases. These latter results are consistent with taisireseyl at first
order, grounemotion variability is dependent on stress drop variability (Caesak, 2008).

In the case of the scaling of the average stress drop averaged over the ruptisenaea,
studies have suggested a scale indepérumavor (e.g. McGarr 1999; Ide and Beroza 2001;
Ide et al, 2003), finding no evidence of increasing stress drop or apparent stress with magnitude.
In particular, the work of McGart al. (2003) poing out that the maximum slip across a small
patch within a leger earthquake fault zone scales as thécawot of the seismic moment. This
finding supports the expected relationship between the slip and the seismic moment for a
constant stress drop scaling (e.g. Hanks, 1977) and departshibpraposed in our odel (see
section5.2.4.B. As opposed, numerous authors (e.g. Abercrombie, 1995; Kanamori and Heaton,
2000; Brodsky and Kanamori, 2001; Prejean and Ellsworth, 2001) have presented evidence
suggesting that the apparent stress drop increases with earthmagkegude. These reported
increases have been used to argue for a fundamental change in the earthquake physics above a
threshold magnitude. For instance, formation of melt associated with large slip confined to a
narrow rupture zonge.g., Di Toro and Peracchioni, 200p thermal pressurization (e.g., Sibson,

1973; Lachenbruch, 1980), elastohydrodynamic lubrication (Brodsky and Kanamori, &001)
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chemical decomposition (Han et al.120 di Paola et al., 201@night be expected to reduce the
resistance tolip and therefore increase the dynamic stress drop (and so the apparent stress). It is
conceivable that this type of weakening processes alter the scaling model proposed in our study
when a criticaleventsize is reached. In other words, we suspect thatraipture physics is
controlled mainly by the fault topography and more especially the stress drop of small
earthquakes follows the scaling relationship depicted by the equat®nup to critical size

(which is difficult to precisely define).

This line of thought is also supported by Mayeelaal. (2007) which states that an abrupt
change in stress parameter may take place betwedWwhé Hector mineearthquakeand its
moderatesized aftershock€One of the conclusions of élr study based on the codpestral
ratio method contradicts our theoretical scaling model, that is: the apparent stresses are
systematically lower for the aftershocks than the mainshock. In other words, the data of Mayeda
et al. (2007) show increasing stress drops for earthquaks samprise between 3.76 and 5.35
of magnitude where we propose a small decreasing trend.

However there is some evidence that the stress drop of small events (partially covering the
same range of magnitude as aftershocks studied by Ma&yeda2007), specially studies that
focus on micro earthquakes and repeating earthquakes, scale in the same way proposed by our
theoretical modellndeed,decrease of the stress drop as a power law of the seismic moment as
suggested byquationg5.18) and $.19), is n qualitative agreement with a study of repeating
earthquakes on the San Andreas Fault (SAF) in California by Nadeau and JohnsorB@$418).
on the recurrence interval of repeating microearthquakes in the magnitudeGahge 1.4 in
Parkfield areaand an assumed fault slip rate, these authors derived a scaling relationship for
displacement, source dimension, and static stress drop with seismic moment. They also estimated
moments for eight repeating sequences of events having magnitudes between43%feord
the Stone Canyon section of the SAF originally discussed by Ellsworth and Dietz (1990) and for
repeating sequence of six magnitude 6 events that have occurred at Parkfield since 1857 (Bakun
and MckEvilly, 1984). The stress drop was observed toedseras a power law of the seismic

moment (Figuré.11):
(5.20)
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On Figure5.11, our scaling relationships and thoseN#deau and Johnson (1998) are
compared. The power law relationship2Q) of Nadeau and Johnson (1998) implee stress
drop of ~ 2000 MPa for the smallest earthquakes mwitld.5m, whereas our model inferred from
the Kobe earthquake implies a stress dropndy ~ 100 MPa for an event of identical radius (see
Figure5.11). Although Sammigt al. (1999) arguedhat high stresses cannot be ruled out on
physical grounds, they require perfect healing (no microscopic flaws) at the smallest asperities;
therefore we suspect that the model of Nadeau and Johnson (1998) may significantly
overestimate the actual stresspir@ssociated with repeating earthquakes.

The study of Nadeau and Johnson (1998) was performed on a creeping fault where small

repeating earthquakes reveal a weak variation in recurrence interyali(h seismic moment,
, compared to the usually accepted relationship, , which was derived from

standard assumption of constant stress drop oksaifar faulting without aseismic slip taking

place. Given and considerig that the geodetically inferred slip rate on the fault plane

at the surface is equal to the displacement on the smaller repeating patches at depth; Nadeau and
Johnson (1998) have therefore proposed that the stress drop could decrease when the event size
increass (5.20). Other possible explanations of theakest variation in recurrence interval with
seismic moment compared to expected for-siefiilar faulting have been proposed (Beeder

al., 2001; Sammis and Rice, 2001; Chen and Lapusta, 2009xs€gmic slip occurs on
repeating patches during the interseismic period, and (ii) geodetically inferred slip rate on the
fault plane is greater than the displacement on the smaller repeating patches due to shielding by
adjacent or surrounding locked faults.both cases (i) and (ii), the scaling relation is
conserved buthe stress drop should remain constant.

The weak variation in recurrence interval with seismic moment proposed initially by Nadeau
and Johnson (1998) on the SAF atrkfald, was also observed by Chen al. (2007) on
repeating sequence in a oblique thrust fault zone in eastern Taiwan and in the Japan subduction
zone, but with different préactors of the power law relationship. Cheh al. (2007) have
demonstrated thavhen adjusted to account for differences in the geodetically derived slip rates

for the three fault zone, the relationship is remarkably consistent among the three
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regions. It is still being debated which process is responsiblethéoobserved power law

dependence of on , however, the consistency of this dependence among diverse tectonic

environments suggests thasiagle process may be taking place in faulbhes generally. Given
that fault roughness seems to be independent of the geological context, it appears that the elastic
squeezing of this last might be a good candidate in the framework of our study and could explain

that the unexpected scaling is related to stress drop dependent on the earthquake size.

5.2.5. D. Numerical simulations and dynamical effects

Bailey and BerZion (2009), using numerical simulation of evolving seismicity and stress
field on a heterogeneous fault havglighted a similar behavior as suggested by our study, that
is the average stress drop and its variability increase when the rupture size decreases. Their
simulationsincludedfault heterogeneities modeled as heterogeneous initial shear strength, and
took into account dynamic overshoots (which are not considered in our present an@itysis)
model showed reduction oboth variability in stress drop and its average when the earthquake
size decreases.

In an extended analysis of spatial correlations gf slaps for 44 earthquakes, Mai and
Beroza (2002) found that the heterogeneous slip distribution follows aaffief regime

characterized by an average value , independent of moment magnitude or

source dimensions, and which is in bjiaéive agreement with the scaling relationstB8]). This
latter observation suggests that dynamical effects produced during an earthquake might be
neglected and that our scaling model highlighting the dependence of the average stress drop and

its variability with the rupture size applies to seismically active faults.

5.25. E. Potential biases of the seismological observations

There is a general lack of data where the stress drop has been computed by consistent
methods over a broad magnitude range gindlar region, and scatter in the results tends to be
dominated by uncertainty involved in the computation method. In additisrimportant to bear
in mind that, since earthquake seismology involves interpretations of elastodynamic waves, the

wave field contains only indirect information about source processes (Beeler,. Zfl§re
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physics influence the radiated field through the magnitudeeweéraldissipative processes, for
instance heat dissipation, damage, and latent heat, that reduce thediradéayy and might bias

a scaling relationship between sources properties and earthquakeAsipminted out by
Allmann and Shearer (2009), the computed stress dvep ¢y slip inversions depends strongly
upon modeling assumptions, especially itifteerent assumption of constant rupture velocity. For
example, slower rupture velocities would imply smaller estimated source radii and larger stress
drops.

Prieto et al. (2007) have revealed, in estimating source parameters from the seismic
spectrum (using thé&lea of the jackknife variance), that it is important not only to obtain a
measurenent of the source parameters but alsoqueantify the uncertainties, by means of
confidence intervalsThey have shown thatinless the errors are kept small, a slight ddpace
of the stress drop with earthquake magnitude would pass unnoticed. In other words, given that
uncertainty in source parameter estimation is large, any slight trend of the stress drop with the

rupture size wouldemain unnoticed

To sum up, the fadhat the systematic decrease in the average stressvilhomagnitudds
not observed as an average property in most earthquake catalogs (expect for small repeating
earthquakes sequences) could have two origins. Either, the way stress drops are aoenputed
induce a large noise (as underlined by Pradtal.,2007). Or some physical processes, such as
off-fault damage (Dieterich and Smith, 2009), rock fragmentation and comminution, and heat
dissipation during rupture, may alter the scale dependence eldhtic stress field proposed in

our study.

5.2.6. Conclusions

In the present study, we propose that fault surface geometry may explain the heterogeneous
patterns okeismological images of stress dioferred from slip inversiofBouchon, 1997; Mai
and Beroa, 2002; Lavallée and Archuleta, 2005; Tiaetial, 2005) We show that the spatial
distribution of the stress drop field or fault strength on a fault pfaagbe explained by the
presence of two selffine surfaces pressed together elastically andrstieaGiven that

roughnessHurst exponents of fault surfaces, as measured from field observations, are
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systematically below unity in different geological settings, as a consequence the variability of the
stress drop (or its standard deviation) spatial flattons on the fault plane after the rupture
event should increase toward small scales. Indeed, kinematic rupture models are restricted to
long wavelength (typically < 1 Hz), and therefore the estimation of the stress drop fluctuations
along the rupture stace is thus limited to the largest scales, hence ignoring the largest stress
variations that are expected to characterize the small scales because of the large variety of
patterns of fault asperities.

Our analysis supports that the initial stress fidtcth@ the fault constitutes a strong guide for
the development of the earthquake and more particularly the stress drop. Asswming
characteristic length scale in fault roughness, and a rupture cascade model of rupture
propagation, we have extrapolated theerage and standard deviation stress drop scaling
behaviors towards the small earthquakes. As a direct consequence of {bhersastent spatial
correlations of the shear strength before and after the earthquake (both directly related to the
elastic squeze of fault asperities), we show thas, the rupture growshe average stress drop
and its variability should decrease with increasing source dimension or seismic moment.
Therefore faultsnay beconsidered as highly inhomogeneoush large earthquakesomposed
by a sum of small asperities with large stress drop within an average fault surface with small
stress drop. The proposed model addresses more particularly the tenratbderate size
earthquakes, i.e. that we consider the rupture physics is dedtrolainly by the fault
topography up to critical size where a fundamental change in the earthquake physics is expected

to take place (e.g. formation of melt or other phenomena of dynamic lubrication).
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6.1. Chapter 6 overview (PEsentation du Chapitre 6)

6.1.1. Introduction

Dans ce chapitre, je présente un article publié dans la [Rweeand Applied Geophys|cs

(Anghelutaet al, 201). Cet article se situe dans la continuité du chapitre 5, et présente une
PWXGH WKpRULTXH HW QXPpULTXH GH OfHIIHW GH OD UXJRVI

contraintes cigillantes dans la couche visélastique de matériel endommagé.

