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Abstract

This dissertation concerns complexities in earthquake source dynamics and the resulting

implications for seismic ground motion. Its findings are based on numerical and ana-

lytical investigations that are validated by comparison with seismic observations. The

core of this work is a comprehensive set of 2D in-plane dynamic rupture simulations

with a spectral element method incorporating faults. The fault rheology is governed

by a velocity-and-state-dependent friction law, utilising severe velocity-weakening at

high slip rates and a homogeneous initial stress state. Seismological observations, lab-

oratory experiments, and theoretical models indicate that earthquakes can operate in

different manners. We classify a diversity of rupture styles based on their stability (de-

caying, steady, or growing), rupture speed (subshear or supershear), healing properties

(cracks or pulses), and complexity (simple or multiple fronts). Such rupture styles and

their transitions depend on the state of stress and on the strength of the fault, and

their identification in earthquake observations may inform about rheological parameters

along active fault zones. We study the alteration of macroscopic rupture properties by

off-fault energy dissipation into plastic deformation, which may be triggered by high

stress concentrations at earthquake rupture fronts. Investigating in detail the energy

balance and equation of motion of self-similar pulse-like ruptures, we are able to define

quantitative relations between off-fault energy dissipation and macroscopic source prop-

erties. These findings contribute to a self-consistent theoretical framework for the study

of the earthquake energy balance based on observable earthquake source parameters.

The emanated seismic wave fields contain signatures of rupture styles and plasticity in

near-field seismograms and source spectra. The asymmetrically induced plastic strain

fields result in characteristic damage patterns off the fault and contribute to the total

seismic moment. Identifying the diversity of rupture patterns in real earthquakes poses

an interesting observational challenge. The long-term perspective of this work is to pro-

vide physical constraints with respect to the source of earthquakes applicable in strong

ground motion prediction, seismic hazard analysis, and source inversion methods.
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Zusammenfassung

Diese Dissertation untersucht Komplexitäten in der Erdbebenherd-Dynamik und die

daraus resultierenden Implikationen für seismische Bodenbewegungen. Sie basiert auf

numerischen und analytischen Untersuchungen, die durch Vergleiche mit seismischen

Beobachtungen validiert werden. Im Kern der Arbeit steht ein umfassendes Set von

zweidimensionalen bidirektionalen dynamischen Bruchsimulationen, welche mit einer

spektralen Elemente Methode ausgeführt werden und dabei eine Implementation von

Bruchlinien erlaubt. Die Bruchzonenrheologie wird durch eine homogene Vorspannung

und ein geschwindigkeits- und zustandsabhängiges Reibungsgesetz beschrieben, welch-

es eine starke Geschwindigkeitsabschwächung bei hohen Bewegungsraten bewirkt. Mo-

tiviert durch seismologische Beobachtungen, Laborexperimente und theoretische Mod-

elle, die darauf hinweisen, dass sich Erdbeben in verschiedenen Bruchstilen ausbreiten

können, klassifizieren wir eine Vielfalt von Stilen im Hinblick auf ihre Stabilität (abfall-

end, stabil, oder wachsend), Bruchgeschwindigkeit (subshear oder supershear), heilenden

Eigenschaften (Risse oder Pulse) und Komplexität (einfache oder mehrfache Bruchfron-

ten). Diese Bruchstile und deren Übergänge sind abhängig vom Spannungszustand sowie

von der Stärke der Bruchzone und ihre Identifikation in seismologischen Beobachtungen

kann dazu beitragen, über rheologische Parameter entlang aktiver Störungszonen zu in-

formieren. Darüber hinaus repräsentieren sie mögliche ’Bausteine’ für komplexere Herd-

bruchmuster unter heterogenen Anfangsbedingungen. Wir untersuchen im Detail die

Änderungen der makroskopischen Eigenschaften des Erdbebenherds durch Energiedis-

sipation in eine plastische Verformung des Materials ausserhalb der Verwerfung, welche

durch hohe Spannungskonzentrationen an Bruchsfronten ausgelöst wird. Durch eine de-

taillierte Analyse der Energiebilanz und der Bewegungsgleichung von selbst-ähnlichen

pulsförmigen Brüchen sind wir in der Lage, quantitative Beziehungen zwischen plas-

tischer Energiedissipation und makroskopischen Eigenschaften der Erdbebenquelle zu

definieren. Diese Erkenntnisse tragen zu einem in sich schlüssigen theoretischen Rahmen

für die Untersuchung der Erdbebenenergiebilanz bei, welcher auf beobachtbaren Eigen-

schaften des Erdbebenherdes basiert. Die ausgestrahlten seismischen Wellenfelder weisen

Signaturen der Bruchstile und der Plastizität auf, welche sich in Nahfeld-Seismogrammen

und Quell-Spektren manifestieren. Die asymmetrisch induzierten plastischen Dehnungs-

felder resultieren in charakteristischen Schadenmustern in der Nähe der Bruchlinie und

tragen zum gesamten seismischen Moment bei. Die Ermittlung der Vielfalt der Bruch-

muster in realen Erdbeben stellt eine interessante Herausforderung für Beobachtungsstu-

dien dar. Die langfristige Perspektive dieser Arbeit ist es, physikalische Grenzwerte in

Bezug auf Quelleigenschaften von Erdbeben zu ermitteln, welche dann für Bodenbe-

wegungsvorhersagen, seismische Gefährdungsanalysen und Quellinversionsmethoden an-

wendbar sind.
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1
Introduction

The ability of the human being to prove truth from coincidence is without bound.

(Wrothall, 1977)

Natural earthquakes surround us day after day. In Switzerland alone, 500-

800 seismic events are recorded annually. Statistically speaking, only about

10 of these excite strong enough shaking to be felt. Globally, only about 10

earthquakes exceeding magnitude 7 are recorded every year. Many of these

Big Ones occur in sparsely populated regions or in the middle of oceans, and

unless a tsunami is triggered, they pass by unnoticed by most of the Earth’s

population. Nonetheless, the relatively rare, highly destructive Black Swan

events, striking unpredictably and with catastrophic consequences for human

life and property, challenge humanity worldwide. Recent large earthquakes

dramatically illustrated our limited state of knowledge on what causes earth-

quakes and how they operate. For example, the catastrophic Tohoku-Oki

earthquake (Mw 9.0) in March 2011 broke across fault areas formerly consid-

ered to be separated by (modestly) locked seismic barriers, that is, segments

of fault surface that are assumed to be resistant to slip because of geomet-

rical or structural heterogeneities. Likewise unexpected, the intraplate 2012

Sumatra earthquake (Mw 8.6) was the largest strike-slip earthquake recorded

so far. With the anticipated further increase in population density and infras-

tructure the vulnerability of modern societies is increasing alongside. Rapidly

developing communication networks enhance the Subjective Seismic Hazard,

i.e. the personal feeling of being at risk. Consequently, trying to add to our

1



2 1 Introduction

Figure 1.1: The 2.5-km-deep San Andreas Fault Observatory at Depth, or SAFOD.
Figure courtesy of USGS.

current scientific understanding of earthquakes seems more important than

ever.

1.1 Thesis Objective and Importance

Relating strong ground motion predictions and seismic hazard analysis to

fault rheology and continuum mechanics is a key challenge for seismologists.

The complexity of natural geological settings, the multiple factors affecting

ground motion (source, wave path, and site effects), the inaccessibility of in-

situ observations from several kilometers deep in the seismogenic zone, and

the naturally limited amount of large, strongly radiating, crustal earthquakes

impede a detailed knowledge of the dynamics of natural earthquakes. Never-

theless, with the increasingly dense seismic (and other) instrumentation (e.g.

the San Andreas Fault Observatory in Southern California at Depth, sketched

in Fig. 1.1), recent well-recorded large earthquakes (e.g. the 1999 Chi-Chi

(Mw 7.6) and the 2011 Tohoku-Oki (Mw 9.0) earthquakes) and the resulting

gain of near-source data, the observational resolution of source complexities

becomes feasible.

Earthquakes and the faults upon which they occur interact over a wide range

of spatio-temporal scales (e.g. Ben-Zion, 2008). Spatial scales span hundreds

of kilometers over which seismic waves propagate and interact with large scale

fault (network) geometries, non-linear rheologies, fluid and heat transport.

On the other hand, the forces upon crack initiation and propagation along

frictional rock interfaces act on atomic dimensions. The seismic cycle enfold-
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ing the collective earthquake behavior operates on timescales ranging from

tens of years up to hundreds of thousands of years, whereas single ruptures

strike during time intervals of seconds. Thus, the ambitious task of imple-

menting “physics” into earthquake source modeling, prompts the substantial

question: What are the first-order physical processes that are relevant at a

given spatio-temporal scale to justify the (most often computational) cost of

their inclusion?

This thesis focuses on understanding the complex dynamics at a singular

earthquake source level. Understanding what drives the dynamic processes

during an earthquake requires an integrative view of the physics of rock

fracture, rupture propagation, and emanated seismic radiation. The herein

relevant spatio-temporal scales are sensitive to the fault rheology, frictional

properties, and stress and strength conditions of the fault. This work con-

tributes numerical and analytical insights towards a deeper understanding of

the coseismic processes on natural faults. It also contributes towards bridging

the (scaling) gap between rupture dynamic simulation and seismic observa-

tions by analysing the variability of exemplary radiated seismic wave fields.

The modelled source complexities and the plastic energy dissipation affect

the resulting, potentially destructive seismic ground motion.

Accounting for features of dynamic rupture may be helpful in understanding

seismic observations, as for example a re-activation of slip, observed in some

source models of the Chi-Chi and of the Tohoku earthquake (Lee et al.,

2006, 2011), radiation pattern asymmetries (e.g. Oglesby , 2000) and near-

field seismogramms (e.g. Ellsworth et al., 2004). In the long term, these

insights may contribute to a physical framework applicable in seismic hazard

assessment.

1.2 Geophysical Background

A (crustal) earthquake is defined as the sudden release of slowly (at rates of

cm/year) accumulated tectonic stress along a pre-existing frictionally weak

discontinuity, termed a fault zone. Global seismicity patterns reveal a strong

correlation between plate boundaries and fault zones and the presence of

intercontinental fault zones, indicating that earthquakes often - but not ex-

clusively - occur at tectonic plate boundaries.

During interseismic periods, which denote the time delay between earthquake

occurrence, faults are considered to be “sticking”, storing energy associated

with the elastic deformation of the adjacent tectonic plates. Once rock frac-

ture initiates as local (frictional) instability (Dieterich, 1978; Lapusta and
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Figure 1.2: Evolution of friction with shear displacement during a velocity-stepping
experiment of Niemeijer et al. (2010).

Rice, 2003; Rice, 1983) the naturally often kinked and branched fault in-

terface (re-)ruptures, thereby accumulating a permanent offset, or “slip, be-

tween both sides of the fault interface. The propagation of the dislocation is,

amongst many other factors, governed by a constitutive relation, the friction

law. The resulting displacement along the fault, which may be described by

a slip-velocity function of a certain duration, is related to a drop in shear

stress.

Despite the apparent simplicity of this constitutive behavior, the earthquake

induced slip patterns and the slip rate history along the fault are highly non-

linear. For example, two antithetic models currently endeavour to explain

the earthquake initiation process. In the cascade model, nucleation initiation

only occurs on a small localized area within the fault plane, which triggers

successively larger ruptures. This model predicts an equivalent origin of

both, small and large earthquakes and thus, eliminates the possibility of

finding a measurable earthquake pre-cursor for early warning assessment.

On the other hand, seismic observations frequently reveal an accumulation

of quasi-static slip leading up to large earthquakes, as recently for the 2011

Mw 9.0 Tohoku-Oki earthquake (Kato et al., 2012). The “pre-slip” model

assumes nucleation occurs in the form of slow, “quiet” pre-slip, i.e. beneath

the (current) detection level of seismic observations, until the such weakened

fault breaks. The implication of this model is that a larger area of pre-slip

leads to a seismic event with larger seismic moment.

Nevertheless, even if we record an earthquake with a dense network of seismic

instrumentation, only the source processes active at the onset of detectable

fault slip are resolved. Observational insights on the controlling mechanisms
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of nucleation may thus result from utilising monitoring instrumentation sit-

uated in the vicinity of active faults which experience earthquakes.

Numerical simulations of singular earthquakes often artificially nucleate rup-

ture in a prescribed overstressed or weak patch on the fault, that resembles

some laboratory procedures applying explosive wires for the same purpose.

As also thematised in this work, artificial earthquake nucleation may have

a strong impact on dynamic rupture (e.g. Ampuero and Rubin, 2008; Rubin

and Ampuero, 2005). The implication of mechanically consistent nucleation

procedures, however, implies additional complexity and computational cost

(e.g. Ripperger et al., 2008).

In theoretical models of earthquake nucleation the specific rock frictional

properties determine the smallest possible earthquake size, i.e. the critical

nucleation size. The appropriate form of the constitutive law which describes

the relationship between fault stress and slip along a fault plane, is topic of

intense debate. Such a constitutive law should unify all observables associ-

ated with fault zones in the earth, e.g.the partially non-linear effects on and

off natural fault zones including thermal pressurization of fluids trapped in

rock pores, the existence of granular gouge material instead of a clean, solid

rock interface and off-fault damage and plastic deformation. In reality, fault

constitutive behavior is poorly constrained. The proposed constitutive laws

have been shown to not only control earthquake nucleation, but also the style

of singular rupture propagation, the occurrence of stable sliding (“creep”),

as well as foreshock and aftershock distributions in the seismic cycle.

Laboratory experiments have provided invaluable insights into rock mechan-

ics (e.g. Brace and Byerlee, 1966; Ohnaka, 1987; Ohnaka and Mogi , 1982;

Ruina, 1983). Shear loading axial and rotary setups measuring the displace-

ment and frictional resistance during fracture of realistic fault samples are

becoming capable of reproducing close to seismogenic conditions, requiring

high pressures (in the order of MPa) and temperatures (hundreds of K), co-

seismic slip rates (m/s), and incorporation of the effects of fluid-content in

the host rock (e.g. di Toro et al., 2005; Niemeijer et al., 2010).

At high slip rates, non-linear physical weakening processes, e.g. thermal pres-

surization of pore fluids, are thought to cause an observed extra-ordinary de-

crease of effective friction. Experimental results motivate empirically derived

constitutive relations. These are frequently enhanced via the ad-hoc inclu-

sion of theoretical ingredients from rock mechanics. However, the validation

of the such derived relations is difficult. The developed friction laws differ

in correlating weakening of tractions on the fault surface to the slipped dis-

tance (slip-weakening law), the particle velocity on the fault (rate-dependent)
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Figure 1.3: Variation of rupture style in experimental setups of Lu et al. (2007);
Xia et al. (2004).

and/or the history of the microstructural contacts (state-dependent).

Arguably, the state of the art are rate-and-state dependent friction laws,

which come in various forms (motivated by experimental results such as

shown in Fig. 1.2). Nevertheless, none of the proposed forms is capable of

describing all experimental observations. Applying these models to natural

settings may lead to estimates of realistic critical nucleation sizes, as e.g. of

order of centimeters for the San Andreas Fault system (Beeler and Hickman,

2004). However, in doing so, one must question how valid it is to extrapolate

results from the laboratory scale to the scale of the earth. The answer to

this fundamental question requires that we address whether small and large

ruptures are governed by the same physical processes.

The rupture style (Fig. 1.3), in terms of rupture front speed, involving heal-

ing and complexity, i.e. involving a single or multiple rupture fronts, has been

shown to be dependent on the constitutive law and the background stress

and strength of the fault (e.g. Andrews, 1976; Zheng and Rice, 1998). Earth-

quake ruptures typically propagate at velocities that are in the range of 70

- 90% of the S-wave velocity of the fault surrounding material independent

of earthquake magnitude. It was first observed in laboratory experiments

(Rosakis et al., 1999) that shear dominated cracks along weak fault zones

in brittle material can travel faster than the shear wave speed of the sur-

rounding material. Indirect observations (earthquakes of Imperical Valley

1979, Landers 1992, Izmit 1999 , Kunlunshan 2001, Denali 2002) together

with both numerical and theoretical studies (Andrews, 1976; Bouchon et al.,

2010; Dunham and Archuleta, 2004; Dunham et al., 2011a; Ellsworth et al.,

2004; Spudich and Cranswick , 1984) give further evidence to the fact, that

earthquakes can and, along straight planar faults, often do propagate faster

than the shear wave speed, i.e. supershear.

A crack-like rupture style implies, that the fault slips over its entire length

during the full rupture duration without healing. This model has been suc-

cessfully applied to gain simple descriptions of earthquake rupture (Ida, 1972;
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Kostrov , 1964; Madariaga, 1976) and to model observations, such as the

Brunes spectrum in the source frequency domain and the spatial variation

of slip duration (Di Carli et al., 2010; Madariaga et al., 2010; Peyrat et al.,

2001; Yomogida, 1988). Numerical simulations assuming uniform background

stress and slip-weakening friction are restricted to this rupture style.

In contrast, seismic inversions imply a dominantly “pulse-like” behavior of

earthquake rupture (Heaton, 1990; Yoffe, 1951), i.e. the fault heals shortly

behind the rupture front leading to short rise times. In numerical simulations

with strong velocity-weakening friction ruptures occur in pulse-mode under

certain initial conditions (e.g. Ampuero and Ben-Zion, 2008; Noda et al.,

2009). However, the dynamics of rupture pulses remains elusive, as, for

example, the answer to the question on what controls the pulse’ healing

front speed remains open.

Seismology can provide indirect observations of earthquake source physics.

Seismometers record displacements on the earth surface, and can for example

resolve stopping phases radiated by earthquakes running into regions of lower

stress or stronger fault interfaces. But, the multiple scales of the earthquake

rupture problem apply also for the frequency domain. Due to the hetero-

geneous nature of the Earth, high frequency (> 1 Hz) seismic radiation is

hard to resolve from seismic or geodetic data, but a necessary constraint for

hazard engineering. Steady state mechanics on micro-scales is completely

non-radiative.

Statistical insights may enlighten collective earthquake behavior, whereas

kinematic (and recently also dynamic) source inversions from seismic and

geodetic data result in source models of singular earthquakes. Unfortunately,

the such derived conclusions are afflicted with (unquantified) uncertainties.

Large, more rare, earthquakes excite strong surface motion carrying possible

source information content over large distances from the fault, whereas more

frequent smaller earthquakes are often considered as “point-sources” lacking

information on spatio-temporal source dynamics. Source inversion methods

struggle with limited resolution and high non-uniqueness (Ide et al., 2005;

Mai and et al., 2007; Page et al., 2011; Peyrat et al., 2001). Their restrictive

assumptions may not be able to resolve complex source features, such as the

existence of multiple rupture fronts.

Seismic hazard assessment relies increasingly on earthquake scenario simula-

tions, which often aim to emulate specific regional conditions, as local fault

structure and expected site effects. If the strong ground motion of an ex-

pected earthquake is known, for example in terms of peak ground velocity

(PGV), structural building codes can be enforced which would account for
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the response of structures.

An resulting important motivation of dynamic source modelling is to provide

rupture models interrelating the kinematic source properties, i.e. the spatio-

temporal distribution of slip, in a physically consistent way. For this purpose,

dynamic models have to solve the non-linear problem of spontaneous slip

evolution coupled to elasto-dynamic wave equations.

The overall goal of the present thesis is to advance the theoretical under-

standing of dynamic earthquake rupture. In this regard, the fact, that the

Earth is highly heterogeneous on many spatial scales is not taken into ac-

count. For example, non-uniform pre-stress, the existence of barriers along

the fault and low velocity zones have been shown to effect rupture dynamics

(e.g. Day , 1982; Huang and Ampuero, 2011). Also, complex geometries or

roughness of the fault are neglected. We justify these strong assumptions

by focusing on the first order, physically feasible source processes underlying

also heterogeneous systems.

This thesis does account for linear elasto-fracture mechanics predicting a

high stress singularity at the rupture front, which must be physically accom-

modated by a non-linear material response. Field observations state a zone

of damaged fault gouge surrounding natural fault zones (e.g. Chester et al.,

1993). The increased energy dissipation at the crack tip may impose limits

on extreme ground motion (Andrews, 2005). Purely elastic models, thus,

may overestimate ground motion.

1.3 Fracture Mechanics and Numerical Implementa-

tions

Earthquake source complexities have been modelled successfully by models

as simple as a coupled spring and slider (e.g. Elbanna, 2011). However,

with seismic hazard application as final objective, a coupling to seismic wave

radiation is necessary. This can be provided by Linear Elastic Fracture Me-

chanics (LEFM) which is concerned with fracture phenomena in the presence

of inertial effects. Such problems typically feature discontinuities which are

ignored in the framework of LEFM. One example are stresses and velocities

becoming unbound in form of a square root singularity in the vicinity of the

crack tip. Nonlinear fracture mechanics incorporates constitutive laws for

the inelastic deformation in the process zone that eliminate the crack tip

singularities (Barenblatt , 1962; Dugdale, 1960).

Rate-and-state friction laws additionally provide a regularization of the ac-

celeration singularity at the rupture front and and at its trailing edge. The
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Figure 1.4: A schematic diagram of a 2D crack illustrating the region of validity
for Linear Elastic Fracture Mechanics and modes I,II and III of rupture extending
along the x1 axis with velocity vr. Courtesy of Ben-Zion (2003).

volume around rupture which physically accommodates stress singularity is

called “cohesive zone” or “process zone” and poses the smallest length scale to

be resolved in rupture dynamics. It decreases with propagation distance (see

Fig. 1.4 for a schematic overview). In the scope of this work, dynamic rupture

propagation in a plane-strain (in-plane) setup, corresponding to strike-slip

earthquake settings, is modelled as a cohesive shear crack, distributing frac-

ture energy (Gc) over a cohesive zone into the fracture process. Historically,

fracture mechanics developed mainly by addressing pressing problems in en-

gineering and material sciences, e.g. to model newly evolving cracks in steel.

Consequently, mode I (opening) and mode III (anti-plane) cracks gained con-

siderably more attention, than mode II shear cracks (Fig. 1.4 illustrates all 3

modes of rupture extension). From the predictions of continuum mechanics

(Broberg , 1979; Freund , 1990) a shear mode II rupture behaves similar to a

mode I crack in the subsonic velocity range, but differs in terms of a positive

of stress singularity at the rupture tip concentrating stress in the intersonic

velocity range. The predicted energy release rate is positive over the entire

range of velocities between Rayleigh and P wave speed, following a forbidden

velocity zone between Rayleigh and S-wave speed. A propagating shear crack

(mode II) is extremely difficult to describe analytically. Thus, the preferred

way of gaining insight into crack behavior has been numerical modeling since

the early 1970s.

The numerical implementation of ruptures propagating dynamically as a run-

ning shear crack has its own challenges. The elastodynamic equations of

motions have to be coupled with a frictional constitutional relation on the

pre-defined fault, as well as with initial and boundary conditions. As part of

the solution the fault slip across the discontinuous fault is determined.
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A variety of different numerical methods, including finite element, finite dif-

ference, finite volume, spectral element, support operator, boundary integral

and discontinuous Galerkin methods, have been benchmarked solving simple

problems, including assumptions about friction, crustal structure and fault

geometry (SCEC).

In this work we apply a 2D spectral element solver. The SEM2DPACK code

is based on work of Komatitsch and Vilotte (1998) and employs a high-order

accurate and flexible method originally introduced in computational fluid

dynamics (Patera, 1984). Spectral element methods are well established in

seismic wave propagation (e.g. Komatitsch and Tromp, 1999). The spectral

element method combines the generality of finite elements with the accuracy

of spectral techniques. Some of its advantages are minimal grid dispersion, a

diagonal mass matrix, geometrical flexibility, the possibility to apply mixed

boundary conditions and the ability to mesh complicated geometries.

Earthquakes are described as a slip discontinuity along a prescribed fault em-

bedded in linear elastic medium. The discontinuous fault resembles a mixed

internal boundary condition on which the contact and friction conditions

are solved with the traction at split nodes (TSN) method (e.g. Day et al.,

2005). For a detailed discussion of the implementation of fault dynamics in

the Spectral Element Method (SEM) see (e.g. Kaneko et al., 2008).

1.4 Thesis Outline

This introduction is followed by three subsequent chapters and accompanying

appendices.

In Chapter 2, we classify dynamic rupture styles and explore their transitions

in elastic media. We compare our findings to seismic observations of source

complexities. This chapter is related to the publication Gabriel et al. (2012a).

Chapter 3 concerns the interplay of rupture dynamics and off-fault energy dis-

sipation and includes analytical relations between macroscopic source prop-

ertied. It is corresponding to Gabriel et al. (2012b).

Chapter 4 is work in progress aiming on the identification of ground motion

features from rupture dynamic simulations and will be eventually submitted

as Gabriel et al. (2012c).



2
The Transition of Dynamic Rupture Styles

in Elastic Media Under Velocity-Weakening

Friction

The work within this chapter is related to the publication:

Gabriel, A.-A., J.-P. Ampuero, L. A. Dalguer, and P. M. Mai (2012),

“The transition of dynamic rupture modes in elastic media under

velocity-weakening friction”, J. Geophys. Res., 117(B9),01480227, doi:

10.1029/2012JB009468.

Abstract

Although kinematic earthquake source inversions show dominantly pulse-

like subshear rupture behavior, seismological observations, laboratory exper-

iments and theoretical models indicate that earthquakes can operate with

different rupture styles: either as pulses or cracks, that propagate at sub-

shear or supershear speeds. The determination of rupture style and speed

has important implications for ground motions and may inform about the

state of stress and strength of active fault zones. We conduct 2D in-plane dy-

namic rupture simulations with a spectral element method to investigate the

11
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diversity of rupture styles on faults governed by velocity-and-state-dependent

friction with dramatic velocity-weakening at high slip rate. Our rupture mod-

els are governed by uniform initial stresses, and are artificially initiated. We

identify the conditions that lead to different rupture styles by investigating

the transitions between decaying, steady-state and growing pulses, cracks,

sub-shear and super-shear ruptures as a function of background stress, nu-

cleation size and characteristic velocity at the onset of severe weakening. Our

models show that small changes of background stress or nucleation size may

lead to dramatic changes of rupture style. We characterize the asymptotic

properties of steady state and self-similar pulses as a function of background

stress. We show that an earthquake may not be restricted to a single rupture

style, but that complex rupture patterns may emerge that consist of multi-

ple rupture fronts, possibly involving different styles and back-propagating

fronts. We also demonstrate the possibility of a super-shear transition for

pulse-like ruptures. Eventually, we draw connections between our findings

and recent seismological observations.