6.1.2. Contributors to Chapter 6

Le modéle numérique et la description analytique du probléeme aborde dans cettenétude o
été élaborés L. Anghelutd, Mathieseret F. RenardLes observations de terrain ainsi que
OYDQDO\WH GH OD UXJRYV -:WWingysdit &@eficdtudd Pad FGRe&N&X EX FnidiH

méme.
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Abstract

High resolution topography measurements of the Vu&iliagy fault (Alps, France) reveal
a characteristic roughness of the fault zone. We investigatefféwt ef roughness on the
rheology of a planar shear configuration by using a model system consisting of -elaseo
layer embedded into a rigid solid. The model is discussed in the context of several geological
cases: a damage fault zone, a fault segtavith a clay layer, and a shear zone with strain
weakening. Using both analytical approaches and finite element simulations, we calculate to
linear order the relation between wall roughness and the viscous dissipation in the fault zone as

well as the agrage shear rate.

6.2.1. Introduction
In the Earth's crust, many systems involve deformation alongxséng interfaces. The
fact that these interfaces, loaded by normal or shear stress or a combination of both, locally alter
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the stresdransmissiomrmay leadto several important geological phenomena that occur on all
scales. At thegrain scale, stresssiconcentrated along grain boundaries where localized
deformation may occur eithdsy dissolutionprecipitdion processes or by surface dgfon
(Anghelutaet al., 2008; Rutter, 1976)At the outcrop scale, localizetissolution alongexisting
planes leads to the formation of pressuwskitton seams or stylolitesA(thaud and Mattauer
1969;Railsback and Andrews, 19p%\t the lithosphericscale, shear displacent is also widely
observed, along faults in the upgmust,or in shear zones at greater deptbr a review, see for
example Chesteat al. (2004) In a recent work, we have showrat such rachanicainterfaces

can become morphologicallyhstable andoughen with time (Anghelutet al, 2010) All these
observationsnvolve deformation past a mechanical discontinuity.

In the present study, we characterize the interaction between the morphology of the interface
and the corresponding shear or slidingis@ance in a setp where a viscelastic layer is
embedded between two rigid bodies. For this,use analytical approaches andite element
simulations in two dimensions &stimate hovsurface roughness affects theeetive sheafl ow
properties. Weconsider here two elastiolids, separated byflaid layer of finite thickness
The contact layer is approximated by a Maxwedlco-elastic rheology representing a core of a
fault zone wheeg dissipative processes occur (Chetgl., 2004) Themodel could be applied to
various geological cases: faults that contain a damage zone, faults sméhradclay layer,
shear zones with strain weakening, or stylolites with a clay interface. Note alsosihatar
approach has been ajgul in studies of baséllow of gaciers along rough surfaces (Kamb, 1970)
and the formation of residual stress due to slip on wg faults Chester and ChesterQQo;
Saucieret al, 1992) Here we consider a full viseslasticrheology and extend on ptieus
analyses by performing a numerical modelling in geometries sanmptled field.

The paper is dividethto three ections. Insection6.22, we present geological observations
of rough fault surfaces and how high resolution topography measurememtsheta
characterizing the seéffine propertyof the slip surface. Isection6.23, we consider relations
between this roughness and the rheology of the fault by introducing a simple model of a fault
gouge. The effect of small perturbations of the faultface on the fault dissipation is studied
within the linear analysis. The analysis can be extended into the finite amplitude regime using

numerical simulations. We compute numerically the stress distribution near a rough surface and
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the average flow ratm the Newtonian limit and compare it with the linear theoretical analysis.
Finally, section6.24 offers concluding remarks.

6.2.2. Rough geological interfaces

6.2.2. A. Observations of rough faults

In the upper crust, many processes happen at interfaces gédnehally have mechanical
properties different than the bulk. Often these interfaces are not at and have developed complex
rough morphologies. Active fault surfaces are knowshow corrugation at all scales (Poveger
al., 1987) see Figure6.1l. Their conplex geometry results from the interplay of abrasion
processes, crack multranching and damage during nue propagation (Powest al., 1988;

Sagyet al, 2007) and healing processes thgy the interseismic periods (Renaidal, 2000)

With the recat development of accurate Light Detection And Ranging (LIDAR) laser
devices, it is possible to measure accurately the topography of such surfaces at all scales (Figure
6.2). These measurements show a-flahtopography from the micrometer scale to thaesof
several tens of meters (Candetaal, 2009) Moreover, detailed surface rupture mapping on the
kilometer scale alsceveals non planar geometry (Klinger, 201@)several cases, the geometry
of slip surfaces has been observed to scale with diftggoweraw exponents in the direction of
slip and perpendicular to iPpweret al, 1987 Renardet al, 2006)
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Figure 6.1. Several fault zones in various geological environments show morphological corrugations at
all scales. a) Strikslip plane insilt rocks of the Corona Heights Fault (San Francisco, CA) showing
corrugations at the meter scale. b) Zoom on the slip surface, showing striations and asperities at the
centimeter scale (pencil for scale). c) Strilip plane of the La Clery Fault (Vensy France), in
limestones, show large wavelengths topographical variations (hammer for scale). d) Red clay layer drag

along the Taxarchion Fault (Corinth, Greece) smear this normal fault plane.

In such faults, a weaker layer or damage zone (fratera t tens of meters wide (Shipton
et al, 2006) is sandwiched betwadess damaged rock bodies (Cagteal, 1996; Chester and
Logan, 1986) This zone may eep slowly, either permanentlyg the creeping segment of the
San Andreas Fault, north of Parkfie CA) or for a short period after a major earthquake, where
afterslip is often measured (for a review on afterplipcesses see, for example, Pritchard and
Simons, 2006 These observations indicate that the motion along the fault is able to overcome

the morphological roughness asperities, usually without any emission of seismic waves.
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Therefore, some timdependent dissipative deformation mechanisms are at work during
aseismic slip.

At the outcrop scale, it is also common to observe, in faulted sedimdrdsins, that clay
layers smear fault interface (Egholm, 200&nd lubricate it (seBigure6.1d). In this case, the
clay layer, with a viscglastic behavior, is often strongly dragged, sheared and internally
deformed during slip, as shown experinagiytby Cuisiatet al. (2010) In general, the clay layer

must deform along the interface such to overcome the possible roughness of fault interfaces.

6.2.2. B. Roughness of the Vuach&illingy strike-slip fault

The roughness of a slip surface of the \heS8illingy has been measured for spatial
wavelengths covering more than 6 decades. This fault is considered as a model system and the
results could be extrapolated to other faults whiclwssimilar scaling properties (Powet al,
1987; Sagyet al, 2007). This strikeslip fault, with a small normal component, is locatedrne
Annecy in the French Alps (Renaed al, 2006)and exposes wepreserved slip surfaces in
carbonate rocks (Figu2a). The fault surface has been measured at different scaigshuge
high resolution devices. At the outcrop scale, the morphology of the slip surface was measured

using a LIDAR device (see Renagtlal.(2006)for more details).
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Figure 6.2. Surface roughness results of the Vua8iléngy strikeslip fault (French Alps). (a) The fault
surface consists of many discrete slip surfaces at all scales separating lenses of variably deformed fault
rock. The black rectangle corresponds to the surface shown on (b). (b) Examples of Digital Elevation
Model (DEM) at the owtrop scale (LIDAR) and at the laboratory scale (laser profilometer, white light
interferometer). (c) RepresentativeDlselfaffine profiles of the slip surface extracted and detrended
from the DEM (b) along the direction of slip. Magnified portion of pinefiles at the LIDAR scale (up)

has a statistically similar appearance to the entire profile when using -@ffielé transformation with a

Hurst exponent equal to 0.6. (d) Fourier power spectrum calculated for the fault surface along slip,
covering 6 orérs of magnitude of spatial wavelengths. Polaer fit (thick gray line) with a prescribed
roughness exponent ( ), connecting the field and laboratory data, is shown on plot for eye
guidance. The inset displays an example of the heigliation Z (yaxis) versus wavelength-éxis) of a

rough profile. Contours (black dotted line) representing constant elevation Z to wavelength ratio,
reflecting a seksimilar behavior, are provided to allow easier interpretation of the spectra. Blaokvs

(at the bending of spectra) indicate the level of noise of the LIDAR and the lower limit for the fit
performed at the WLI scale.

In the present study, wedmplement these outcrop data with laboratory scale measurements.
We have measured the topoggt of several hand samples using a laser profilometer, with a
height resolution down to 1 micrometer and spatial increments of 30 micrometers; and a white
light interferometer, with a height resolution down to 1 nanometer and spatial increments of 0.5
micrometer. The results of each topography measurement is a Digital Elevation Model (DEM) of
the slip surface (Figuré.2b).

The slip surface shows corrugations at all scales and a slight anisotropy is observed, due to
slip along a weldefined direction. Wehave atracted several hundred of pileB in this
direction of slip to analyze¢he statistical properties of the fault roughness (Figu2e). A
Fourier power spectrum method wased,which has been shown to be robust and reliable, to
characterize sding properties of surfaces (Candeal, 2009) For all 2D DEM data, the
topography of he slip surfaces shows a saffine geometry, demonstratday a linear
relationship when plotting on lelgg axes the Fourier Power spectrum versus the spatial

waverumber (Figures.2d). The diferent slip surfaces analyzed cover approximately 6 decades
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of length scales and show scaling relationship with a Hurst exponent close to 0.6 for

profiles along the sligirection. These data confi ard extend previous studies of scaling

properties of fault surfaces (Powetral, 1987, Renareét al, 2006)

6.2.3. Visco-elastic shear flow between rough walls
6.2.3. A. Setup

We now consider a simple model of a fault consisting of two undeformable plateastsdpar
by a fault gouge or fluid layer of thickness as sketched in Figu&3. Either one or both of the
plates are assumed to have a rough surface and the middle layer is assumed to satisfy a Maxwell
visco-elastic rheology. Using thisystem, we analyze how the rough walls change the mean
shear stress when the top plate moves with a fixed veldeitther words, we study an ettive
rheology of a system where the roughness of the outer plates couple to the flow properties of the
full system. In general, assumitigat the average separation distanceis fixed, we find that,
for a small amplitude roughness of the outer surfaces, the viscous dissipation increases while the

flow rate decreases with the amplitude.

Figure 6.3. Model system of a viseslastic layer trapped between two rigid planes. The lower plane is
assumed to have a rough surface and a simple shear is applied to the system by moving the upper plane

at a constant velocity. This system is utilizedm analysis of the effective rheology of a fault system.

The governing equations are given by the mass and momentum conservation laws
supplemented by the rheological equation of state. Moreover, theelasta layer is assumed
to be incompressible Wi constant density, which implies that
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, (6.1)

and the momentum conservation in the limit where fluid inertia can be neglected is satisfied by
the relation
, (6.2)

where is the fluid stress tensor. The stress components can be decomposed into a
homogeneous isotropic part and deviatoric components , Where the deviatoric
components can be related to the strain rate by ther®ld-type equations of state (Oldraoyd

1950; Shankar and Kumar, 20Gd) a Maxwell visceelastic fluid
, (6.3)

where is the elastic shear modulus andis the Newtonian viscosity. These equasicare

broughtin a nondimensional form by rescaling the spacial coordinates in units of the layer

thickness , thevelocity in units of the upper boundary weity , time and stresses are given

in units of : respectively. The rough bottom surface is positioned in dimensionless
units at . With theseescalings, Eq.6(3) is equivalent to

: (6.4)
where the variabke now are dimensionless and the is the Weissenberg number

representinghe ratio between the stress relaxation time and convective timescale. Newtonian
rheology is obtained in the limit of instant stress relaxation, i.e. . To model the relative

slip between plates, we assume that the top plate moves at a constaty, welhole the bottom

plate is fked, namely

, (6.5)

, : (6.6)
In the case where the confining surfaces are flat, i.e. , the steady state solution of the flow
is obtained by matching the boundary conditions, thus . Here we have

introduced an upper indexhich refers to the solutions around a flat interface. If we now insert
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the fluid velocity into the equations of state, E§4), we determine the stress components, i.e.
, and . Noticethe jump in the normal stress components ,

which vanishes in the Newtonian limit.

6.2.3. B. Small perturbations to a flat fault interface

While the flow field readily follows when the interfacage at, the calculation for a system
with rough interfaces becomes more involved. We now derive expressions for the steady state
dynamics and the corresponding stress state in the limit where the interfaces are roughened by
small amplitude perturbations. &\Vrestrict ourselves to consider perturbations of the lower

interface only, which is assumed to have a height profile in thdirection given by the

expression , where is the amplitudeig units of ), is the Fourier

mode and is the characteristic dimensionless wavenumber. The linear regime is set by

the condition for all . In particular, we consider a sinusoidal perturbation, for which
and for

For small morphological amplitudes , all the relevant &lds (velocity and stress) are

expandediround the unperturbed state as:
, (6.7)

where the function is introduced as a generic expression for the variable under

consideration. The disturbance field is decomposed Fatarier modes denotelly ,

which are determined from the linearized governing equations. After substituting the Fourier

modes for stress and velocity into Eqe1), (6.2) and 6.4), the subsequent equations can be
reduced to a single equation in which hasa general solution given bysfrodtsov and

Leonoy, 1967; Shankar and Kumar, 2004)
(6.8)

The other component follows directly from Eq. (1), namely
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(6.9)

The coeffcients , , are obtained by inserting the expressions for and

into the boundary conddns from Eqgs. §5)-(6.6). To the fist order in the surface
amplitude, the velocitynodessatisfy the following boundary conditions
, (6.10)
, : (6.11)

where the nontrivial equaticfor follows from an expansion at the perturbed interface,

. (612)

and using the planar Couette solution, . Solving the system from EQqs6.{0)
(6.11), we determine the coefficients as a function of amplitudes , Weissenberg number

and characteristic wavenumber

6.2.3. C. Effective flow and energy dissipation
In this section, we study the rétan between wall roughness, mean flow rate and bulk
energy dissipation. It is determined by the strain rate field given as the gradient of the velocity

field, , where . The shear rate, for instance, is recounsgied from

the velocity Fourier modeandassumes the form

(6.13)

Similar expressions apply for the other strain rate componened . In general, the above

expression depends oretdetailed shape of the rough surface; however, we shall here consider

an interface described by a singt®de profile .Then, the mean flow rate is

obtained by the area average of the shear strain rate and given by

(6.14)
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where appears from the lowest order Taylor expansion in the roughness amplitude

Similarly the mean energy dissipation rate in the bulk, is computed as the area intaigof

, thus

, (6.15)

which to the lowest order in becomes

(6.16)

The bulk energy dissipation depends both on the fluid rheology and the surfaceessughn

Although the function follows directly from the linear expansion, it cannot be

represented in a simple and short form.

6.2.3. D. Newtonian limit
Relatively simple expressions can be obtained in the Newtonian limit, i.e. when.
From Eg. 6.4), we observe that, in this case, the strain rate is the same as the deviatoric stress

. In particular, the shear strain rate equals to

(6.17)

Straightforwardly, we can germine the shear drag by evaluating the above expression on top

andbottom surfaces, with therfal result given by

(6.18)

(6.19)

The wall drag varies linearly with the roughness amplitude and frequemtyin a one mode
approximation, alternates between regions of maximum and minimum resistance. These regions

are located oppositely on the two plates. Namely, the maximum drag is set at protrusion of the
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rough bottom surface, while the same point ontdlpeat surface corresponds to a minimum drag.
Also, inserting Eq.€.17) into Eqg. 6.14), we find that the effective shear flow depends on the

amplitude to the lowest order,

(6.20)

We notice that in Eq.6(20), the mean flow ta decreases monotonically with amplitudeand
wavenumber and at some point will start having negative values corresponding to a change in

the flow direction. This means that the linear prediction will bremkrdat finite amplitudes and,

one would expect that the mean shear will reach a minimum saturation value. To verify this, we
resort to numerical simulations to study the steady state flow properties around a surface with a
larger roughness amplitude.

A deaease in the mean flow rate is associated with an increase of the mean viscous dissipation,

when as seen ifrigure6.6.
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Figure 6.4. Viscous sheaflow along a lower rough surface. Left panel showsflin profie in the
case ofa singleharmonic perturbation. Right panel corresponds to a slikar past a random surface

with a Hurst exponent . The color scale represents the magdée of the dimensionless shear

and the velocity éld is shownin the vicinity of the rough surface.

6.2.3. E. Numerical approach

In order to simplify the analysis, we shall here assume that the embedded layer in our model
configuration effectively behaves like a viscous fluid. That is, we consider thevhase
for which the constitutive equations, Eq$.1§-(6.4), reduce to those of an incompressible
Stokes flow. We discretized the equations using a Galerkin finite element scheme on an
unstructured triangular mesh. In general, hgompressibility condition is difficult to tackle
numerically, since it leads to a singular matrix in pinessure equation. One way to resdhis
problem is to use a mixedhite element formulation witquadratic velocity shape functions and
a discominuous linear interpolation for the pressure degreesfreédom. Our numerical
implementation follavs the algorithm proposed abrowskiet al.(2008.

A snapshot of the shear stress field forratdéi amplituderoughness is illustrated in Figure
6.4. We observe that the presence of a rough interface locally disturlffotherofile of the
viscous layer. Thisn turn, will lead to changes the overall shear resistance of the system and
thereby increase the energpgsipation in the fault.

A comparisonbetween the theoretical prediction given in E82Q) and the numerically
computed meashear stress is shown in Fig®. In general, the increase in shear resistance
becomes less pronouncedths roughness amplitude is increased. It might be spedullaat in
a real system the resistance mighienstart to decrease for large roughness amplitudes, since
vortices may form and remain trappedvailleys ofthe surface morphology, e.§kjetneet al.

(2009)
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Figure 6.5.Mean shear stress as a functiohthe roughness amplitude in the viscous limit  and
for a harmonic perturbation with . Data from numerical simulations are shown by red dots and the

black curve corresponds to the theoretical value obtaimech fthe linear analysis, Eg6.20. It is
observed that the linear analysis breaks down for a ratio between roughness amplitudes and layer

thickness around 0.1.

6.2.3. F. Effect of fluid elasticity
For a finite  number, we notice thacompared to the Newtonian limit, there is an extra

contribution to the strain rate due to stredaxation, as shown in Ec6.4).

215



Effect of surface morphology on the dissipation

Figure 6.6. (top panel) showing the increase in the mean viscous dissipation with the adeplitu
and wavenumber. (bottom panel) The coefficient from EQ.6.14 as a function of wavenumber
and

Thus, measuring the shear stress is not the sanmeasuring the strain raf@at béng said, the

mean flow rate also decreases with the amplitude for , as shown in Figur6.6, albeit at a
slower rate compared to the Newtonian limit. The fact that the shear flow rate at a given
roughness is larger for a visetastc fluid than for a purely viscous one can be related to a
positive contribution of the stresslaxation as suggested by Fig6ré.