2.1 Introduction

Earthquake ruptures are thought to propagate in one of two basic styles, ei-

ther as cracks or as pulses. During crack-like rupture the frictional strength

of the fault suffers irreversible reduction, the fault slides simultaneously over

the entire ruptured area and slip continues until arrest fronts arrive from

the terminal edges of the rupture (Kostrov , 1964). In this case, the local

duration of slip, also known as rise time, scales with the shortest dimension

of the final rupture area. In a pulse-like rupture, first postulated by Brune

(1970), frictional strength weakens only transiently and the rupture front is

closely followed by a healing front, which leads to short rise times. Such

short rise times were first inferred from kinematic source inversions of nat-

ural earthquakes by Heaton (1990), and have been proposed to explain the

complexity of seismicity patterns (Cochard and Madariaga, 1996) and the

lack of heat flow anomaly on the San Andreas Fault (Noda et al., 2009). The

estimation of rise time remains severely affected by the limited resolution

and inherent non-uniqueness of kinematic source inversions (Ide et al., 2005;

Page et al., 2011). For instance, there are contrasting interpretations of rup-

ture style from near-source ground motion recordings of the Mw 8.8 2010

Chile earthquake (Heaton et al., 2011; Madariaga et al., 2010). Nonetheless,

pulse-like rupture has been assumed or inferred in most source studies, with

notable exceptions (Campillo et al., 1989; Di Carli et al., 2010; Mavroei-

dis and Papageorgiou, 2010; Peyrat et al., 2001; Yomogida, 1988). Despite
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the large body of theoretical, computational, experimental and seismological

work on pulse-like rupture there are still outstanding open questions, such

as: What controls the speed of the healing front? How short are rise times?

What controls the selection between crack-like and pulse-like rupture at high

background stress?

Several mechanisms for the generation of pulse-like rupture have been pro-

posed: self-healing under velocity-dependent friction (Heaton, 1990), cou-

pling between slip and dynamic normal stress changes in bimaterial faults

(Ampuero and Ben-Zion, 2008; Andrews and Ben-Zion, 1997; Dalguer and

Day , 2009), healing fronts induced by the spatial heterogeneity of fault

strength and initial stress (Beroza and Mikumo, 1996; Day et al., 1998;

Oglesby and Day , 2002), by the finite thickness of the seismogenic zone (Day ,

1982; Johnson, 1992) or by waves reflected inside a low-velocity fault zone

(Huang and Ampuero, 2011). The focus of our current work is on the first

mechanism. Dramatic velocity-weakening at high slip rates is amply sup-

ported by laboratory experiments (e.g. Hirose and Shimamoto, 2005; Tsut-

sumi and Shimamoto, 1997; Tullis and Goldsby , 2003) and by theoretical

studies (Beeler et al., 2008; Rice, 2006).

That earthquakes can operate either as pulses or cracks, depending on the

background fault stress, is supported by laboratory experiments (e.g. Lu

et al., 2007; Lykotrafitis et al., 2006; Xia et al., 2004) and theory (e.g. Am-

puero and Ben-Zion, 2008; Beeler and Tullis, 1996; Cochard and Madariaga,

1994; Dunham et al., 2011a; Nielsen and Carlson, 2000; Noda et al., 2009;

Perrin et al., 1995; Zheng and Rice, 1998). At low stress levels pulses are

found to be the natural rupture style and crack-like propagation is impossible

(Nielsen and Carlson, 2000; Zheng and Rice, 1998). However, at interme-

diate stresses both styles are admissible and the selection depends, among

several factors, on details of the chosen nucleation process, which is often

artificially induced in experiments and simulations. Rupture patterns that

depart from the basic crack and pulse dichotomy, for instance involving re-

peated slip episodes, have been observed in laboratory experiments (Nielsen

et al., 2010) and suggested from seismological observations (Lee et al., 2011;

Yao et al., 2011). One goal of the present work is to develop a comprehensive

view of the role of nucleation, initial stress and velocity-weakening param-

eters on the selection of rupture style, including complex rupture patterns

with multiple simultaneous rupture fronts and possible co-existence of pulses

and cracks.

Earthquake ruptures can propagate at sub-shear or at intersonic speeds

(Archuleta, 1984; Bouchon et al., 2010; Dunham and Archuleta, 2004; Spu-

dich and Cranswick , 1984). Theoretical and computational studies (An-
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drews, 1985, 1976; Dunham, 2007) have quantified the conditions for super-

shear transition, including the role of initial fault stresses and friction law.

However, these studies were essentially limited to cracks governed by slip-

weakening friction. On the other hand, supershear pulse-like rupture has

been observed in laboratory experiments (Lu et al., 2007; Lu et al., 2009).

In the present work we explore the supershear transition for both cracks and

pulses under velocity-weakening friction.

Insights developed on the basis of idealized dynamic rupture models are

fundamental to gain further understanding of earthquake mechanics, to ul-

timately enable realistic ground motion prediction for seismic hazard assess-

ment, and to motivate further developments in observational seismology. The

main goals of the present computational study are to identify the general rup-

ture styles in which a fault can operate and to quantify the conditions for

their occurrence. We aim at defining the dynamic rupture styles that are

admissible under idealized conditions. We believe this fundamental study

will provide building blocks of a framework for the interpretation of more

realistic rupture scenarios to be developed in ongoing and future studies.

In Section 2.2 we formulate an idealized model of rupture on a planar velocity-

weakening fault with uniform initial stress and a smooth nucleation proce-

dure. In Section 2.3 we present the results of a broad parametric study of

the effect of the initial shear stress, the nucleation size and the characteristic

velocity for the onset of fast velocity-weakening. We present a diversity of

dynamic rupture styles, which we classify as pulses or cracks, decaying or

growing, sub-shear or super-shear, and single or multiple. We discuss their

stability, macroscopic properties and conditions of existence. Relations to

previous work and implications of our results are discussed in Section 2.4. In

Appendix 2.6.3 we include developments towards a criterion to describe the

onset of each rupture style.

2.2 Model Setup

2.2.1 Problem Formulation

We model 2D in-plane spontaneous dynamic shear rupture in an isotropic

linear elastic continuum with shear modulus µ, shear wave speed cS , com-

pressional wave speed cP and Poisson’s ratio ν. We represent the fault by a

linear interface across which displacement discontinuity (slip) is allowed (Fig.

2.1). Slip and stresses along the fault are related by a friction law. Frictional

shear strength, τc, is proportional to the effective normal stress on the fault,
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Figure 2.1: 2D in-plane model setup. The fault is represented by a linear interface
across which displacement discontinuity is allowed, embedded in an unbounded, Ar-
tificial nucleation is applied over a time-dependent area of size 2R. Our simulations
explore a wide range of nucleation sizes R and initial shear stress τ0.

σ (taken positive in compression): τc = µfσ, where µf is the friction coeffi-

cient. The absolute magnitude of shear traction on the fault, τ , is bounded

by τc, τ ≤ τc. If τ < τc the fault remains locked. Sliding starts when the fault

shear traction reaches the shear strength, τ = τc. During sliding the fault

shear traction remains equal to the shear strength. The friction coefficient

evolves as explained in the next section.

2.2.2 Friction Law

Physical weakening processes due to thermal effects can operate on natu-

ral faults at slip velocities (V ) typical of dynamic earthquake sliding (Rice,

2006). In particular, flash heating can introduce severe velocity-weakening

in the form of a 1/V behavior of frictional strength (Beeler et al., 2008; Rice,

2006). To represent such processes, we adopt a rate- and state-dependent

friction law with fast velocity-weakening, as assumed by Ampuero and Ben-

Zion (2008). The friction coefficient is determined by the slip velocity and a

state variable (Θ) as:

µf = µs + a
V

V + Vc
− b Θ

Θ +Dc
, (2.1)

where µs is the static friction coefficient, Vc a characteristic velocity scale, Dc

a characteristic slip scale and a and b are two positive coefficients that quan-

tify a direct effect and an evolution effect, respectively. The state variable

has units of slip and is governed by the following evolution equation:

Θ̇ = V −Θ
Vc
Dc

. (2.2)
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Figure 2.2: Nucleation with healing. Prescribed time-weakening friction coefficient
µf . (a) Spatio-temporal shape of nucleation area. Nucleation has duration 4 T and
propagates with decreasing speed from an initial value Vn. The nucleation zone
reaches a maximum half-size Rmax = Vn T . (b) Prescribed spatial distribution of
µf at t = 2T during nucleation.

The friction coefficient at steady-state, i.e. when Θ̇ = 0, is

µf = µs + (a− b) V

V + Vc
(2.3)

If a < b, the friction coefficient weakens asymptotically as 1/V . In the limit

of V � Vc, µf approaches the following dynamic friction coefficient

µd = µs + (a− b) (2.4)

over a relaxation time scale Dc/Vc. As described by Ampuero and Ben-Zion

(2008), this relaxation time tunes the weakening mechanism between the

two extreme behaviors, slip-weakening and velocity-weakening. The nominal

strength drop σ(µs − µd) = σ(b− a) is denoted τD.

2.2.3 Nucleation Procedure

Observational constraints on earthquake initiation processes are elusive and

earthquake simulations that incorporate spontaneous aseismic nucleation are
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computationally demanding. Hence, dynamic rupture simulations often adopt

artificial nucleation procedures. Several studies have revealed that details of

rupture initiation can significantly affect the subsequent rupture propagation

(Bizzarri , 2010; Festa and Vilotte, 2006; Lu et al., 2009; Shi et al., 2008).

Here we assess the role of nucleation conditions in determining the rupture

style by studying systematically the influence of the size of nucleation. We

adopt a self-healing nucleation procedure introduced by Andrews and Ben-

Zion (1997), which consists of a transient weakening process with subsequent

healing. In Appendix 2.6.1 we consider a nucleation procedure without heal-

ing.

We prescribe a nucleation region with time-dependent size, within which we

force the friction coefficient to be smaller than a prescribed time-dependent

value. The nucleation region first expands and then contracts. Its half-size,

R, is given by

R(t) =

Vnt
(
1− t

4T

)
for 0 ≤ t ≤ 4T

0 for t ≥ 4T,
(2.5)

where Vn is the initial rupture propagation speed and 4T the total duration

of nucleation. The shape of the nucleation zone resulting from Eq. 2.5 is

depicted in Fig. 2.2 (a). Its maximum half-size is Rmax = VnT . We found

that simulations with same Rmax but different Vn and T lead to similar rup-

ture styles. In our simulations we evaluate the effect of the amount of energy

provided by nucleation by varying systematically the maximum nucleation

half-size, Rmax.

We prescribe the following spatial distribution of the friction coefficient as a

function of position x along strike:

µf =

µs −
(R−|x|)

Λ (µs − µd) for R ≥ |x| > (R− Λ)

µd for |x| < (R− Λ),
(2.6)

where Λ is the along-strike length across which the friction coefficient drops

from its static value µs to the dynamic one µd. The prescribed friction

coefficient distribution is illustrated in Fig. 2.2 (b).

Within the nucleation region we keep updating the state variable Θ accord-

ing to Eq. (2.2). We set the friction coefficient to the minimum between the

prescribed time-dependent value (Eq. 2.6) and the rate-and-state value (Eq.

2.1). Spontaneous rupture propagation starts eventually once the frictional

weakening becomes dominated by the rate-and-state evolution. Healing in

the nucleation region is never faster than the prescribed time-weakening heal-

ing, but it may be slower when dominated by a slow evolution of Θ.



18 2 Dynamic Rupture Styles

2.2.4 Initial Stresses

The initial stresses on the fault are known to affect rupture style (Zheng

and Rice, 1998) and rupture speed (Andrews, 1976). However, their value in

natural faults is uncertain. We consider here a broad range of initial stress

values, assuming they are uniform along the fault. Due to the symmetries

of the problem the normal stress remains constant. We quantify the initial

shear stress by the dimensionless parameter S (Das and Aki , 1977a), the

ratio of initial strength excess to (nominal) dynamic stress drop (see also

Andrews (1976)):

S =
τs − τ0

τ0 − τd
(2.7)

where τs = σµs and τd = σµd are the static and dynamic strengths, respec-

tively, and τ0 is the initial shear stress. The “relative strength” S (sometimes

also referred to as “seismic ratio” (Kaneko and Lapusta, 2010; Templeton and

Rice, 2008)) describes the strength of the material relative to the dynamic

stress drop (Das and Aki , 1977b), and provides a measure of the closeness

of the initial stress to the failure criterion.

The value of the friction coefficient during sliding is µd under slip-weakening

friction. However, it is generally higher than µd under velocity- and state-

dependent friction and τ0 − τd is not an adequate estimate of the actual

dynamic stress drop. Modified definitions of the relative strength parameter

that account for this are presented in Appendix 2.6.2.

2.2.5 Non-dimensional Units and Parameter Space

Dimensional analysis shows that the problem formulated here depends on

the following non-dimensional numbers: S, RmaxτD/µDc, µVc/τDcS , ν, a/b

and Vn/cS . This study is focused on the effect of the three first quanti-

ties. The remaining three are held fixed. Poissons ratio ν is not expected

to affect our results within the narrow range of its usual values. In fact,

most of our conclusions, except the super-shear ruptures, hold also for anti-

plane deformation (mode III), in which Poisson’s ratio is irrelevant. We have

verified that for a given maximum nucleation half-size, Rmax = VnT , the

non-dimensional nucleation speed Vn/cs is irrelevant as long as it is slow

enough. The value of the non-dimensional parameter a/b is chosen small

enough to have little impact on the rupture, but large enough to provide

efficient regularization of the velocity-weakening friction, i.e. to yield a large

enough critical wavelength (Ampuero and Ben-Zion, 2008) to be resolved

numerically at an affordable computational cost.

All parameters in this study are non-dimensional, making it possible to scale



2.2 Model Setup 19

Table 2.1: Reference simulation parameters

cS Shear wave speed 1
ν Poisson’s ratio 0.25
µs Static friction coefficient. 0.6
µd Dynamic friction coefficient. 0.1
a Direct effect coefficient. 0.005
b Evolution effect coefficient. 0.505
µ Shear modulus 1
Vc Characteristic frictional velocity scale 0.07
Dc Characteristic frictional slip scale 1
σ Background normal stress 2
τ0 Background shear stress 0.4-1
Λ Weakening length 1
Vn Nucleation speed 0.5
X Distance scaling factor 1
X
cS

Time scaling factor 1

τD Strength drop 1
h Spectral element size 1
T Nucleation duration 1-400
Rmax Nucleation half-size 0.5-200
S Relative strength 0.25-4

our results to a range of values of physical parameters such as Dc or initial

stress, which in reality are poorly constrained. Stresses are scaled by the

nominal strength drop, τD = σ(µs − µd), slip by the characteristic slip scale

Dc, distances by X = µDc/τD, time by X/cS and slip rates by DccS/X =

τDcS/µ. A typical set of model parameter values, listed in Table 2 in real

units, results in the following scaling factors: τD = 20 MPa, X = 10 m, time

scale 2.7 ms and slip rate scale 2 m/s.

We conducted a large number of simulations which systematically explore

the role of initial stress level (characterized by S) and nucleation size (Rmax)

in determining the rupture style. In Appendix 2.6.1 we additionally report

on the effect of the type of nucleation procedure (with or without healing).

Table 1 shows the explored range of S and Rmax, and the fixed values of

all the other model parameters. The chosen range of S spans subshear and

supershear rupture conditions in slip-weakening simulations (Andrews, 1976).

An upper bound for the static stress drop is τ0 − τd = τD/(1 + S). The S

values we explored (0.25 ∼ 4) imply τ0−τd = 4 ∼ 16 MPa, which is within the

typical range of earthquake stress drops. We adaptively refined the values of

the parameters S and Rmax to capture the details of the transitions between

rupture styles. The parameter space of this study is complementary to that

of Ampuero and Ben-Zion (2008), who varied nucleation size and Vc while
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Table 2.2: Exemplary model parameters.

cS Shear wave speed 3700 m/s
µ Shear modulus 37 GPa
Dc Characteristic slip scale 5.4 mm
σ Background effective normal stress 40 MPa
τ0 Background shear stress 8-20MPa

keeping initial stress constant (S = 1.7) in most of their work (except in their

Appendix D).

In most of our simulations we set the characteristic velocity of the friction law

to Vc = 0.07 (non dimensional). This value leads to a variety of rupture styles

in the study of Ampuero and Ben-Zion (2008). Assuming the parameters of

Table 2, this corresponds to Vc = 0.14 m/s. The value is higher if the assumed

effective normal stress is larger. The slip velocity at the onset of severe

thermal weakening induced by flash heating is of the order of 0.1 m/s for

background temperatures at the middle depth of crustal seismogenic zones

(Rice, 2006), and a plausible range is 0.05 to 2 m/s (Beeler et al., 2008).

Significant weakening induced by thermal pressurization is possible at mid-

seismogenic depth if slip rate exceeds 10/w, where w is the thickness of the

slip zone in microns, e.g. V > 0.1 m/s if w = 100 µm (Wibberley and

Shimamoto, 2005). Nielsen et al. (2008) observed weakening by frictional

melt in laboratory experiments with a characteristic slip velocity in the range

0.04 to 0.14 m/s. Characteristic velocities in the range Vc ∼ 0.1 m/s have

been also inferred from seismological observations (Nielsen and Olsen, 2000).

In Section 2.3.7 we explore the effect of Vc on rupture styles.

2.2.6 Numerical Method

Our simulations employ a spectral element method for 2D wave propaga-

tion and source dynamics (SEM2DPACK, Ampuero (2008)), which solves

for elasto-dynamic wave propagation coupled to frictional sliding along the

fault. The spectral element method is a well established numerical method in

seismic wave propagation (e.g. Komatitsch and Tromp, 1999; Komatitsch and

Vilotte, 1998). Its accuracy in solving rupture dynamics has been demon-

strated in benchmark problems (Harris et al., 2004; Huang and Ampuero,

2011; Kaneko et al., 2008). The equations of motion are solved by an ex-

plicit time-stepping algorithm. The fault boundary conditions are handled

as in the “tractions at split nodes” method (Andrews, 1999; Kaneko et al.,

2008). The fault discontinuity is surrounded by a thin layer of Kelvin-Voigt

material to damp spurious high-frequency oscillations (Dalguer and Day ,
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2007; Day and Ely , 2002).

To avoid the effect of spurious wave reflections from the imperfect absorbing

boundaries we set the domain size to conservatively large values. For a total

simulation time t, the conservative domain size in the fault-normal direction

is wcons = cP t/2, where cP is the P wave velocity. In the along-strike direction

it is lcons = (cP + cR)t for subshear ruptures and lcons = 2cP t for supershear

ruptures, where cR is the Rayleigh wave speed.

We set the spectral element size to h = 1 and the polynomial order to

p = 5, i.e. 6 × 6 Gauss-Lobatto-Legendre (GLL) nodes per element and

∆x = 0.2 average spacing between GLL nodes. We verified that these settings

allow the cohesive zone to be resolved by at least 5 GLL nodes in all our

simulations. During this study we performed several thousands of simulations

to finely resolve the parameter space. Non-dimensional durations and domain

sizes ranged from 200 to 1000 and 550 to 2650, respectively. The largest

simulations required 18 hours of single core CPU time and produced 100 GB

of data per run.

2.3 Results

Our simulations span a variety of rupture styles that we classify as decaying

or sustained, pulses or cracks, sub-shear or super-shear, single or multiple

ruptures. The first aim of our study is to determine the range of initial

conditions (relative strength S and maximum nucleation half-size Rmax) that

lead to each of these rupture styles. The effect of Vc is addressed only in

Section 2.3.7. Our second aim is to characterize, as a function of background

shear stress, the rupture properties that do not depend on the details of

nucleation.

2.3.1 Overview of Effects of Initial Stress and Nucleation Conditions on

Dynamic Rupture Styles

We fixed Rmax to the minimal value that allows self-sustained rupture with

S = 1, and then ran a series of simulations with varying values of S. We ob-

serve three main rupture styles: decaying pulses at high S, growing pulses at

lower S, and cracks at even lower S. Figs. 2.3 (a),(c) and (e) show the spatial

distribution of slip at regular times typical of these three rupture styles. The

insets show a typical snapshot (spatial distribution at a selected time) of slip

rate for each simulation. Pulses are distinguished from cracks by the vanish-

ing slip rate in the hypocentral region, induced by healing after the passage
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Figure 2.3: Typical rupture styles. Spatial distribution of slip at regular times and
a snapshot of slip rate as inset for (a) a decaying pulse, (b) a steady-state pulse, (c)
a growing pulse, (d) a superposition of a pulse and a crack, (e) a subshear crack and
(f) a superposition of a subshear crack and a supershear crack. (b),(d) and (f) are
transitional rupture styles separating rupture styles in (a), (c) and (e), respectively.
The maximum nucleation half-size Rmax = 4.4925 is indicated by a red line in the
bottom left of each plot.
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Figure 2.4: Rupture styles and their transitions as a function of S (a) or Rmax (b).
(a) Slip profiles at t = 200 for simulations with fixed Rmax = 4.4925 and varying
relative strength S. Each curve corresponds to a different value of S indicated
in the legend. Transitional styles are highlighted and are also summarized on the
left S scale. The steady-state pulse (solid line) separates decaying and growing
pulses. Superpositions of a primary pulse and a secondary crack nucleated at the
hypocenter appear in an intermediate regime between pure pulses and pure cracks.
The labels (a-f) correspond to the examples shown in Figure 2.3. (b) Same plot
for simulations with fixed S = 1 and varying Rmax (see the legend). Note the
appearance of a secondary steady-state pulse at Rmax = 8.456995. The maximum
half-size of the nucleation zone, Rmax, is indicated by squared brackets for each
simulation.

of the rupture front. Growing pulses generate triangular slip profiles with an

elliptical cap at the leading front and cracks generate elliptical slip profiles.

“Transitional” styles are also shown in Fig. 2.3. Steady-state pulses, charac-

terized by flat slip profiles (Fig. 2.3 (b)), are the natural transition between

decaying and growing pulses. In a narrow range of S, between growing pulses

and cracks, ruptures involve the superposition of a primary pulse and a sec-

ondary crack nucleated at the hypocenter (Fig. 2.3 (d)). Ruptures that do

not involve such feature will be called “pure pulses” or “pure cracks”. At low

S, cracks trigger, near their rupture front, a secondary pulse that travels at

supershear speed (Fig. 2.3 (f)). Fig. 2.4 summarizes all rupture styles found

in this set of simulations by showing slip at the (arbitrary) simulation time

t = 200 (each curve corresponds to a different simulation with a different

value of S). The transitions between decaying and growing pulses, between

pulse-crack superposition and pure cracks and between sub- and supershear

ruptures occur at very specific values of S and are highlighted in Fig. 2.4

(a). We finely tuned the value of S to find these transitional ruptures, fol-

lowing ad hoc procedures described later. The precision of S reported in

Fig. 2.4 reflects the extreme sensitivity of transitional styles to changes in

initial conditions. In a second group of simulations we set S = 1 and varied

the maximum nucleation half-size Rmax. Slip at time t = 200 is shown in

Fig. 2.4 (b) for all these simulations. The same sequence of rupture styles

can be identified, driven now by increasing values of Rmax, from decaying



24 2 Dynamic Rupture Styles

Figure 2.5: Evolution of rupture velocity vr as a function of rupture propagation
distance for different rupture styles with self-healing nucleation of varying maximum
half-size Rmax and S = 1. Transitional styles are highlighted. Steady-state pulses
propagate with vr ≈ 0.6cS , growing pulses and cracks with vr ≈ cR (Rayleigh
speed) and supershear ruptures with vr ≈ cP .

pulses to growing pulses to cracks. We tuned Rmax to capture the transi-

tional rupture styles. The evolution of rupture speed for a range of examples

of different rupture styles (Fig. 2.5) clearly shows the transitions from de-

caying to growing pulses and from subshear to supershear rupture. We ran

a large set of simulations spanning the parameter ranges 0.25 ≤ S ≤ 3.35

and 0.5 ≤ Rmax ≤ 200. At high values of S and Rmax, we increased the

simulation time and computational domain to fully capture the rupture style

transitions. The conditions leading to each of the rupture styles found in

our simulations are summarized in Fig. 2.6. This “phase diagram” shows

the locus in parameter space (Rmax and S) of the transitional rupture styles

that separate decaying pulses, growing pulses, pulse-crack superimposed rup-

tures and pure cracks, as well as sub- and supershear ruptures. The diagram

focuses only on the rupture style transitions of the primary front. These

boundaries are sharp: a slight change of Rmax or S can dramatically trans-

form a rupture style. Along the transition boundaries Rmax depends roughly

exponentially on S. If S is increased less potential energy is available and all

rupture style transitions require higher nucleation energies, which is provided

by larger Rmax. The transition boundaries approach each other at decreas-

ing S, which necessitates even finer tuning. Fig. 2.6 indicates a “supershear

transition” for the largest value of S at a given Rmax that enables supershear

ruptures in long simulations of duration t = 1000. This critical S for super-

shear transition depends on Rmax and, for large enough Rmax, it is close to

1.2.

In Appendix 2.6.1 we ran the same set of simulations applying a non-healing

nucleation procedure. We found that the nucleation type does not affect
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Figure 2.6: Summary of rupture styles as a function of S and Rmax after nucleation
with prescribed healing. Each small dot indicates one simulation out of a total of
about 450 simulations carried out to compose this diagram. The curves indicate the
S-Rmax conditions at the transitions between rupture styles in order of appearance
in the legend: transition between decaying and growing pulses (steady-state pulse),
transition between pure pulses and mixed pulse-crack ruptures, transition between
pulse-crack superpositions and pure cracks, transition between subshear and su-
pershear ruptures (when supershear happens at t < 1000). Along most transition
boundaries Rmax depends roughly exponentially on S. The theoretical maximum
S that allows cracks (Zheng and Rice, 1998) is indicated as Spulse. The maximum
S that allows supershear ruptures is close to 1 and depends weakly on Rmax.

significantly the rupture transition processes.

In the following, all transitional and stable rupture regimes are characterized

in more detail.

2.3.2 Transition Between Decaying and Growing Pulses: Steady-state

Pulses

The steady-state pulses in this study are defined, far from the nucleation

region, by spatially uniform rupture speed (Fig. 2.5), peak slip rate, and

rise time. Their passage leaves a spatially uniform slip (Fig. 2.3 (b)). Their

rupture speed, peak slip rate, rise-time and cumulated slip increase as a

function of S (Fig. 2.7). Steady-state pulses may propagate at low speeds,

e.g. vr ≈ 0.6cS if S = 1 (Figs. 2.5 and 2.7).