6.2.4. Concluding remarks

Recent measurements of fault slip surfaces have revealed a morphological roughness that
spans a wide raje of scales. For most active faults, it is likely that the roughness may develop
on a time scale different than that introduced by the shear rate. The exact mechanisms leading to
rough interfaces are largely unknown and may be related to both damageuktcn and
recovery. On short time scales, rapid rupture can damage wall rocks and produce abrasive wear,
while on a longer time scale, the branching of fractures or healing proceagerrugate the

slip surface.
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Here, we have considered the implioas of this roughness on the dynamics of a fault by
introducing a simple model consisting of a visdastic layer sandwiched between two rigid
plates. The main result of our analysis is that the mean shear flow rate decreases with increasing
roughness anipude, while at the same time there is an increase in the mean bulk viscous
dissipation. In the Newtonian limit, the maximum shear flow rate is attained when the interface
is at and gradually decreases as the roughness amplitude is increased. Nummeriatbiss at
finite amplitude suggest that the mean flow may approach a minimum value which is
independent of the amplitude. At a finite stress relaxation, mean flow rate is relatively higher

than in the viscous limit, suggesting that the elastic modemnestthe total deformation rate.
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Perspectives: Origine de la
rugosité des failles et
développement des surfaces de

glissements






Origin of fault roughness and the development of slip surfaces

7.1. Chapter 7 overview (Psentation du Chapitre 7)

7.1.1. Introduction

Dans ce chapitre, je présente mes résultats prélimin&dredlsWWDQW HQ DYDQW OfF
structurale des zones de failles observées sur le terrain, et visant a donner des pisteg quant au
processuda OTRULJLQH GH OD UXJRVLWp GHV IDLOOHV pWXGLpHV

7.1.2. Presentations at international meetings

2009 American Geophysical Union, Fall meeting, San Francisco (USA):
Candela T, Renard F.,Brodsky E. E., Bouchon M., Correlation between slip surfaces
roughness and the internal structures of active faaiitstract T43A2041.
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7.2. Introduction

IMPYROXWLRQ GHV VXUIDFHV GH IDLOOHV | -0hidigueHUV XQ
complexes, agissant depuis la seconde[aPLOOLRQV GIDQQpHV HW VXU GHV
OfRUGUH GX PLFURQ DX NLORPgWUH SRXUUDLW ODLVVHU S
processus stochastiques. Ces processus comprentenragmentation des roches et la
IRUPDWLRQ BYXOPHIRRRDWLRQ GIXQH ]JRQH HQGRPPDJpH HW
diverses transformations de phases qui ont lieu pendant le séisme ou durant la période
LQWHUVLVPLTXH OfXVXUH GXH DX IURWWHPHQWetal,/HV PHYV
1987; Schmittbuhlet al, 1993; Renardet al, 2006, Candelat al. PRQWUHQW TX9DX
ORQJXHXU FDUDFWpPULVWLTXH QYfpPHUJH VXU RUGUHYV GH J
GHVY pFKHOOHY GH OD GL]DLQH GH PgWushdurrail&&asoDQW T
RULJLQH /H FKDSLWUH GH OD WKgVH SURSRVH TXH FHWWH
de grandeur en y rajoutant la rugosité des ruptures de surface des grands séismes. Ces études
montrent quéa morphologie des surfagele faille, le long et perpendiculairement a la direction
du glissement, est décrite par deux lois puissance. En effet, une simple relatiaffia@ito
anisotrope caractérisée par deux exposants de rugosité différentsdans la dire@dn du
glissement et perpendiculairement GpFULW OD PRUSKRORJLH G{X
surfaces de failles qui se sont développées dans différents contextes géologiques (des lithologies,

déplacements accumulés, régimes tectoniques variésjte description implique que
OfDPSOLWXGH GH OHXU UXJRVLWp HVW GpSHQGDQWH GH Of

similaire OH UDSSRUW HQWUH OD UXJRYV L@dretvgmefigpo FKHO O
TXDQG OMpBKROQXH ,0 H[LVWH GRQF XQ SURFHVVXV TXL j O
FDUDFWpULVWLTXH GDQV OfHQVHPEOH GX VSHFWUH GH OD U
fait que la faille va apparaitre de plus en plus lisse aux grandesiddielFDU OfH[StRVD QW

inférieur a 1. Dans ce chapitre de perspective, je propose que ce processus soit la coalescence

multi-échelle de segments de faille.
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/I THQVHPEOH GHV JRQHV GH IDLOOHV pWXGLpHV PRQWU
semblable, caractérisée par un réseau anastomosé de surfaces de glissement individualisant des
lentilles de matériel endommagé. En mesurant les axes de symétrie de ces lentilles sur la faille de
Dixie, il apparait que leur géométrie évolue non linéairelerD YHF OfpFKHOOH /RUVTX
lentilles augmente, elles tendent & étre de plus en plus fines et allongées dans la direction du
JOLVVHPHQW -H FKHUFKH j GpPRQWUH U -&cXdile ©sY tampatihlé D W L R G
avec le régime autaffine de la morphologie des failles.

OHV REVHUYDWLRQV GH WHUUDLQV VRQW FRPSOpPHQWDLU
ont caractérisé expérimentalement le développement de zones de failles dans une roche calcaire.
/ITXQLTXH SDUDP qgWu idvalyeRI® fagdt hoh Xik€aire dans la croissance de leurs
zones de failles est la distance de séparation entre deux segments voisins. Cette derniere diminue
DYHF OYDXJPHQWDWLRQ GH OD WDLOOH GHV VHIJPHQWV 'H
dévHORSSHPHQW GXQH VXUIDFH GH IDLOOH SDU OD FRDOHVF
FURLVVDQWHYV V 1H ladlldmétriues Géterie @llogndtigue» signifie ici que lors
de la croissance de la faille par imbrication et coalescencegiments, la surface de faille
devient de plus en plus lisse du fait de la diminution du rapport entre la distance de séparation de
deux segments voisins et leur longueur. La coalescence des deux segments voisins forme les
lentilles observées sur les zgnde failles naturelles, et il est probable que la géométrie auto
affine de leur surface marque la fossilisation de ce processilmmétrique2 GTLPEULFDWLRQ
lentilles mis en évidence par Otsuki et Dilov (2005). Néanmoins, ces observations consergente
QIH[SOLTXHQW SDV OYfRULJLQH GH OfpYROXWLRQ GH OD IR
intimement liée a la maniere dont des segments voisins vont interagir pour finalement coalescer.

La maniére dont deux failles se connectent a été étudiée pouégimes tectoniques variés
(Sibson, 1985; Dengt al, 1986; Knuepfer, 1989). Des modélisations numériques (Segall et
Pollard, 198Q Pollardet al, 1982; Pollard et Aydin, 1984; Willems al, 1996 Maertenet al,

1999) ou analogiques (Thomas etl&al, 1993; Mauduit et Dauteuil, 1996; Acoccediaal,

1999; Fenderet al. RQW pWp FRQGXLWHY GDQV OH EXW GfpWX(
entre deux fractures. Elles ont montré que la coalescence de deux segments dépend de plusieurs
parametes, tels que le champ de contrainte lointain (Olson et Pollard, 1989), la configuration

initiale des segments (Du et Aydin, 1991) et leur vitesse de propagation (Olson, 1993).
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&HSHQGDQW VL OJRQ FRQVLGQqUH OH FDV GHpMiGuBnes,ReFKH DY
SDUDPqQWUH FOp FRQWU{ODQW OD SURSDJDWLRQ GTXQH IUI
YRLVLQH HVW OH IDFWHXU G L QMViyldie A& \& fracBuké dufk&rivie) DL Q W H

toughness) caractérisant @ DJQLWXGH GH OD FRQFHQWUDWLRQ GHV FRC
(Cotterell et Rice, 1980Schultz, 1988). En effet, ce paramétre semble le seul & pouvoir évoluer
DYHF OfpFKHOansl utsiKodeld Bl&skique nbinéaire de crack (e.g. Dugdal&960;

Barenblatt, 1962),OfpQHUJLH GH |U&pENSER eD Wete RI® la fracture pour sa

propagation est doéepar:

(7.1)

ou correspond a la longueur du crack, et est la chute de contrainte associée au glissement

HW j OD SURSDJDWLRQ GX FUDFN (WDQW GRQQp TXYJLO HVW
FRQVWDQWH HW LQGpPpSHQGDQWH GH OD ORQJXHXU/.BH OD ID
implique que HW SDU OD PrPH RFFDVLRQ OTLQWHQVLWpP GH OD

évoluent linéairement avec la longueur de lafaileDQV OH FDV GI1XQH FURLVVDQF
la faille par coalescence de segments voisindd* H WDLOOH DQDORJXH DX[ H[Sp
HW 'LORY oD GLVWDQFH GY{LQWHUDFWLRQ FRDOHVFH
pJDOHPHQW pYROXHU OLQpDLUHPHQW FH TXL QYHVW SDV OH
Dans le chapitre 5 de la these, il est proposé que la chutentiainte est susceptible de
GLPLQXHU DYHF OYDXJPHQWDWLRQ GH WDLOOH GH OD JRQH C
OfpTXDWLRQ HVW SUREDEOH TXH OTLOQWHUDFWLRQ PpFDQLT
GIXQH LQWHQVLWp GHWVX WV HIPHQA\H SRKIBHWLWHY WRLOOHV
longueur de deux segments voisins sera grande,l@ldsstancea laquelle ils vont interagir
mécaniquement afin de coalescer sera importante par rapgedr taille. De ce fait, la
geéomeétrie dedentilles résultant de la coalescence des cracks serait en accord avec nos
REVHUYDWLRQV GH WHUUDLQV HW OHV PRGQOHY DQDORJLTXE
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Dans la sectio@3ci-DSUqV O DUFKLWHFWXUH HW OHV SULQFLSDO|!
présentées. Dans la sectitd OD ORL GpFKHOOH GX UDSSRUW GH IRUPE
la zone de faille de Dixie est comparée avec celle des lentilles des zones de cisaillements
HISPpULPHQWDOHYV GT2WYV XN L 75t thriddRe¥ a la descripborvhEEaNdquBR Q
deOfLOQWHUDFWLRQ FRDOHVFHQFH HQWUH GHV VHIJPHQWYV YRL

7.3. Architecture des zones de failles

&HWWH VHFWLRQ D SRXU EXW GH GLIIpUHQFLHU OHV SUL
PDUTXHQW OfDUFKLWH F V8 XtltéeS (dir TRORAMN). Gés drieked @
différenciation entre les structures observées sont principalement basés sur des observations a
grandes échelles effectuées sur le terrain. Les contextes géologiques des cinq failles étudiées sont
détaillés das le chapitre 3 de la these. Précisons que trois failles recoupent des roches calcaires
(les failles décrochantes de Vua€®idlingy et de Boly et la faille normale de Magnola) et deux
des roches silicatées (la faille décrochante de Corona Heightaiielaormale de Dixie).
8Q DVSHFW LPSRUWDQW GH OTDUFKLWHFWXUH GHV JRQHV
FRPSRVpHV GYXQ UpVHDX DQDVWRPRVp GH VXUIDFHV GH JO
moins développées (Figuigl), entouré par il |RQH HQGRPPDJpH GH SDUW HYV
UpVHDX $X SUHPLHU RUGUH OHV JRQHV GH IDLOOHV pWXGLy
XQLTXH ]J]RQH GH JOLVVHPHQW SULQFLSDOH GYLQWHQVH
GTHQGRPPDJHPHQW \Verkepaly 1B03T; S&yyet &, KRBDI)WEN effet, les zones de
IDLOOHV pWXGLpHYVY LFL FRQWLHQQHQW SOXVLHXUV VXUIDFH\
de Carboneras étudiée par Faulketeal. (2003).