These steady-state pulses exist only for specific combinations of S and Rmax

values. For slightly different values, pulses initially run in steady state but

then transform into dying or growing pulses. The departure from steady-

state happens sharply at a “transition distance” that depends strongly on

the initial conditions. The transition distance diverges as the conditions for
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Figure 2.7: Properties of steady-state pulse-like ruptures. Slip, peak slip rate, rise
time and rupture velocity during steady-state pulse propagation as a function of
relative strength S.

steady-state rupture are approached (see the blue solid lines in Fig. 2.8 and

Fig. 7 of Ampuero and Ben-Zion (2008)). The transitional S and Rmax

values in Figs. 2.4 (a) and (b), respectively, lead to steady-state propagation

at least up to t = 200. Finer tuning is necessary to propagate a steady-state

pulse over longer times (as in Fig. 2.6).

The properties of steady-state ruptures do not depend on the nucleation

procedure nor on the ultimate fate of the pulse (decay or growth) as long

as they are measured during a sufficiently stable steady-state portion of the

rupture.

2.3.3 Growing Pulses

Growing pulses occur in a range of parameter space (Rmax and S) bounded

at small Rmax by steady-state pulses and at large Rmax by the onset of pure

cracks if S is lower than a certain value Spulse ≈ 1.95 (Fig. 2.6). Although

the growing pulse regime is the dynamically stable rupture style requiring the

smallest nucleation size, the condition for its existence is extremely narrow

when S < Spulse. High initial stress thus favors crack-like rupture.

All growing pulses approach an almost self-similar asymptotic behavior (Nielsen

and Carlson, 2000) with properties that depend on S but not on Rmax. The

asymptotic growing pulses have the following characteristics: constant slip

gradient (Figs. 2.4), constant rupture speed (Fig. 2.5), constant healing

front speed, and rise time proportional to rupture propagation distance.
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Figure 2.8: Transition distances for supershear transition, the onset of pulse-crack
superposition and steady-state transition, as a function of S for (a) Rmax = 4.4925
and (b) Rmax = 50.

Figs. 2.9 (a) and (b) summarize the slip gradient, rupture speed and healing

front speed as a function of S. Slip is accumulated faster at lower S. Growing

pulses progressively accelerate towards the Rayleigh speed. This acceleration

is slower at higher S, yielding lower rupture speeds at higher S for a given

simulation time. The speed of the healing front is lower than the Rayleigh

speed (Fig. 2.9 (b)) and depends little on S. What controls the speed of

the healing front is one of the aspects of the dynamics of rupture pulses

that remains poorly understood. Nevertheless, peak slip rates (V ) do not

approach a constant limit, as perfect self-similarity would require (Nielsen

and Madariaga, 2003), but grow as a function of hypocentral distance x (Fig.

2.10). As expected from fracture mechanics considerations (Appendix 2.6.4),

this growth is consistent with a relation of the form V ln(V/Vc) ∝ x. This

is illustrated in Fig. 2.10 for S = 0.923 and Rmax = 4. During supershear

and crack-like ruptures the peak slip rate growth has a similar shape but is

slower (Fig. 2.10).

Figure 2.9: Asymptotic properties of growing pulses as a function of S: (a) gradient
of slip and (c) rupture and healing front velocities.
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Figure 2.10: Peak slip rate evolution for a growing pulse, a crack, a supershear
secondary crack and a supershear secondary pulse. Examples for S = 0.923 and
Rmax given in the legend. The growth of peak slip rate V as a function of rupture
propagation distance x is consistent with a prediction based on fracture mechanics
arguments (fit shown for the growing pulse example), see Appendix 2.6.4.

2.3.4 Transition From Pure Pulse to Pulse-crack Superposition

Growing pulses gradually concentrate stress in their hypocentral region. Af-

ter a certain propagation distance, this stress concentration overcomes the

fault strength and reactivates slip at the hypocenter, resulting in nucleation

of a secondary rupture front. Fig. 2.12 shows the evolution of slip rate and

incremental shear stress along the fault for a growing pulse that triggers a

secondary crack. Fig. 2.11 (a) shows another example.

The rupture style of the secondary front is controlled by the overall amplitude

of the “primary residual stress”, i.e. the stress left behind by the primary

pulse. Secondary ruptures are cracks in most of our simulations because the

primary residual stress is often large over a broad area near the hypocenter.

Secondary cracks typically run at near-Rayleigh rupture speed (Fig. 2.11

(a) at t < 350), but if the primary residual stress is high enough they turn

supershear (see Section 2.3.6) and eventually coalesce with the primary front

(Fig. 2.11 (a) at t ≈ 400). In contrast, if the primary residual stress is low

then the secondary rupture is a pulse. Secondary pulses have a steady-state

transition similar to that of primary pulses. One example of a growing pulse

followed by a secondary steady-state pulse is the case S = 1 and Rmax =

8.456995 in Fig. 2.4 (b). At higher S or longer Rmax the secondary pulse is

a growing one. A secondary growing pulse may, through the same residual

stress concentration mechanism, trigger a third rupture front. Conceivably,
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Figure 2.11: Nucleation of multiple sub- and supershear fronts. Spatio-temporal
evolution of slip rate (left) and shear stress change (right). Nucleation areas are
marked in red. (a) A growing pulse triggers a subshear crack at t ≈ 150, which in
turn nucleates a supershear crack at t ≈ 350 (case S = 0.9394 and Rmax = 4.4925).
(b) A steady pulse transitions into an asymmetric bilateral crack at t ≈ 135, which
in turn nucleates supershear cracks at its forward- and back-propagating fronts (case
S = 0.67 and Rmax = 2.38).

the process can repeat, leading to a sequence of multiple pulses.

The triggering mechanism is largely independent of Rmax but depends on

S. It operates over a narrow range of S and is impeded by other transition

processes. The efficiency of the secondary triggering process depends on the

spatial distribution of the primary residual stresses, hence on the smooth-

ness of the slip left behind by the primary pulse. In particular, the rate

of build up of the primary residual stress concentration correlates with the

gradient of slip left by the primary pulse, which is lower at lower stress drop

/ higher S (Fig. 2.9 (a)). Hence the “transition distance” that a pulse needs

to propagate to trigger a secondary rupture at the hypocenter increases as

a function of S (green solid lines in Fig. 2.8). The S-dependence of the

transition distance is steeper at low and high S. At low S, the efficient stress
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Figure 2.12: Pulse-crack transition. Spatial distribution of slip rate (blue) and
shear-stress (red) at different times (indicated on the right of each plot) for an
example of growing pulse that triggers a crack at the hypocenter (case S = 0.9395
and Rmax = 4.4925).

transfer to the hypocenter prevents healing and promotes the transition to

crack-like behavior of the primary front. Primary cracks do not concentrate

stress at the hypocenter. At high S, the nucleation size Rmax required for

growing pulses is long and might interfere with the stress build up. More sig-

nificantly, primary pulses are preceded by a transient phase of steady pulse

propagation. Their primary residual stress concentrates near the location of

the transition to pulse growth, which can be offset at considerable distance

from the hypocenter.

While delayed pulse growth prevents nucleation at the hypocenter, secondary

triggering can still happen away from the hypocenter and lead to complex

rupture patterns. Fig. 2.11 (b) shows an initial steady pulse that starts to

grow at t ≈ 130. The emerging growing pulse rapidly concentrates stresses

near its origin, at x = 50, and eventually triggers a back-propagating front. In

this particular example, triggering happens before the passage of the healing

front of the primary pulse, and the growing pulse rupture transforms into a

bilateral crack.
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2.3.5 Transition to Pure Cracks

Cracks do not exist if S is larger than a certain critical value Spulse = 1.95

(Fig. 2.6). This is well explained by the “understressing theory” (Perrin

et al., 1995; Zheng and Rice, 1998), which for the friction law and friction

parameters adopted here predicts that a minimum stress τpulse = 0.54 is

necessary for crack-like rupture. Below Spulse, our simulations illustrate that

the selection between cracks and pulses, and their coexistence, has a non

trivial dependence on initial conditions.

The transition between pulses and cracks involves complex rupture patterns

with multiple fronts. With decreasing S and increasing Rmax, the separation

between the healing front of the primary pulse and the rupture front of

the secondary rupture shortens and eventually disappears. This defines the

transition to pure cracks. The coexistence of cracks and pulses, combined

with nucleation effects complicate the definition of this transition. At high

stresses (S � 1), the distance required to trigger a secondary rupture is

small and all ruptures, apart from decaying and steady-state pulses, can be

essentially classified as cracks.

2.3.6 Supershear Rupture Transition

Fig. 2.5 shows examples of cracks whose rupture speed approaches the

Rayleigh speed and eventually jumps to values faster than the S wave speed.

This supershear transition is due to the “daughter crack” mechanism de-

scribed by Andrews (1976) for cracks governed by slip-weakening friction:

supershear fronts are triggered by the gradual build-up of a dynamic stress

peak traveling at the S wave speed, ahead of the primary rupture front.

Although in most of our simulations supershear ruptures are triggered by

cracks, we found that pulses can also nucleate supershear fronts. Two ex-

amples are shown in Figs. 2.13 (a) and (b). The supershear transition of

pulses happens under a narrow range of conditions, as indicated by the small

overlap between the S-Rmax conditions for pulses and supershear ruptures

in the phase diagram of Fig. 2.6.

The supershear transition is enabled and enhanced by high background stresses

(Andrews, 1976). The rupture propagation distance at which it occurs in-

creases as a function of S and diverges around a critical value Sss (see the

black curves with stars in Fig. 2.8). We found that Sss ≈ 1 for cracks and

pulses, with a mild dependence on Rmax (dashed curves with stars in Fig.

2.6). Fig. 2.14 shows the evolution of rupture speed of typical supershear

ruptures with S and Rmax close to the supershear transition boundary of
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Figure 2.13: Supershear ruptures triggered by a primary pulse. Spatio-temporal
evolution of slip rate (left) and shear stress change (right). Nucleation areas are
marked in red. The resulting supershear rupture can be a pulse, as shown in (a)
for the case S = 1 and Rmax = 25, or a crack as shown in (b) for the case S = 1
and Rmax = 10.63.

Fig. 2.6. Their rupture speed is close to cP and decreases only slightly as a

function of S, by less than 2%. This holds also when S and Rmax are further

away from the supershear transition. Moreover, the rupture speed of supers-

hear fronts is independent of the rupture style of the primary (subshear) and

secondary (supershear) fronts. For instance, in Fig. 2.14 the final rupture

speed of the three examples with S = 1 is very similar despite their different

rupture styles.

The supershear daughter ruptures triggered by pulses may propagate either

as pulses or as cracks, as shown in Figs. 2.13 (a) and (b), respectively.

When the daughter rupture is crack-like, its back-propagating front may be

sub-shear or super-shear, depending on the stress level left behind by the

primary pulse (low or high, respectively). Fig. 2.11 (b) shows a steady-state

pulse that eventually transforms into a bilateral crack and then triggers a
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Figure 2.14: Rupture velocity of supershear fronts. (a) Final rupture speed as
a function of S in supershear ruptures with S and Rmax close to the supershear
transition boundary of Fig. 2.6. Also shown are a supershear pulse and a supershear
crack from a primary pulse at S = 1. The final rupture speed is close to the P wave
speed and decreases slightly with increasing S. The styles of the primary and
supershear ruptures do not affect rupture speed.

supershear daughter crack at its front. The back-propagating front of the

daughter crack becomes supershear when it enters the higher stress regions

left by the steady-state pulse.

Peak slip rate increases sharply at the onset of the supershear transition

(Fig. 2.10). This is due to the coalescence of the main rupture front and

the back-propagating front of the daughter crack. Peak slip rate then decays

to values lower than during the initial subshear propagation: the strength

drop in the subshear front vanishes as most of the frictional weakening occurs

in the supershear front. Subsequently the peak slip rate at the supershear

front increases. The asymptotic properties of supershear ruptures, such as

peak slip rate and rupture velocity, do not depend on nucleation size (see the

varying Rmax in Figs. 2.5 and 2.7) and are similar for supershear ruptures

nucleated by primary and secondary ruptures.

Secondary ruptures may also nucleate supershear fronts. Fig. 2.11 (a) shows

a secondary crack, nucleated at the hypocenter, that eventually turns su-

pershear. This rupture behavior is an additional feature to the supershear

transition of the primary rupture front (Fig. 2.8).

The supershear transition of a pulse and the reactivation of slip at the

hypocenter can interfere. At high Rmax and low S the back-propagating front

of a supershear crack removes the stress concentration at the hypocenter and

hence prevents slip reactivation. Conversely, a secondary crack nucleated at
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Figure 2.15: Rupture styles as a function of the characteristic slip velocity Vc of the
velocity-weakening friction law. (a) Slip at time t = 200 for ruptures with S = 1,
Rmax = 4.4925 and different values of Vc indicated in the legend. The rupture
style transitions are summarized along the Vc scale on the left. (b) Conditions for
rupture style transitions as a function of S and Vc for Rmax = 4.4925.

the hypocenter may turn supershear and eventually overtake the primary

pulse front impeding its supershear transition (Fig. 2.11 (a)).

2.3.7 Influence of Characteristic Weakening Velocity on Rupture Styles

In the simulations we have presented so far we assumed that the characteristic

velocity of the friction law (Eq. 2.1) is Vc = 0.07 (normalized by τDcS/µ). As

discussed in Section 2.2.5, this parameter may span a broad range of values

in natural faults. We hence performed a set of simulations with different Vc

values.