Ces surfaces de glissement anastomoséeseseggnt les failles en individualisant des lentilles
multi-échelles de matériel endommagé (Figure 7.1). Ces lentilles ont déja été décrites dans les
failles en compression (e.g. Boyer et Elliot 19&2avison, 1994), les failles décrochantes (e.g.,
Woodcodk et Schubert, 1994) et les failles en extension (e.g. Gibbs, 1983; btielsen et
Clausen, 2001, Lindanget al, 2004; Childs et al, 1997). Elles sont observées a toutes les
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pPFKHOOHV GHSXLV OfpFKHOOH VLVPLTXId mitimEtEde (e.g.
Gabrielsen et Clausen, 200Clauseret al, 2003; Berg, 2004, Christensen, 2004).
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Figure 7.1. Architecture des zones de failles de Dixie (a, b) et Corona Heights (c) montrant la
structuration sous forme de segments anastémalélimitant des lentilles a toutes les échelles. On note
pJDOHPHQW HQ F OHV VWULHV OLQpDLUHYV GH IULFWLRQ DVVREF
segments de la faille de Corona Heights, mettant en évidence la subdivision de sa sudatiiesnde

SOXV SHWLWHYV WDLOOHV 2Q QRWH DXVVL HQ D VXU OD VHFWLF

JUDQGH OHQWLOOH FRQVWLWXDQW OfHVVHQWLHO GH OD SKRWR
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$ OfpFKHOOH GHV pgaH ey subdfaxreétVde EgRddempmt, Virois textures sont
clairement différenciables (Figure. L XQH EDQGH GH JOLVVHPHQW SU
millimétrique a centimétrigue composée souvent de plusieurs surfaces individuelles de
localisation extréme du ¢fVVHPHQW G 9 pRibranvetfigiue,Uet SIOnX UEL sommet
constitueles surfaces de glissement striees (~ miroir de failles scannées présentées dans le
chapitre 3 de la thése)ii) une couche de cataclasites directement adjacente a la bande de
glissemMHQW SULQFLSDOH HW GYpSDLVYVH XdéntimbtliguesEif) ihe FHQ W L F
JRQH GILQWHQVH IUDFWXUDWLRQ GYfpSDLVVHXU FHQWLPpWU
cataclasites, soit directement en contact avec la bande de glispemeiptle lorsque la couche
de cataclasites est absente. De facon générale, le corps des plus grandes lentilles est composé des
trois textures (Figur&.2), alors que les lentilles de petites tailles, ne contiennent pas toujours a la
fois la couche de catlasites et la zone fracturée. Ces derniéres apparaissent généralement
constituées uniquement du matériel fracturé. Ces trois textures rentrent dans la classification
générale des structures des zones de failles (e.g. Sibson, @linget al, 1996; Woodcock et
Mort, 2008).

Il est certain que les zones de failles étudiées couvrent une large gamme de déplacement
total accumulé (depuis la dizaine de meétres jusqu'a plusieurs kilometres, Taklg¢au
Cependant, en prenant comme exemple la faille de Dixiaut souligner que méme si le
déplacement total accommodé par la zone de faille est de ~ 3 a 6 km (Power et Tullis, 1989), le
glissement sur chaque segment de surfaces de failles, individualisant les lentilles, est
probablement beaucoup moindre et rilisté spatialement de fagcon hétérogene. La couche de
cataclasite clairement distincte de la zone fracturée par son caractere granulairet (8lagy
2007; Chambonet al. VHPEOH rWUH QRXUULH SDU OHV SURGX
glissement friagbnnel préférentiellement localisé au niveau des surfaces de glissement bordant
OHV OHQWLOOHV (Q HIIHW SDU H[HPSOH DX QLYHDX GH OD
surfaces de glissement sont incorporés dans la couche granulaire fEyutEmoignant de ce
SURFHVVXV GIXVXUH PpFDQLTXH

ORQ DQDO\WH GH OYfDUFKLWHFWXUH GHV JRQHV LQWHUQHYV
principaux modelant la géométrie de leur surfag le glissement frictionnel marqué par les

corrugations et strieRPQLSUpVHQWHY VXU OHV VXUIDFHVY GH IDLOOHYV
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nourrissant la couche granulajréii) la coalescence de segments de failles multi échelles a
OfRULJLQH GTXQ SURFHVVXV GH IXVLRQ GHYVY OHQWLOOHYV OH

Figure 7.2. 3UpVHQWDWLRQ GHV WURLYV SULQFLSDOHV WH[WXUHV FRQ
lentilles. (a) Zoom sur la Figur@.lc et son croquis interprétatif (b), permettant de visualiser la
structuration interne des lentilles de plus grandeXé¢tcOOHV GH OYDIIOHXUHPHQW GH O
Heights. Sur cette section transverse, on distingue deux segments de failles (a gauche et a droite) bordant
une lentille. Juxtaposé au segment de gauche, on visualise la couche granulaire de cataclasitantcont

GX PDWpULHO EUR\p SURGXLW GH OfXVXUH GXUDQW OH JOLVVHPH
juxtaposée a la couche granulaire et située@HVV XV GX VHIJPHQW GH JDXFKH F =

segments de la faille de Bolu, montrant dauche de matériel broyé -@essous de la surface de

230



Origin of fault roughness and the development of slip surfaces

JOLVVHPHQW j JDXFKH G 6WUXFWXUDWLRQ LQWHUQH GYXQH OH
la faille de Corona montré en (a, b). On retrouve en dessous de la surface de glissenhaut)ea

couche granulaire, et edessous le matériel intensément fracturé. Sur cette photo, la surface de
JOLVVHPHQW V\PpWULTXH GH FHOOH GX KDXW QfHVW SDV YLVLEO
VHPEOH V{rWUH ORFDOLYV i ¢ @\&doé fradtDré& RdX Miciaphbto@rapbie de la
FRXFKH JUDQXODLUH DX QLYHDX GH OD IDLOOH GH 'L[LH SULVH V
ODPH GH J\SVH 'HV IUDJPHQWYV GH JUD Ilaskés erhhniegbighéri]danyy GID QF |
XQH PDWULFH j JUDLQV ILQV 2Q GLVWLQJXH DX FHQWUH GH OD ¢
glissement& HWWH EDQGH HVW FRQVWLWXpH GH SOXVLHXUV VXUIDFHYV (

7.4. Propriétés géométriques des lentilles

741.EvolutLRQ GHV OHQWLOOHY GH OD IDLOOH GH 'L[LH DY

La faille de Dixie, du fait de nombreuses coupes transverses naturelles qui recoupent sa zone
HQGRPPDJpH RIIUH OTRSSRUWXQLWp GH P H#&cKdldd borddes IpRPpV
par les suaces de glissement. La longueur des axes de symétrie des lentilles (Tableau
Figure 7.3) a été mesurée de facon similaire aux travaux de Lindastgal (2007). Cette
approche présente des contraintes méthodologiques car les lentilles ne soateguentr
exposées en totalité et les sections disponibles ont parfois un angle oblique par rapport au plan
SULQFLSDO -YDL FKRLVL GH VpOHFWLRQQHU XQLTXHPHQW
favorables (Cf. Tableal.2).

La forme des lentilles évoé avec leur taille. En effet, le rapport entre la longueur maximale

dans la direction du glissement et la larg&(dlans la direction perpendiculaire au glissement
GLPLQXH DYHF OYDXJPHQWDWLRQ7Q)H ' f™XWDHOSDHIWHY HO HQW.
OfpSDLVVHXU é&x[lorRyedrkinaximale GLPLQXH pJDOHPHQW ORUVTX]
taille (Figure 7.3). Ces deux précédents résultats combinés indiqguent que les lentilles
appar#ssent de plus en plus fines et allongées dans la direction du glissement au fur et & mesure

que leur taille augmente.
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Figure 7.3.Propriétés géométriques des lentilles de la zone de faille de Dixie. (a) Axes de symétrie des
lentilles. (b) Rapport normadé entre la longueur et la largeur des lentilles. (c) Rapport normalisé entre
OfpSDLVVHXU HW OD ORQJXHXU GHVY OHQWLOOHYV

7.4.2. Comparaison des lentilles naturelles avec une zone de faille expérimentale

(Q pWXGLDQW OH GpYHORSSHPHQWHQWOXH ]RXY HVBIHQ | BIAX
calcaire, Otsuki et Dilov (2005) ont mis en évidence que la distance de séparation de deux
segments voisins en interaction (et sur le point de coalescer) évolue non linéairement avec leur
longueur. En effet, le rapport entredestance séparant deux segments voisins et leur longueur
UHVSHFWLYH LFL pTXLYDOHQWH GLPLQXH ORUVTXH OHXU V
parametres géomeétriques, tel que le rapport entre la distance de chevauchement des deux
segments voiss et leur longueur, restent constant. Dans leurs expériences, les deux segments en
interaction finissent par coalescer et définir alors une lentille analogue a nos observations de
terrains. La distance de chevauchement des deux segments voisins, dir@aarment avec
OfpFKHOOH FRUUHVSRQG DORUV j OD ORQJXHXU GH OD OHQ
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VHIPHQWY RQW FRDOHVFp ,0 HQ UpVXOWH TXH OH UDSSRU
ORQJXHXUV YD pYR O XH&mbrve-sEnOglie leKIenbliestbb&ebrées sur le terrain.
'‘DQV OTH[SPULHQFH GY12WVXNL HW 'LORY OD IDLOOH Fl
segments de longueurs croissante, en imbriquant donc des lentilles de plus en plus fines. La
croissage de la zone de faille est ditakométrique».

Sur la Figure?. HVW FRPSDUpH OD ORL GYfpFKHOOH GH OfYpSDLl

Otsuki et Dilov (2005), avec celles des lentilles de la faille de Dixie,

OrPH VL FHV GRQQpHV VRQW SHX QRPEUHXVHV HO

JUDQGHXU HW VRQW GRQF FRQVLGpUpHV FRPPH UREXVWHYV
FHOOH GT2WVXNL HW 'LORY VRQW WU p\Wnémd prédedsns FH T X
GYLPEULFDWLRQ GH OHQWLOOHYV SDU FRDOHVFHQFH GH VHJI
faille de Dixie (Figure7 .5). La géométrie autaffine des surfaces de faille serait alors le résultat
GLUHFW GH O 1 EdHeled®lsitillesQFiguxeO WL/ HVY FRXUWHY ORQJXHXUV (
surface de faille seraient alors dominées par les lentilles épaisses, bombées, acquises lors des
SUHPLHUVY VWDGHY GH GpYHORSSHPHQW GH OD IDLOOH /HV

aux grandes lentilles plus fines et lisses acquises lors du développement de la faille.
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Figure 74. &RPSDUDLVRQ GHV ORLV GYpFKHOOH GH OfpSDLVVHXU GHYV

Dilov (2005) avec les lentilles de la faille de Dixie.

Figure 7.5.6 FKpPD FRQFHSWXHO GH OD UHODWLRQ HQWUH OYLPEULFD\

rugosité auteaffine de sa surface.

7.5. Modele mécanique de la formation des lentilles

751. 'LVWDQFH FDUDFWpPULVWLTXH GfLQWHUDRKBWERQ FRD
faille
Dans un modele élastique nbinéaire de crack (e.g. Dugdale, 196Barenblatt, 1962), la
chute de contrainte  est spécifiée sur un crackOTLQWpULHXU GTIXQ VROLGH VR
déplacement résultant des murs aack est calculé. Quand on applique un tel modele aux
failles, il est supposé que la chute de contrainte correspond a la contrainte cisaillante appliquée

moins la contrainte de friction résiduelle sur la faille. Dans ce contexte et comme indiqué dans la
partie introductive de ce chapitre Q fpQHUJLH GH IGPFMAXWIHVHQ QN Tr'WH GTXQ

longueur pour sa propagation est da&enS D Eguathpn(7.1), ici ré-énoncé

Rappelons ge caractérise la magnitude de la concentration des contrgin@H[WUpPPLWp G

crack (Cotterell et Rice, 1980Schultz, 1988) Au premier ordre, la condition pour que deux
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segments voisins coalescent est que les champs de wn&rdeurs extrémités respectives
LQWHUDJLVVHQW ,0 HVW DORUV UDLVRQQDEOH GYDGPHWWL

donc de coalescence entre deux segments voisins soit linéairement proportioraellg i.e.:

(72)

Ici la distance caractéristique est considérée dans cette analyse comme linéairementaeliée
OfpSDLVVHXU GHV OHQWLOOHY PHVXUpHV VXU OH WHUUDLQ
(7.3)

Il est généralement admis que la chute de contraintetUHVWH FRQVWDQWH HW QfHV
la longueur du crack (e.g. Scholz, 2007, 2010). De ce fait, en combinant les équatipes (
(7.3):
(7.4)

3DU FRQVpTXHQW OD GLVWDQFH FDUDFWPpPULVWLTXH GTLQW
faille dans une roche élastique homogéne évoluerait de facon linéaire avec leur longueur
respective (ici équivalente). En considérant que le rapport kntlistance de chevauchement
des deux segments voisins et leur longueur reste constant, comme observé par Otsuki et Dilov

LO VIHQ VXLW TXH OYfpSDLVVHXU GHV OHQWLOOHV pYR
(Q GTIDXWUH W HU Prrhe desllehtileS Sdrés\We 1@ Ebaléscence des segments voisins
serait alors constant quelle que soit leur taille. Lors de la croissance progressive de la zone de
IDLOOH HQ FRQVPTXHQFH GH Of L&kelesHappott Befo@el atlej vV OHQ W
la rugosité de la surface de faille serait alors -autdlaire. Cette derniére remarque est donc en
contradiction avec les mesures de rugosité présentées dans le chapitre 3 de la thése et la
géomeétrie des lentilles présentée dans la se¢tdbn

752.EVROXWLRQ GH OD GLVWDQFH GYLQWHUDFWLRQ F
morphologie des lentilles
$X UHJDUG GH.Y, M3t envidabdaiide que la variabilité de la chute de contrainte
SXLVVH rWUH OfXQLTXH DOWHUQDW L YeHerkins ¢t B9 Dav&rR UG H U
GT2WVXNL HW 'LORY DYHF OHV PHVXUHY GH UXJRVLWp C
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déplacement et la longueur de la rupture, i.e. la chute de contrainte, est depuis longtemps
FRQVLGpUp FRPPH LQG@RSHQBDIarye varidte Qf prerdtemdnts de terre
(Kanamori et Anderson, 1975Abercrombie, 1995). Cependant, ces mémes observations
sismologiques montrent une grande variabilité de la chute de contrainte, ,

supposée indépendante ded#le de la rupture. Cette grande dispersion des valeurs estimées par

les observations sismologiques ne peut pas étre due a des variations des constantes élastiques,
TXL QH YDULHQW SDV GH SOXV GT1XQ IDFWHXU &H)fiskX WURL
chapitre 5 de la these, il est proposé que la variabilité de la chute de contrainte est directement

reliée aux propriétés géométriques de la longueur de la rupture:
(7.5)

avec . En conséquenceppr un crack cisaillant naissant, la chute de contrainte

serait de moins en moins importante au fur et a mesure de sa croissance. En combinant les

équations7.1) et (7.5), il vient:

(7.6)
et en associant les équatios3j et (7.6) :
(7.7)
avec &HFL LPSOLTXH TXH OD GLVWDQFH FDUDFWpUL

entre deux segments de faille dans une roche homogene et isotrope évoluerait de fagon non
linéaire avecleulOURQJXHXU UHVSHFWLYH LFL pTXLYDOHQWH 30XV
IDLOOH OD GLVWDQFH FDUDFWpPULVWLTXH GfLQWHUDFWLRQ
i.e. la distance maximum de coalescence (représentée sur la Feipggd OTDGGLWLRQ GHYV
lobes de concentration de contrairte® fH[WUpPLWp GHV FUDFNV YRLVLQV V&I
leur longueur respective. Dans un stade plus avancé de la propagation de la faille, le rapport entre
la distance maximum de coalescentéa taille croissante des segments voisins va diminuer.
'IDXWUH SDUW HQ FRQVLGpUDQW TXH OD GLVWDQFH GX F
est linéairement proportionnelle a leur taille FRPPH OH VXJJgUH OKMI H[SpULF
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HW 'LORY HW OHV REVHUYDsWALRQV GLIHO WHM H QDWLOMVGTI$RRD
GIDVSHFW GHV O K&y dO 1@ Eodlescence des segments va diminuer durant la

croissance de la faille (Figui®6). La gé@métrie auteaffine des surfaces de faille serait alors le
UpVXOWDW GLUHFW-pgHKIO@DHYp BHWERQY GHQWLOOHV GRQW O
DYHF Of{DXJPHQWDWLRQ GH OHXU WDLOOH

Figure 76. 5SHODWLRQV GIpFKHOOHV GRRF p®LULFXHHY WP SOUTDFMVG XV DI

et la coalescence de deux segments voisins.

7.6. Perspectives

'DQV FH FKDSLWUH MIDL SURSRVp TXH OD SURSDJDWI
LQWHUDFWLRQ HW FRDOHVFHQFH SU Roligiie \d& la jéonGtHe ted J P H QW
VXUIDFHVY GH IDLOOH /RUV GX VWDGH LQLWLDO GH SURSDJD\
OHV SUHPLHUV VHJPHQWY TXL QDLVVHQW SUREDEOHPHQW
maniere aléatoire dans le matéweiginel) est relativement grande par rapport a leur taille. Les
lentilles générées par leur coalescence sont en conséquence relativement épaisses. Lors du
développement progressif de la zone de faille par coalescence de segments de tailles croissantes,
deV OHQWLOOHYV UHODWLYHPHQW GH SOXV HQ SOXV ILQHV VR
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QRQ OLQpDLUH GH OLQWHQVLWpPp GH OD FRQFHQWUDWLRQ ¢
modeéle mécanique émerge directement du fait que la chute ttaictnévolue elle aussi non
OLQpDLUHPHQW DYHF OfYfpFKHOOH (Q HIIH®Womém@gey dOH FRQW
segments mukp FKHOOHV FRPPH VXJJpUp SDU QRV REVHUYDWLRQ
susceptible de contréler ce mécanism&VesOD YDULDWLRQ DYHF OfpFKHOOH G
Cette derniere émerge directement de la géométrieutbL QH GHV VXUIDFHV GH IDLO
dérivée principalement de la compression élastique des aspérités (voir chapitres 4 et 5 de la
these) (Q FRQVpPTXHQFH GqV ORUV TXYXQ VHIJPHQW GH IDLOOF
par interaction et coalescence avec des segments voisins egn@atenue par sa propre
morphologie.

76.1. SRQIURQWDWLRQ GH OfK\SRWKqgVH G YdaQiéel d&-KXWH
OfpFKHOOH DYHF OHV REVHUYDWLRQV GH WHUUDLQ

La stabilité du rapport entre le déplacement totale cumulé et la longueur totale de la

faille HVW VRXYHQW pYRTXpH SRXU DSSX\HuteCgnstaBtBR WK qVH Gl
GIXQ pYPQHPHQW LQGLYLGXHO GH UXSWXUH H J 6FKRO]
Scholzet al. OD ORL GIpFKHOOH HQWUH OH GpSODFHPHQW W
failles est la mieux définie par les obsdiwas de terrain (Cowie et Scholz, 1992; Schlisehe

al., 1996; Schultzt al. 'H FHWWH GHUQLqUH VRQW GpGXLWHV LQ
GHV DXWUHV SDUDPgWUHYV WHOOHV TXH OfpQHUJLH GH IUDF
de ®ntrainte relachée par un unique événement de rupture, la grande variabilitéfattgané

du rapport entre et observée sur les données naturelles compilées :

laisse croire a une dépendaii GH FH UDSSRUW DYHF OfpFKHOOH (Q GID

du préfacteur de la relation supposée linéaire entre et , ne serait pas uniguement liée a

des variabilités des constantes élastiques dasesoencaissantes traversées par les différentes
IDLOOHV FRPSLOpHV PDLV SRXUUDLW DXVVL UHIOpWHU OTj

longueur de la rupture.
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Modéle de croissance de faille
/ID UHODWLRQ GYpFKHOOH HQWUHUI®OH Eipl& DiykedrPtotaleWw P DL

G I XQH | peut@teetdécrite par (Schol2010; Schulzt al, 2006):

(7.8)

avec et le module de Young et leoefficient de Poisson de la roche encaissante. Dans

OfpTXDEY URdgplacement moyen durant un séisme unique est relié a la longueur de la

rupture par
(7.9)

o0 HVW XQH FRQVWD Q WjitatioD DI} bods Avohs @@Qad deflacement

total cumulé.
Dans cette section, un modele géométrique de croissance de faille est utilisé afin de
comparer ces deux relations en suivant un raisonnement similegiade Cowie et Swlz,

(1992. Le modele de croissance est construit en supposant que le déplacement ttat la