At given S andRmax, changing Vc produces the same rupture style transitions

as in our previous simulations. Fig. 2.15 (a) shows transitions driven by a

decrease of Vc from decaying to growing pulse (through steady-state) and

finally to crack. This behavior is in general agreement with the results in

section 3.1 of Ampuero and Ben-Zion (2008). Decreasing Vc increases the

velocity-weakening rate, and hence reduces the effective nucleation size which

in turn induces the transition to growing pulses. It also increases Spulse

(Ampuero and Ben-Zion, 2008; Nielsen and Carlson, 2000), which promotes

the transition from pulses to cracks. Fig. 2.15 (b) summarizes the conditions

of occurrence of each rupture style transition in terms of S and Vc, at fixed

Rmax = 4.4925. A reduction of Vc affects the phase space of rupture style

transitions in a predictable way: decreasing Vc increases all transitional values

of S. The critical S for supershear rupture is only weakly affected by Vc

and remains well below the critical value S = 1.77 of linear slip-weakening

friction. Spulse increases with decreasing Vc as expected from the analysis of

Zheng and Rice (1998). At very low Vc the S-range of existence of pulses

becomes extremely small, consistently with the dominance of slip-weakening
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behavior in the friction law.

2.4 Discussion

Our dynamic rupture simulations generated a variety of rupture styles, which

we classified following four distinct criteria: based on the stability of their

peak slip rate, ruptures were classified as decaying, steady or growing rup-

tures; based on their rise time, as pulses or cracks; based on their rupture

speed, as subshear or supershear; and based on their complexity, as sin-

gle or multiple ruptures. Most of these rupture styles are consistent with

those reported by previous numerical studies, laboratory experiments and

earthquake observations, or predicted by previous theoretical studies. How-

ever, our simulation results provide a number of new insights. This section

summarizes the new understandings of known rupture patterns and high-

lights the original rupture patterns revealed by our simulations. We discuss

important implications of our findings for seismogenic processes and observa-

tional earthquake seismology, while mentioning limitations of our modeling

assumptions. Also, we draw connections to recent observations which can be

interpreted in the framework of our numerical findings.

2.4.1 The Initiation of Rupture

Our results on the effect of nucleation size Rmax provide insight into the con-

ditions necessary for rupture initiation. The simulations by Zheng and Rice

(1998) produced self-sustaining slip pulses only when the background stress

was close to τpulse. By considering systematically the effect of nucleation

size, we found that sustained rupture is possible at stresses lower than τpulse.

Quantitatively, our results indicate that the nucleation size Rmax required to

initiate rupture depends exponentially on the relative strength S.

A shortcoming of the simulations presented here is the artificial nature of

the rupture initiation procedures employed, although in some of our models

growing ruptures initiate from a steady-state pulse far from the artificial nu-

cleation regions. On the one hand, our results provide a basis for the design

and interpretation of future studies that will incorporate more physical, spon-

taneous nucleation process through earthquake cycle simulations, although

at a much higher computational cost (Kaneko and Lapusta, 2008; Lapusta

and Rice, 2003; Noda and Lapusta, 2010). On the other hand, we can pro-

pose a physical interpretation of our assumed nucleation procedure. Aochi

and Ide (2005) envisioned a hierarchical spatial distribution of fault friction

properties, in which small patches with fast weakening rate are embedded
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in large patches with slower weakening rate. Earthquakes nucleate on the

smallest, most unstable patches, and might propagate to the largest patches

by a cascade of dynamic triggering. In this context, our simulations with

uniform friction properties are focused on a single scale, and our imposed

nucleation procedure is a proxy for the weakening induced by the rupture

process at smaller scales. The compound size of the smaller patches in the

nucleation region is parameterized in our model by the size of the imposed

initiation zone, Rmax.

An interesting implication of this interpretation is related to the Gutenberg-

Richter distribution of seismicity. At our modeling scale the fault is subjected

to a steady sequence of nucleation attempts of various sizes, with smaller nu-

cleation sizes (small Rmax) being most likely. The steady-state pulse is the

self-sustained rupture style that requires the smallest Rmax, and hence might

appear as the most likely mode of rupture initiation (see also Noda et al.,

2009). However, at low S, pulses are generated only over a narrow range of

Rmax, hence crack-like ruptures might be equally likely. As tectonic stress

increases (decreasing S) the minimum nucleation size decreases dramatically

(smaller Rmax required for steady pulses) and the rate of successful nucle-

ations should increase. This suggests that whether a rupture initiates as

a crack or as a pulse depends on a competition between the tectonic load-

ing rate and the background micro-seismicity rate. This competition should

also affect the typical level of stress at the onset of large earthquakes, which

ultimately controls stress drop and heat production.

2.4.2 Properties of Steady Pulses

We found that the rupture speed, peak slip rate, rise time and cumulated

slip of steady pulses increase as a function of S (Fig. 2.7). Most of these

trends were also found by Perrin et al. (1995) through an asymptotic analysis

independent of nucleation assumptions, assuming a friction law with mild

(logarithmic) dependence on slip velocity. The only difference is for rise

times, which they found to decrease with increasing S, probably reflecting a

special sensitivity of the healing process to the assumed friction law.

Decaying pulses could serve as a model for small earthquakes with spon-

taneous arrest. They can propagate a significant distance as steady-state

pulses before they decay. The inverse correlation found here between the

rupture speed of steady pulses and the background stress level is similar to

the inverse correlation between rupture speed and stress drop inferred by

Tan and Helmberger (2010) from seismological observations of small earth-

quakes (3 < M < 5) in the 2003 Big Bear aftershock sequence. Low rupture
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speeds at high stress also imply lower radiation efficiency (Venkataraman

and Kanamori , 2004) for smaller magnitude events, which is a subject of de-

bate in observational seismology. However, steady pulses are very sensitive

to perturbations of small length scales, comparable to the pulse width, and

may easily decay or transform into a growing pulse or crack if they encounter

spatial heterogeneities of initial stresses or strength, which we have ignored

in the present work.

2.4.3 Properties of Self-similar Pulses

Manighetti (2005) observed a tendency for asymmetric triangular slip pro-

files in surface rupturing earthquakes. It is tempting to relate these to the

triangular final slip profiles that are typical of self-similar growing pulses (e.g.

Fig. refstyles c)). A pulse is likely to be stopped by fault heterogeneities as

small as the pulse width, a length scale much shorter than the overall rup-

ture length. The resulting steep decay of slip at the terminal end can lead

overall to an asymmetric final slip profile. However, they note a tendency

for the hypocenter to be located near the region of largest slip. In contrast,

in a growing pulse the hypocenter is located in the region of smallest slip.

Moreover, the dynamics of the geometrical complex fault and fault systems

analyzed by Manighetti (2005) may not be captured by our idealized model.

2.4.4 Complex Ruptures Involving Multiple Fronts

Our results provide further theoretical support to the existence of multiple

earthquake rupture fronts, i.e. a fault patch may slip and stop more than

once during the same earthquake. Complex ruptures with re-nucleation of

slip after the passage of a pulse have been observed before in numerical sim-

ulations (Cochard and Madariaga, 1996; Nielsen et al., 2000) and laboratory

experiments (Nielsen et al., 2010). The mechanism for triggering secondary

fronts was explained by Nielsen and Madariaga (2003) based on the analyt-

ical solution for a singular self-similar pulse. However, the identification of

this complex rupture pattern in natural earthquakes requires source imaging

at higher resolution than usually achieved by finite source inversion studies,

which are limited to low frequencies and adopt restrictive assumptions about

the rupture kinematics.

For the 2011 Mw 9 Tohoku-Oki earthquake, an exceptionally well recorded

large event, Lee et al. (2011) and Yao et al. (2011) suggested the occurrence of

reactivated slip in the hypocentral region based, respectively, on source inver-

sion of teleseismic, strong motion and geodetic data with a multiple-window
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Figure 2.16: Re-activation of slip inferred for two large earthquakes. (a) The
Tohoku-Oki (Japan) 2011 earthquake: spatio-temporal distribution of moment rate
at the hypocentral latitude (38◦) from the source inversion model by (Lee et al.,
2011) based on strong motion, teleseismic and GPS data. (b) The Chi-Chi (Taiwan)
1999 earthquake: spatio-temporal distribution of slip rate of all subfaults shallower
than 10 km from the source inversion model by (Lee et al., 2006). For both events
the source inversion assumes multiple time windows in slip rate. The red lines
indicate interpreted multiple rupture fronts.
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parameterization of slip rate and on source imaging by back-projection of

teleseismic array data. While this inference is not present in other studies

of the Tohoku-Oki earthquake, it warrants efforts to improve the resolution

and robustness of source inversion and imaging techniques in order to distin-

guish rupture patterns of complexity comparable to that found in dynamic

simulations. Similar episodes of multiple slip have been inferred for the 1999

Chi-Chi earthquake (Lee et al., 2006) and the 1987 Superstitious Hills earth-

quake (Wald et al., 1990). In Fig. 2.16 we visualize the relevant aspects

of the source models of the Tohoku-Oki earthquake by Lee et al. (2011)

and of the Chi-Chi earthquake by Lee et al. (2006). We focus on a spatial

cross-section of the source models to obtain a representation similar to our

Fig. 2.11 (a). These figures highlight the slip reactivation phenomenon: in

both earthquakes one can clearly observe at least two distinct rupture fronts

originating in the hypocentral area (indicated by red lines in Fig .2.16)

Earthquakes are usually modeled as pulses in finite kinematic source inver-

sions. However, rise time remains one of the least well constrained source

parameters, which makes it difficult to distinguish between true cracks and

pulses with a long but weak slip-rate tail. A further complication arises from

the possibility of multiple ruptures: an apparent crack-like behavior could

emerge as the low-frequency manifestation of a sequence of multiple pulses.

If the stress left behind the primary pulse is relatively low, the secondary

rupture is a growing pulse. The secondary pulse can itself trigger a tertiary

rupture, and triggering may repeat multiple times leading to a sequence

of self-similar pulses (Cochard and Madariaga, 1996; Nielsen et al., 2000).

These multiple-pulse ruptures have a different origin than the “multi-pulse

mode” or “train of pulses” observed in previous simulations (Coker et al.,

2005; Lapusta, 2005; Shi et al., 2008). Both phenomena appear under condi-

tions close to the transition between (single) pulse-like and crack-like rupture.

However, whereas the former requires a primary pulse and relative long re-

nucleation times, the latter arises from an intrinsic instability present also

for primary cracks (Lapusta, 2005) and involves short time scales between

multiple rupture fronts. Huang and Ampuero (2011) proposed a mechanism

for the generation of multiple pulses induced by reflected waves in the pres-

ence of a low velocity fault zone. In contrast, the mechanism described here

does not require a heterogeneous elastic medium.
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2.4.5 The Role of Multiple Ruptures on the Transition Between Pulses

and Cracks

Our results on multiple ruptures shed light into how an earthquake selects

between the two basic rupture styles, crack and pulse. While theoretical

studies determined that crack-like rupture is impossible when the background

stress is below a critical value τpulse (Nielsen and Carlson, 2000; Zheng and

Rice, 1998), at higher stress both rupture styles are possible and no recipe for

rupture style selection is available. In contrast to the present work, previous

numerical studies did not systematically investigate the effect of the size of

the nucleation region. We found that the selection of rupture style does

not only depend on the background stress, but also on the nucleation size

Rmax. The transition from pulse to crack as a function of increasing Rmax

involves a superposition of multiple rupture fronts, a pulse triggering a crack

at the hypocenter. This result highlights the importance of the nucleation

conditions for the character of the ensuing dynamic rupture.

2.4.6 Complex Ruptures Involving Back-propagating Fronts

Some of our models show back-propagating fronts. In Fig. 2.11 (b), a weak

steady pulse nucleates a stronger, bilateral rupture. One of the triggered

fronts propagates back towards the hypocenter. Evidence of a rupture front

propagating in the direction opposite to the overall rupture direction was

reported for the 1984 Morgan Hill earthquake, based on strong motion ob-

servations (Beroza and Spudich, 1988), and for the 2011 El Mayor - Cucapah

earthquake, based on an eyewitness account and on regional array back-

projection (Hudnut , 2011; Meng et al., 2011). Proposed mechanisms involve

the presence of heterogeneities of fault strength or stress. Our results sug-

gest that back-propagating ruptures are possible even on a fault with uniform

initial stress and friction properties.

2.4.7 The Supershear Transition of Pulse-like Ruptures

To our knowledge, the supershear transition from pulse-like ruptures, pre-

dicted by the theoretical analysis of Dunham (2007) and observed in labora-

tory experiments (Lu et al., 2007; Lu et al., 2009), is reported here for the

first time in numerical simulations. However, in our models this phenomenon

is confined to a narrow range of initial stress and nucleation conditions. The

absence of fine tuning in the laboratory experiments might suggest that the

critical stress for pulse-crack transition is closer to the critical stress for su-

pershear transition than assumed in our simulations, i.e. Spulse closer to
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Sss ≈ 1. This might imply µVc/σ(µs − µd)cS ≈ 0.17 (beyond the range ex-

plored here, ≤ 0.09). Further quantitative comparison between simulations

and experiments also requires determination of the high-velocity frictional

properties of the laboratory samples.