IDLOOH HVW XQH VRPPH GILQFUpPHQWY DFFXPXOpV SDU XQF

séisme casse la longueur totale de lalefaiblors le déplacement cumulé apres

tremblements de terre est donné :par

(7.10)

ou est la longueur de la faille immédiatement avant-éegne tremblement de rte. Si
OfTfDXJPHQWDWLRQ GH OD OQRrduil & XhhqueHre@demeddtLde @eke est
IRQFWLRQ GH OD ORQJXHXU GH OD UXSWXawle: FRPPH SURSRV|

(7.11)
o HVW XQH FRQVW DD@Meliert pTXDWLRQ
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(7.12)

La Figure 77 montre les relations entre les parametres relatifs & la croissance de la faille pour

différentes valeurs de . Quand : est linéairement relié a . Dans ce cas, la

croissance de la faille durant chaque séisme est aussi linéairement reliée a la longueur de la faille
MXVWH DYDQW OH VpLVPH FRPPH aves uhe WiuteSdeUco@rgiptd X DW L |

constante. Si , comme suggeéreé par nos données de rugosité de surface de faille, la relation
entre et (la longueur de la faille apres tremblements de terre) est non linéaire; i.e.
croit plus rapidement pour des petits incrémentsCette évolution non linéaire de la croissance

de la faille en fonction du déplacement cumulé est le résultat ghlageude deux paramétres: (i)
OD YLWHVVH GIYDFFURLVVHPHQW GH OD IDLOOH j VHV H[WI
incrémenté a chaque rupture. Le bilan du couplage de ces deux paramétres résulte en un

accroissement rapide de la longueur de lagfédlts de son initiation.
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Figure 7.7.Courbes de croissance pour une faille en suivant les équaffa®s (7.11) et ¢.12) du

modéele de croissance géométrique. (a) Relations entre les parametres , vs. , pour le cas
auto-similaire consdéré par Cowie et Scholz (199Zb) et (c) sont respectivement les cas ou
et . Dans chaqga graphique, les deux lignes du bas, montrent la

guantité de déplacement et la longueur de la faille nouvellement créée si la faille casse dans

sa totalité, i.e., . La ligne de haut indiqule déplacement cumulé en fonction de la longueur de la

faille  du fait des incréments graduels de glissement et de croissance

Un résultat intéressant montré par ce modele de croisséide IDLOOH HVW TXTHQ

, le déplacement total accumulé évolue en loi puissance avec la longueur de la

faille, avec un exposant (Figure 7.8). Cette observation, montre que, méme si la chute de
contrainte UHOkFKpH SDU FKDTXH WUHPEOHPHQW GH WHUUH QTYF
déplacement maximum et la longueur de la faille suit une évolution-lijpéaire comme
suggeéré par les observations de terrains compilées par &tlall{2008), et regFsentées sur la
Figure7.8.

/I THQVHPEOH GHV GRQQpHV GH GpSODFHPHQW PD[LPXP H
regroupe principalement des failles & composantes verticales (normales ou inverses; seulement
GHX[ IDLOOHV VRQW GpFURFRK2QWHYV H \ast GiehQuBapZg. X BWLOL VD

prenant, et , en accord avec la gamme de valeurs ingkgpar Cowie et
Scholz (1992 OTLQWHUSRODWLRQ GHV GRQQpHV SDU, 3@bleORL SXI
ajuster au mieux les mesures de failles sur le terrain (Figure 7.8).

'"IDXWUH SDUW P digi€ paLCeRaEPP SthhID(1992L O HVW GpFRQVHLOO¢
les données de failles dans différentes lithologies et environnemeetdsiques avec une loi
SXLVVDQFH XQLTXH LO HVW LPSRUWDQW GH QRWHU TXH O
unigue de et des prdacteurs variables) peut ajuster également chacune des failles prises

individuellement.
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Figure 7.8.Compilation des mesures de  vs. PRGLILp GIDSUqV 6FKX0O] HW DO

essentiellement avec composante verticale de déplacement: failles normales (NF); chevauchements (TF);
failles décrokK DQWHYV 66) /YDSSUR[LPDWLRQ GHV GRQQpPHV DYHF XQH C

suggéré par le modele de croissance de faille en prenant , est montrée par la ligne

rouge. Les lignes bleues correspondent au modeéle (avecpasaai 1.2 et des pif@cteurs variables)

réalisé individuellement pour chacune des failles. Les lignes en pointillées de pentes constantes

représentent le cas ou  évolue linéairement avec .
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Notons ici que lesjastements proposés en loi puissance avec un exposant destent a
FH MRXU TXDOLWDWLIV HW LO QRXV UHVWH j OHV MXVWLILH
de régression en récupérant les mesures compilées dans la F®umMNéanmoins, notre
K\SRWKgqVH GIXQH GLVWDQFH PD[LPDOH GH FRDOHVFHQFH p®
GH OD IDLOOH GX IDLW GIXQH FKXWH GH FRQWUDLQWH GpSt
accord avec les observations de terraifalit également rappeler ces mémes observations de
terrains forment la clé de voute de la relation supposée linéaire entre la distance maximale de

coalescence et la longueur de la rupture (Sattodd, 1993; An, 1997).

7.6.2. Les hypotheses et limitations du mdéle

,O IDXW SUpFLVHU TXH GDQV FHWWH DQDO\WH QRXV QT
GILOQWHUDFWLRQ HQWUH GHX[ VHIPHQWY HW GRQF j OfpSDL
que, dans un cas limite, des segments colinéaires de toutes tadllesceat en ne laissant
DXFXQH VWUXFWXUH VRXV IRUPH GH OHQWLOOH &HSHQGDQV
GIDXWUHV H[SPULHQFHV GH GpYHORSSHPHQW GH ]JRQHV
Tchalenko, 1970), montrent que les segments, dgantoalescence, sont clairement décalés et
donc non colinéaires, O HVW SUREDEOH TX{YXQ PrPH FRPSRUWHPHQ
observées sur le terrain, et donc puisse expliquer que les interactions mécaniques entre segments
voisins a toutes les éched se fassent préférentiellement sur des plans non colinéaires, tout en
JDUGDQW XQH LQWHQVLWpP pYROXDQW DYHP.OTpFKHOOH FRPF

%LHQ TXH OHV IDLOOHV FRQVLVWHQW HQ SOXVLHXUV V
focaliséee srOYLQWHUDFWLRQ HQWUH GHX[ VHIJPHQWY HQ FRQVL
champ de contrainte est dominée par les segments les plus proches (Segall et Pollard, 1980). En
G 1D X W UlH falle-haéréscopique se forme depuis la coalescence desesguosnts, lesquels
euxPrPHV FRDOHVFHQW GHX[ j] GHX] HQ DFFRUG DYHF OD WKg
VXLYL HVW TXH OD SURSULpWp GH OfHQVHPEOH OD IDLOOH
OfLQWHUDFWLRQ PpFD QL TiceHnultt€rHeNek e @Getix ©epgménks v@dihs) F H

Cependant, une description plus compléte et précise nécessiterait une quantification du
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FRPSRUWHPHQW FROOHFWLI UpJLVVDQW OD FRPSOH[LWp GHYV
cracks multiéchelles etds hétérogénéités préexistantes du milieu.

&HWWH DQDO\WH GH OD UXJRVLWp VH VLWXH&tatgiz@Vv OH FR
SURJUHVVLYH GHV VHIPHQWY HW OfXVXUH SDU JOLVVHPHQW
nos observations de tams (Cf. section7.3 LO SDUDLW pYLGHQW TXH OfXV
glissement frictionnel joue aussi un role dans la création/destruction de la rugosité des failles.
1pDQPRLQV OHV UpVXOWDWY GX FKDSLWUH GHODPWHKHNH P
entre le déplacement accumulé et la morphologie des surfaces de failles. Une éventuelle
«maturité» de failles par un processus de lissage progressif des aspérités directement lié au
JOLVVHPHQW IULFWLRQQHO QTHVW GWR GRJ [SFOLW HRUE VIKY Y PHR Q, O
WuUDYDLO UHVWH j IDLUH TXDQW j OD FRPSUpKHQVLRQ H[DFW
VXU OD UXJRVLWpPp GHV IDLOOHV (Q HIITHW QRXV QH FRQQDL\
SDU OTXVXUHXRpFEOHYLDRLW GIpFKHOOHY UpJLVVDQWHYV OD |
WHUPHYV OTXVXUH PpFDQLTXH SDU I|URaNWH Biféec@alleGH GHX
OfHQVHPEOH GHV ORQJXHXUV GYRQGH GH-dlld3 prusRffece&QL qUH
TXH G Dawepdndé a cette question représente un nouveau challenge qui nécessitera de
FRQIURQWHU GRQQpHV QDWXUHOOHV H[SpPULHQFHV GH ODEH
dans une gouge de faille.
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Conclusion

Dans ce chapitre je vais synthétiser les pajuis je considere comme importants deas
travail de these.

La surface de faille est la trace laisséerriere lui par le front de propagation de la rupture,
et en retour les aspérités du plan de faille iéerit la dynamique et la géométrie du glissement.
Les aspérités de toutes tailles formées de maniére mécanique lors du glissement jouent
notamment un réle crucial dans le développement de la rupture car elles concentrent les
contraintes tectoniques et popolJ DLHQW rWUH OH OLHX GH QXFOpDWLRQ
FRPSUHQGUH OYHIIHW GH OD PRUSKRORJLH GHV IDLOOHV GD
XQH FDUDFWpULVDWLRQ ILQH GH OTRUJDQLVDWLRQ VSDWLDC
G Ghelles impliquées dans la rupture sismiqie H GHSXLV OYfpFKHOOH GX JUDLC
de la croute sismogenique¥t nécessaird.a premiere partie denon travail a donc consisée
répondre a la question suivantestil possible de définir un pdele universel de la géométrie
des tilles, RX DX FRQWUDLUH GHV YDULDELOLWpPV VH GpJDJHQW
contexte tectoniqgue 3XLV GDQV XQ VHFRQ G durhpreBdre chhinizht éste F K p
rugosité participea O § R U J D Gphavdle\WhuRi&ghelles des champs de glissement et de
contrainte le long du plah