2.4.8 Properties of Supershear Ruptures

In our velocity-weakening simulations the critical S for supershear transition

is Sss ≈ 1.2. For self-similar ruptures propagating at near-Rayleigh speed

(Fig. 2.5), such low Sss values are expected for pulses with near-Rayleigh

healing front speed (Figure 3 of Dunham, 2007), which is the case in our grow-

ing pulse simulations (Fig. 2.9), but are not expected for cracks. Analytical

solutions for the dynamic stresses induced by self-similar cracks indicate that

Sss = 1.77 (Burridge (1973), corrected by Andrews (1985)). To a large ex-

tent, the low Sss in dynamic ruptures under velocity-weakening friction can

be attributed to a limited applicability of the conventional definition of S,

as elaborated in Appendix 2.6.2. In addition, finite size effects also affect

the apparent Sss: as S approaches the true Sss the supershear transition

happens at a rupture distance larger than our computational domain and

beyond our simulation time (t ≤ 1000). The scarcity of supershear ruptures

in nature implies that S is relatively high, but our results suggest that it

is not straightforward to infer a more quantitative constraint on the lower

bound of S.

In laboratory experiments (Lu et al., 2007) and in analytical studies (Samu-

drala et al., 2002) the rupture speed was found to decrease with increasing

S. Lu et al. (2009) found in laboratory experiments that supershear fronts

generated by pulses propagated slower than those generated by cracks. The

laboratory experiments may be dominated by transient response. In con-

trast, our simulation results are more asymptotic and show insignificant de-

pendence of supershear rupture speed on S or on the style of the primary

rupture. We also found that strong slip rate peaks are generated at the tran-

sition to supershear rupture. These should produce strong, high frequency

radiation phases, perhaps observable in real earthquakes by back-projection

source imaging.

2.5 Conclusions

We conducted a systematic numerical study of 2D in-plane dynamic rupture

on faults governed by a rate-and-state-dependent friction law with severe

velocity-weakening at high speed. Ruptures were artificially nucleated by
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prescribing a time-weakening zone of time-dependent size. Our results show

that ruptures can propagate with a variety of styles, which we classified by

several criteria: stability (decaying, steady or growing behavior of peak slip

rate), rise time (pulses or cracks), rupture speed (subshear or supershear),

and complexity (single or multiple rupture fronts). We identified the ef-

fect of initial stress (relative strength parameter S), nucleation size (Rmax)

and characteristic weakening velocity (Vc) on the style of rupture, with spe-

cial attention to the transitions between these styles as a function of S and

Rmax. We exploratory analyse the local dynamic stress state, quantified by

the dynamic relative strength Sd−S, that takes characteristic values at each

rupture style transition. The asymptotic properties (independent of nucle-

ation) of steady-state and self-similar pulses were quantified as a function

of S. For steady-state pulses, rupture speed, peak slip rate, rise time and

cumulated slip increase with increasing S. For self-similar pulses, rupture

speed and slip gradient decrease with increasing S, and the healing front

speed does not depend significantly on S and remains close but slower than

the Rayleigh speed.

We found that rupture initiation requires a minimal nucleation size that de-

pends exponentially on the relative strength S. The selection between crack

and pulse behavior depends on the size of the nucleation zone. Our results

support the possibility of repeated slip due to multiple rupture fronts during

an earthquake, under conditions intermediate between pure pulse-like and

crack-like behavior. Supershear ruptures under velocity-weakening friction

require lower S than under slip-weakening, generate high-frequency radiation

during transition and can be triggered also by initially pulse-like ruptures.

Ruptures involving back-propagating fronts were also found. In an intrinsi-

cally heterogeneous natural environment, earthquakes may not be restricted

to a single rupture style but rather involve complex rupture patterns with

multiple rupture fronts and multiple styles. Even if some propagation styles

transition soon into a style present over a larger parameter range, the phys-

ical transition processes and macroscopic source properties implied by each

mode are important to understand. For example, we can speculate that if

actual earthquakes start under minimal but favorable nucleation energies,

the steady-state pulse, a rupture style which is found only in a narrow pa-

rameter range in our models, may well occur in actual earthquakes, at least

transiently.

Our study is limited to homogeneous initial stresses. While the fundamental

rupture styles found here are expected to manifest themselves also under

heterogeneous initial stresses, the robustness of the transition behaviors with

respect to stress heterogeneities is an important question to be investigated
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Figure 2.17: (a) Nucleation “procedure 2” without healing. It has duration T ,
expands at constant speed Vn, and reaches a maximum half-size Rmax = Vn T . (b)
Prescribed spatial distribution of µf at t = T . (c) Summary of rupture styles as a
function of S and Rmax for nucleation “procedure 2”, similar to Fig. 2.6.

in future work.

The quantitative analysis of the conditions and physical mechanisms for a

variety of rupture behavior is of interest for a broad audience in earthquake

science, including laboratory studies of rock friction and seismological ob-

servations of earthquake source complexity. The complex rupture patterns

studied here warrant further developments in earthquake source imaging.

The detection of rupture style and its transitions may help elucidating the

state of stress and strength of active fault zones. Our results will be a starting

point to study the effect of rupture style on measurable earthquake source

properties and strong ground motion.

2.6 Appendices

2.6.1 Non-healing nucleation

We extend our study of the influence of nucleation on dynamic rupture style

by considering a second, non-healing nucleation procedure. In this nucleation

“procedure 2”, we impose time-weakening without subsequent healing, as

introduced by (Andrews, 1985). The nucleation zone expands with constant

rupture speed Vn up to duration T and final half-size Rmax = VnT :

R(t) =

Vnt for 0 ≤ t ≤ T

Rmax for t ≥ T.
(2.8)

The shape of the nucleation zone resulting from Eq. 2.8 is depicted in Figs.

2.17 (a) and (b). Healing is prevented in the nucleation region. The pre-

viously introduced healing nucleation “procedure 1” and the newly defined
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Figure 2.18: Theoretical estimate of an effective relative strength, Seff , as a func-
tion of nominal S, compared to low and high bounds on effective S based on the
minimal and maximal stress drop measured in the simulations. We consider only
subshear cracks with values of S and Rmax very close to the supershear transition.
Inset: the shear stress distribution along the fault for a typical subshear crack.

non-healing “procedure 2” represent two extreme cases of frictional behav-

ior: a transient weakening process with subsequent healing and an irreversible

weakening process.

We ran the same set of simulations of Sec. 2.2.5 applying the non-healing

nucleation “procedure 2”. We found that the nucleation type does not affect

significantly the rupture transition processes. Both nucleation procedures

result in the same qualitative dependence of rupture style on S and Rmax

(Fig. 2.17 (c)). They differ slightly in the size Rmax required to trigger

equivalent rupture styles at a given level of S. For example, “procedure 1”

requires larger nucleations to reach steady state compared to “procedure 2”,

especially at small values of Rmax for which the two procedures prescribe

significantly different nucleation front evolutions. This can be attributed to

the lesser amount of energy provided by “procedure 1” due to the onset of

artificial healing. The range of values of Rmax and S allowing sustained pulses

is considerably narrower for “procedure 2” because it forces the nucleation

region to remain weak even after the end of nucleation.

Under nucleation “procedure 2”, the absence of prescribed healing favours

reactivation of slip at the hypocenter and the pulse-crack boundary in Fig.

2.17 (c) remains closer to Spulse than with nucleation “procedure 1” (Fig. 2.6).
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2.6.2 On the Low Critical S Value for Supershear Transition

We found in Section 2.3.6 that the supershear transition requires S < Sss ≈ 1,

significantly lower than under slip-weakening friction (Sss = 1.77). We show

here that such low Sss values can be attributed to the typically incomplete

dynamic strength drop under velocity-weakening friction, and attempt to

derive a more appropriate predictor for supershear transition.

The dynamic stress achieved in our simulations is higher than the nomi-

nal dynamic stress, τd, involved in the definition Eq. 2.7. The inset of Fig.

2.18 shows that the dynamic stress inside a typical subshear crack reaches

its minimum at the tail of the process zone and has a maximum near the

hypocenter. To estimate higher and lower bounds on the effective S (Smax

and Smin, respectively) we replace τd in Eq. 2.7 by, respectively, the max-

imum and minimum stress actually achieved inside a crack during a simu-

lation. These bounds are reported in Fig. 2.18 for a range of nominal S

values. Remarkably, the low values Sss ≈ 1 in our velocity-weakening crack

simulations correspond to Smax ≈ 1.77, the critical value for slip-weakening

cracks.

To predict if a rupture will become supershear under a given background

stress, we define an effective relative strength parameter Seff that can be

evaluated a priori. We replace the nominal stress drop τ0 − τd in Eq. 2.7

by an estimate of the stress drop at the center of a crack (Zheng and Rice,

1998):

∆τ = µVdyna/2cS (2.9)

where Vdyna is the solution of

τ0 −
µ

2cS
Vdyna = σµss(Vdyna) (2.10)

The steady state friction coefficient µss is given by Eq. 2.3. We found that

Seff is comparable to the lower bound Smin derived from the numerical

simulations (Fig. 2.18).

2.6.3 Quantification of the Onset of Rupture Style Transitions

Here we attempt to develop a non-dimensional measure of the closeness to a

rupture style transition. We first define a dynamic strength excess parameter

Sd that incorporates the actual dynamic stress drop during velocity- and

state-dependent friction simulations:

Sd =
τs − τ0

τ0 − τmin
, (2.11)
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Figure 2.19: Evolution of Sd − S along the fault for different rupture styles. Ex-
amples for T = 8.9849 and varying S. Plotted is the minimal value of Sd − S
reached during the passage of the primary rupture front, excluding the prescribed
nucleation region. Supershear daughter cracks are nucleated when Sd − S ≈ 0.1
at the rupture front. Pure cracks are nucleated when Sd − S ≤ 0.3 at the edge of
the nucleation region. Pulse-crack superposition happens when Sd−S ≤ 1.1 at the
edge of nucleation. Steady-state pulses propagate with Sd − S ≈ 2.1.

where τmin is the actual minimum strength reached during sliding. In con-

trast to S, the value of Sd is not prescribed a priori and varies along the

fault.

In the remainder of this section we show that the non-dimensional number

Sd − S provides a measure of the closeness to a rupture style transition,

encapsulating the role of initial stress and nucleation duration. Fig. 2.19

shows the spatial distribution of the Sd−S value reached during the passage

of the primary rupture front in a set of simulations at fixed T and variable S

spanning a range of rupture styles. The nucleation region, where the minimal

strength is prescribed, is ignored in this figure. For all growing ruptures,

independently of rupture style and stress level, Sd decreases monotonically

along the fault (or after an initial transient) and approaches values larger

than S (Fig. 2.20 ). The rupture style transitions are related to critical

values of Sd − S, as described below.

Steady-state Pulse Transition Between Decaying and Growing Pulses

All steady-state pulses eventually approach the characteristic value Sd−S ≈
2.1 (Fig. 2.20 (a)). This holds also for pulses that propagate only temporarily

at steady-state but eventually decay or grow. For these pulses the departure

of Sd−S from 2.1 indicates the location of the transition away from steady-
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Figure 2.20: Evolution of Sd − S during rupture style transitions. (a) Asymp-
totically constant evolution of Sd − S during steady-state pulse-like propagation:
Steady-state pulses approach Sd−S ≈ 2.1. (b) Maximum Sd−S near the hypocen-
ter at the onset of pulse-crack superposition: Secondary rupture at the hypocenter
is triggered when Sd − S ≈ 1.1. (c) Maximum Sd − S near the hypocenter at the
onset of pure crack-like propagation. Pure cracks propagate from Sd − S ≈ 0.3.
Eventual supershear transitions are not plotted. (d) Evolution of Sd − S along the
fault for supershear transitions from primary pulses, cracks and secondary cracks in
comparison to ruptures not nucleating supershear secondary ruptures. Supershear
transition is triggered if Sd − S ≈ 0.1 is reached.

state (see the near-steady examples with S ≈ 1 in Fig. 2.19). The condition

Sd − S ≈ 2.1 is an efficient tuning attribute to find steady-state pulses.

Transition Between Pure Pulses and Superimposed Pulse and Crack

The onset of the pulse-crack superposition is characterized by Sd − S ≈
1.1 at the edge of the prescribed nucleation region. Fig. 2.20 (b) shows

Sd−S for primary pulses that induce stresses at the hypocenter just sufficient

to nucleate a secondary rupture. These secondary ruptures then further

lower Sd − S but our figures are restricted to the effect of the primary front.

Ruptures with Sd−S ≥ 1.1 at the edge of nucleation do not trigger secondary

ruptures in simulation times up to t = 1000.
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Transition to Pure Cracks

The transition from pulse-crack superposition to pure cracks is characterized

by Sd − S ≈ 0.3 at the edge of the nucleation region (Fig. 2.20 (c)). Pure

cracks beyond the transition have 0.3 > Sd − S > 0.1. These relatively low

values of Sd − S indicate that cracks induce a considerably higher strength

drop (i.e. operating at a lower frictional sliding level) than pulses.

Supershear Transition

In all our simulations, supershear transitions occur if and when Sd−S = 0.1.

Fig. 2.20 (d) shows the spatial distribution of Sd − S for several examples

of ruptures that eventually go supershear. The local minimum of Sd − S

observed in most cases at the nucleation of supershear daughter ruptures is

related to the coalescence phase discussed earlier. Cracks that propagate at

supershear speed immediately after nucleation have Sd − S < 0.1 right away

(see examples in Fig. 2.19).

Fig. 2.21 summarizes the minimal Sd − S value reached during a range of

subshear ruptures at their transition to supershear propagation speeds. For

simulations that do not have a supershear transition Sd − S never reaches

the critical value 0.1. The existence of an S-dependent critical value of Sd

for supershear transitions is consistent with the qualitative findings of Rojas

et al. (2008).