En combinant des méthodes desures topographiques indépendampeiscouvient des
JDPPHV G pomkléh@Qaitasuire caractérisation fine de la mbologie des surfas de
failles a été apportée depuis le micrométre jusqu'a plusieurs dizaines de mé§tizé. DLQVL UpDO
un travail méthodologique pour analyser, par différentes méthodes statistiques, la topographie de
miroirs de failles et caractériser leurs propriédéscorrélation a toutes les échelles spatiales
explorées.8Q PRGgOH FRKpUHQW VH GpJDJH GH OYDQDO\VH GHV
I'amplitude de la rugosité peut étre décrite par une ligne droite dans un graphigudogn dag
les axes gt la rugosité des surfaces et I'échelle spatiale. La rugosité des surfaces de failles est
GpSHQGDQWH GH O ¥ pF &utb@ffinel légbr¥ntRanisQtrdgeqlil pebtétre défini
par deuxparametres O f H[S RMMdos§i&V Geéd le préfacteur. Méme si les zones de failles

etudiées couvrent des contextes géologiques variés, a savoir des lithologies diverses, des
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FRPSRVDQWHY SULQFLSDOHY GH GpSODFHPHQW DXVVL ELHQ
de déplacemesttotales accumulé O fH[SRVDQWesGH U X deng laMpection du

glissement et dans la direction perpendiculaire au glissement. Ces vateatent

stables depuis le micrométre jusqu'a plusieurs dizaines de médgsnmoins, le préacteur qui
GpFULW OYDPSOLWXGsH #iheHQEI¢dabme@ D RFDOHPHQW DX QLYHI
méme surface de faille et entre les 5 failles étudi€§sX QH SDUW SRXUdedBouBrPH IDL
parties avec des pfacteursdifférents peuvent étre clairement observéesl W GI{DXWUH SDUW
facteur global, obtenu en moyennant les propriétés géométriques des sous parties, est également
YDULDEOH HQWUH OHV IDLOOHV DQDMNWHWXU/@Doétd @ P10 p |
surface de faille esdttribuée au fait queles surfacesetudiéesne correspondent pas a un unique

plan spatlement homogeéne, mais plutétua assemblage de surfaces de glissement discrétes

avec une amplitude moyenne de leur topographie varighleutre, la variabilité dpréfacteur

global entre chacune des failles, ne semble pas imputable a des difédanseles contextes
géologiques Notamment, méme si les zones de faillagliées ont clairement accumulés
déplacements géologiques vélE®O® HV DXFXQH FRUUpODWLRQ QYHVW REVH
variabilité du préfacteur globalde FKDFXQH GHV VXUIDFHV GH IDLOOHYV
laquelle les zones de failles qui auraient accumulé un plus grand déplacement, seraient
constitués par des surfaces de glissement globalement plus digsit des processus abrasifs,

semble donc inadaptée au regard de nos observations.

La détermination de la géométrie des traces de ruptures laissées a la surface par 8
tremblements de terre majepaspermisGfpWDEOLU TXH OHV VXUIDFHV GH IDL(
caractéisées par un unique régime awatffine légérement anisotropique et sans longueur
caractéristique depuis le micrometre jusqu'a une échelle spdaaB® km. Il est a noter
TX¥JuQH FRUUpODWLRQH@QWUPWRITRESBUWXHSH PR\HeQ@EH GHV IC
facteur) des traces de ruptures et le déplacement total accumulé par les zones de failles
accueillant la rupture sismique. Il faut souligner que dans les deux casjrdesescarpements
de failles actives scannées sur le terrain et les traces de ruptsre@nogée®nt enregistréa

morphologie des structures actives de la zone de filks.résultats mettent donc en évidence
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gue les portions actives des failleslé XLV OfpFKHOOH VSDWLDOH GX PLFURP

kilométres préservent une complexité géométrique au cours des déplacements successifs.

Par une approche numérique décomposée en deux étapes successives, la connexion
pressentie entre les prappWpV JpRPpWULTXHYV GHV VXUIDFHV GH IDLOO
glissement observées sur les modeles cinématidgieapture durant un séismaeété clarifiée.

Dans un premier temps lesrrélations spatiales daspérités géométriques ont étégltites en

terme de distribution spatiale de la résistance frictionnelle le long de la surface de faille en
utilisant le modéle de poingonnement initialement développé par Hahae2000). Ensuite, a
OYDLGH GTXQ PRGQgOH Q X Psmtijuerptethaid eh tbXsRIGVaXidn HesTingdDas L

élastiques longue portédes corrélations spatiales du glissement ont été connectées a
OYKpWpURJpQpLWp VSDWLDOH GH OD UpVLVWIDIDGFEttelULFWLI
maniére,ma démarche permet deéer un lien direct entre la rugositéD3des failles, qui est
perpendiculaire au plan de faille, et la distributiggatiale 2D du glissementdans le plan.

Malgréles hypothésefufi modéelepuremenélastique lorglu poingonnement des aspérigéde

O £ H Qéffets @ythamiquetel que OTLQHUWLH OHV FR UaffmeshidéeriRe€sY VSDW
sont en accord avec celles déterminées sur les modeéles cinématiques de ruptures.sismique

Dans la continuité de cette démarche numeérique permettant de fisredatre la rugosité
des failles et le glissement lode la rupture,M fsDili une approche théorique afin de prédire
OfpYROXWLRQ GH OD FKXWH 6&pHtiale ognd/ UnDprépriiérHterbps,HuiRe O p F K
implication directe du caractére adfiine de la distribution spatiale du glissement obseavia
foisdansle PRGgOH QXPpULTXH GH UXSWXUH HW GDQV OHV PRGq!
de la fluctation spatiale de la chute dentrainte sur le plan de faille vers les petites échelles
spdiales. Dans un second temps, ® placant dans modébtke propagation de la ruptusn
cascadgil apparait que la chute de contrainte moyenne ainsi quargbnité diminuent avec
OfDXJPHQWDWLRQ GH OD WDLOOH GH OfpYpQHPHQW

/I THQVHPEOH GH e rkdrR @procke/a R @ nGmérique et théorique apporte un
éclairage sur la relation étroitsouvent pressentie mais jamais clairement établie, entre la
rugosité du plan de faille et deux parametres :cléglissement efa contrainte. En suivante

raisonnement, le poingonnement élastique et le cisaillemeédes agéométrie autaffine de
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la faille a plusieurs conséquences: (i) les corrélations spatiales de la rugosité du glissement
obéissent égalemeatun régime autaffine, (ii) les fluctuatios de la chute de contrainte le long

de la rupture sont plusnportantesaux petites échelles avec des corrélationsparsistantes,

(iii) la chute de contrainte moyenne et sa variabilité augmeatec la diminution de la taille de
OfpYpQHPHGWe@ldmlgnpsim éstUprécisément en accord avec la distribution spatiale

du champ de glissement mesuré sur les modeles cinématiques. Rappelons que ces images
FLQpPDWLTXHV VRQW UHVWUHLQW HighdeeXtprddaeghenHIgpIB R QJ X H X'
grandes variations de la chute de contramise en avant par la seconde conclusioncdée

analyse. La troisieme et derniére conséquensayair lesdiminutiors de la chute de contram

moyenne et de sa variabdiDYHF OfDXJPHQWDWLRKY G¥Hp VODQ RPHQ MWV & & HU
QIHVW TXYHQ SDUWLH F Ridbkdgduésp Bn &fetlal@Hqdep \BoxkigéesV
sismologiques récentes sur la déviation standard du mouvement fort duesol§elé reliée au

premier ordre da variabilité de la chugé de contrainte) mettent en avant de plus grandes
fluctuations vers legvénements de faible magnitudeO fpYROXWIIRRK D@ BEHR GH OD Fli
FRQWUDLQWH PR\HQQH QYHVW JpQ ptdlegOeld BeHIBisthicBdDactuBlE VH U Y p
Néanmoins, levaleurs de chutes de contrainigsservées dans les expériences de ruptures
menées en laboratoire, typiguement un a deux ordres de grandeurs sepategamme de

valeurs estimées par les sismologues pour les grands tremblements deotdirment le
raisonnement suivi. A savoir, du fait de la géométrie -affioe des failles, les grands
tremblements de terre sont probablementnposéd/ GIXQH VRPPH G fhelRp,ULWpV
dont les plus petis (analogues aux ruptures expérimentales) sont susesptiblsupporter une

forte chute de contrainte.

Motivés par mesmesuresde rugosité qui montrergue les surfaces de failfeuvent étre
définies par un simple modéle géométrique aidd ILQH XQLYHUVHDngtEW TX{DX
FDUDFWPULVWLTXHHre®@ Gl P HKHBIB O/EW SV T OPHY XQLTXH SURFFL
puisseétre a son origine(Q PHWWDQW HQ DYDQW OTRUJDQLVDWLRQ VW
IDLOOHYVY VRXV IRUPH GH VHIPHQWY GHSXLV OfpFKH@OH GH C
suggereque OD SURSDJDWLRQ HW OD FURLVVDQFH GYXdgH IDLOC

segments puisseWUH j OfRULJLQH GH OD JpRPpWULH pBpogé,V XUIDFH
252



Conclusion

UHSRVH VXU OfLGpH VLPSOH VHORQ @O® fei €Qriknt® $tQWHUL
VXVFHSWLEOH GYpYROXHU DY HF g@HaXdhuteVdzLconDaitesBvMQiv. OH P
GLPLQXHU DYHF OYDXJPHQWDWLRQ GH OD WDLOOH GHV V&I
croissance de la faille par coalescence et imboicate segments se fait de maniére allométrique

et la surface de faille apparait alors de plus en plus lisse aux grandes échelles;aféinauto

Lors decetravall VXU OD FDUDFWpPpULVDWLRQ GH OD UXJRVLWp G
F KHUF Kange @ Mmé&tre en lumiére des variabilités dans la morphologie des failles imputable
a des différences dans la lithologide composante principale du déplacemeat; de
déplacement accumulé. Les explications apportéesngestdes conséquences dealygsde
rugosité couplpHVY DX[ REVHUYDWLRQUY ERPEHQDDLRY XNV WUqV J!
mesures indépendanteshaute résolution, et surtout complémentaires les unes par rapport aux
autres, qui a permis de mettéejour XQH YLVLRQ & $paaérdhE@iieude la
rugosité des surfaces de failles sur 9 ordres de grandeur.
Le lien entrdeshétérogénéités de glissement etdetraintes, et la géométrie du plan de faille a
été étudié Mon DQDO\VH GpPRQWUH TX9L O délpavtie 8dd RUeDdiahsl e X 1 X Q H
glissement et en contraintes le long du plan de fabé dominée par les complexités
géometriques locales plutdue par la dynamique du front de rupture-tnéme. La prise en
FRQVLGpUDWLRQ GHV SHWdnWiekVcopéldioh® €pidtidled dparametrée3W pJUD V
constitutifs de la rupture (comme le seuil de résistance initial et final, la chute de contraiate) mis
en avant dans ce travaigpparait fondamental pour une meilleircompréhensionde la
mécanique des trendrhentde terre.
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