Generalized Transitional Behavior

We find that each rupture style transition occurs if Sd − S reaches a char-

acteristic value either near the hypocentral region or at the rupture front

(Fig. 2.21). The steady-state pulse transition between decaying and grow-

ing pulses and the supershear transition are described by Sd − S reaching a

critical value at the rupture front. The triggering of secondary ruptures by

a growing pulse and the onset of pure cracks are described by critical values

of Sd − S at the edge of the nucleation region.

For all transitions except the onset of pure cracks, the spatio-temporal ap-

proach of Sd−S to the critical values determines the transition distance. The

transition distances of steady-state and supershear transitions are inversely

correlated to the rate of decay of Sd as a function of rupture distance. The

transition distance for secondary crack triggering is related to the tempo-

ral growth rate of Sd near the nucleation region, which reflects the state of

stress left behind by the primary rupture. These transition distances diverge

as Sd − S approaches the corresponding critical values (Fig. 2.8).
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Figure 2.21: Characteristic values of Sd − S for varying nucleation duration T
(and thus varying S) during steady-state pulse propagation, at the onset of pulse-
crack superposition, at the onset of pure crack-like propagation and at the onset of
supershear propagation.

The characteristic Sd − S values of the rupture style transitions are not

significantly affected by Vc in the range 0.0002 < Vc < 0.09. However, this

does not persist down to very small values of Vc, because for dominantly

slip-weakening behavior the dynamic strength drop is complete (µ ≈ µd)

and Sd ≈ S .

Dynamic Stress States Characterizing Rupture Style Transitions

In this section we provided a unifying diagnostic of all rupture style tran-

sitions through a single parameter, Sd − S, which captures the dynamic

evolution of stress. The characteristic values of Sd − S found for each rup-

ture style transition imply a characteristic stress state at the location of each

transition, and can be mapped into critical values of τmin that depend on

τ0. However, the spatio-temporal evolution of stress depends on multiple pa-

rameters and is not straight-forward to predict. Critical stress concepts like

τpulse (Zheng and Rice, 1998) and Sss (Andrews, 1976) are available for the

crack to pulse transition at low stress and for the supershear transition, re-



50 2 Dynamic Rupture Styles

spectively, but not for other transitions, like the onset of steady-state pulses

and of secondary cracks.

From this study, we cannot conclusively state if the characteristic Sd − S

values are a cause or a consequence of the transitions. To assess if Sd−S can

help predict the location and timing of rupture style transitions an under-

standing of the spatio-temporal evolution of stress is necessary. The decay

rate of Sd determines the transition distances. Combining the observed be-

havior of peak slip rate with the friction law, assuming steady state (equation

2.3) at the end of the process zone, we can estimate τmin(x) and Sd(x). This

can be then used to predict the supershear transition distance. However a

required estimate of the nucleation length implied by the friction law is not

readily available for our adopted friction law. From the steady-state pulse

transition, we expect a roughly exponential growth of nucleation length as a

function of S (Fig. 2.6).

Our findings underline the importance of taking into account the dynamic

evolution of rupture properties, such as the stress drop, at every point of the

fault when developing global predictors of earthquake behavior. Interestingly,

similar conclusions are drawn from laboratory experiments (Ben-David and

Fineberg , 2011). For instance, despite the local complexity of rupture evolu-

tion we were able to derive in App. 2.6.2 a global predictor of the rupture

speed.

2.6.4 Fracture Mechanical Aspects of Rupture Speed and Peak Slip Ve-

locity

Insight on the evolution of peak slip rate V and rupture speed vr as a func-

tion of propagation distance x is developed here from fracture mechanics

considerations. The fracture energy dissipated by our adopted friction law is

(Eq. C4 of Ampuero and Ben-Zion, 2008):

Gc = σbDc
V

Vc

ln(1 + V
Vc

)

(1 + V
Vc

)
. (2.12)

where V is the peak slip rate, reached near the trailing edge of the process

zone. At large slip rate, V � Vc, we obtain

Gc(V ) ≈ σbDc ln(V/Vc). (2.13)

The balance between the energy release rate G and the fracture energy Gc
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provides an equation of motion for the rupture front (Freund , 1990):

(τ0 − τmin)2(1− ν)

g(vr)2µ
k2(vh, vr) x = Gc(V ) (2.14)

where x is the rupture propagation distance, vr = ẋ is the rupture speed, g is

a dimensionless function of rupture speed and k is a dimensionless function

of rupture speed and (for self-similar pulses) of healing speed vh. Moreover,

peak slip rate and rupture speed are related by Ida (1972):

V ∝ vr(τs − τmin)(1− ν)

g(vr)µ
(2.15)

For self-similar pulses and cracks k2/g ∝
√

1− vr/cR and g ∝
√

1− vr/cR
when vr ≈ cR (Freund , 1990; Nielsen and Madariaga, 2003), which implies:

x ∝ ln (V/Vc)√
1− vr/cR

(2.16)

and

V ∝ vr(τs − τmin)(1− ν)√
1− vr/cRµ

(2.17)

We infer from this that the rupture speed of sub-shear cracks and growing

pulses accelerates towards the Rayleigh speed cR, and that the growth of peak

slip rate as a function of rupture propagation distance satisfies the following

relation:

V ln (V/Vc) ∝ x. (2.18)

Simple scaling factors in this relation seemingly provide fits for all rupture

styles in our models (Fig. 2.10).
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“Source Properties of Dynamic Rupture Pulses with Off-Fault Plasticity”,

submitted to J. Geophys. Res.

Abstract

Large dynamic stresses near earthquake rupture fronts may induce an in-

elastic response of the surrounding materials, leading to increased energy

absorption that may affect dynamic rupture. We systematically investigate

the effects of off-fault plastic energy dissipation in 2D in-plane dynamic rup-

tures under velocity-and-state-dependent friction with severe weakening at

high slip-velocity. We find that plasticity does not alter the nature of the

transitions between different rupture styles (decaying vs. growing, pulse-like

vs. crack-like, and sub-shear vs. super-shear ruptures) but increases their

required background stress and nucleation size. We systematically quantify

the effect of amplitude and orientation of background shear stresses on the

asymptotic properties of self-similar pulse-like ruptures: peak slip rate, rup-

53
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ture speed, healing front speed, slip gradient and the relative contribution of

plastic strain to seismic moment. Peak slip velocity and rupture speed remain

bounded. From fracture mechanics arguments we derive a non-linear relation

between their limiting values, apropriate also for crack-like and supershear

ruptures. At low background stress, plasticity turns self-similar pulses into

steady-state pulses, for which plastic strain contributes significantly to the

seismic moment. We find that the closeness to failure of the background stress

state is an adequate predictor of rupture speed for relatively slow events. Our

obtained relations between state of stress and earthquake source properties

in the presence of off-fault plasticity may contribute to the improved inter-

pretation of earthquake observations and to pseudo-dynamic source modeling

for ground motion prediction.

3.1 Introduction

Natural faults are generally surrounded by a damaged zone that might par-

tially result from coseismic anelastic deformation (e.g. Chester et al. (1993)).

Dynamic rupture models predict high stress concentrations at the rupture

front which need to be accommodated by off-fault anelastic processes, such

as plastic deformation, continuum damage, shear branching or tensile cracks

(e.g. Andrews, 1976; Dalguer et al., 2003a,b; Kikuchi , 1975; Lyakhovsky et al.,

2005; Yamashita, 2000). The additional dissipation by these processes might

in turn affect key aspects of dynamic rupture and the ensuing ground motions

(Andrews, 2005). We consider here off-fault dissipation by plastic deforma-

tion, following previous work (Andrews, 1976, 2005; Duan, 2008; Dunham

et al., 2011b; Ma and Beroza, 2008; Templeton and Rice, 2008; Viesca et al.,

2008) but focusing on pulse-like rupture.

Pulse-like rupture is widely assumed or inferred in observational earthquake

source studies (e.g. Heaton, 1990). However, important aspects of the dy-

namics of pulses are still poorly understood. Here we aim at systematically

quantifying the influence of plastic energy dissipation on pulse properties,

such as peak slip velocity, as a function of initial stress conditions. We at-

tempt to calibrate proxies for off-fault plasticity in elastic dynamic rupture

simulations, such as the imposed limit to peak slip rates proposed by Andrews

(2005).

Among several possible mechanisms for the generation of pulses, we consider

self-healing by friction with severe velocity-weakening (e.g. Heaton, 1990).

This friction behavior is observed in high-speed laboratory experiments (e.g.

Tsutsumi and Shimamoto, 1997) and predicted by thermal weakening pro-
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[tb]

Figure 3.1: 2D in-plane model setup. The fault is represented by a linear inter-
face across which displacement discontinuity is allowed, embedded in an unbounded,
isotropic, elasto-visco-plastic medium. We adopt a cohesionless Coulomb yield func-
tion (Andrews, 2005) of internal friction µs (same as the static friction on the fault).
Absorbing conditions are applied on the exterior boundaries. Artificial nucleation
is applied over a time-dependent area of size 2R. Our simulations explore a wide
range of nucleation sizes R, uniform initial shear stress τ0 and angle Ψ of maximum
compressive axis to the fault strike.

cesses such as flash heating (Rice, 2006). Under such a friction law, Gabriel

et al. (2012a) found that, depending on nucleation size and background stress,

dynamic ruptures in elastic media display a variety of styles. These can be

classified based on their stability (decaying, steady or growing), rupture speed

(subshear or supershear), healing properties (cracks or pulses) and complex-

ity (simple or multiple fronts).

Here, we study first the effect of off-fault plasticity on the selection of rupture

styles, as a function of initial stress and nucleation size. We then examine

self-similar growing pulses and their main kinematic properties in terms of

slip gradient, peak slip velocity, rupture and healing front speed, rise time

and the contribution of off-fault plastic strain to seismic moment. We finally

develop relations between the kinematic source quantities of peak slip rate

and rupture velocity.

3.2 Model setup

We adopt the same model as in our previous work (Gabriel et al., 2012a)

with the addition of off-fault visco-plasticity (Andrews, 2005; Dunham et al.,

2011b). We consider 2D in-plane (plane strain) shear ruptures on a straight

fault embedded in an isotropic continuum with shear modulus µ, S wave

speed cS , P wave speed cP and Poisson’s ratio ν (Fig. 3.1). The fault strength

is governed by a rate-and-state dependent friction law with severe velocity-

weakening at slip rates faster than a characteristic velocity, as adopted by
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Figure 3.2: Results of the SCEC benchmark problem TPV13 of dynamic rupture
on a dipping fault in an elasto-plastic crust (Harris et al., 2009, 2011). Each curve
corresponds to results from a different simulation method (authors are indicated in
the legend). Simulated horizontal (a) and vertical (b) ground velocity time series
at a receiver 1 km away from the fault and 300 m depth, filtered with an acausal
two-poles, two-passes, 3-Hz lowpass Butterworth filter.

Ampuero and Ben-Zion (2008). The friction coefficient is determined by the

slip velocity (V ) and a state variable (Θ) as:

µf = µs + a
V

V + Vc
− b Θ

Θ +Dc
, (3.1)

where µs is the static friction coefficient, Vc a characteristic velocity scale, Dc

a characteristic slip scale, and a and b are positive coefficients quantifying

a direct effect of velocity and an evolution effect, respectively. The state

variable has units of slip and obeys the following evolution equation:

Θ̇ = VΘ
Vc
Dc

. (3.2)

Specifically, the steady-state friction coefficient (obtained when Θ̇ = 0) de-

pends on slip velocity as µf (V ) = µd + (µs − µd)/(1 + V/Vc). A nominal

dynamic friction coefficient µd is defined as the asymptotic value at steady-

state and at high slip velocity (V � Vc): µd = µs + a− b.

We assume a uniform initial background stress, with maximum compressive

axis at an angle Ψ to the fault strike. The initial shear and normal stresses

on the fault (τ0 and σ0, respectively) are characterized by the ratio of initial
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strength excess to nominal stress drop S = (σ0µs− τ0)/(τ0−σ0µd) (Das and

Aki , 1977a).

We assume elasto-visco-plastic behaviour in the bulk, with a cohesionless

Coulomb yield function (Andrews, 2005) of internal friction µs (same as the

static friction on the fault). The total strain ε is decomposed as the sum of

elastic (εe) and plastic (εe) strains:

ε = εe + εp. (3.3)

The adopted cohesionless Coulomb yield function for 2D plane strain (An-

drews, 2005) is:

F (σ) = τmax +
1

2
(σxx + σzz) sin(φ) (3.4)

where σij denotes the components of the stress tensor, φ the internal friction

angle and τmax the maximum shear stress,

τmax =

√
σ2
xy +

(σxx − σzz)2

4
. (3.5)

To avoid grid-dependent results due to shear localization we adopt a Perzyna-

type viscous regularization. The plastic flow rule is:

ε̇pij =
1

2µTv
〈F (σ)〉 τij

τmax
(3.6)

where µ is the elastic shear modulus, Tv the visco-plastic relaxation time,

< · > denotes the Macaulay bracket (ramp function) and τij the components

of the deviatoric stress tensor,

τij = σij −
1

3
σkkδij . (3.7)

The viscous relaxation time (Tv), adopted to avoid mesh-dependent results,

is set equal to the P wave travel time across 1.5 grid points.

We initiate ruptures by prescribing time-dependent weakening over a region

that first expands and then contracts, with initial rupture speed cS/4 and

maximum half-size Rmax (Gabriel et al., 2012a).

The problem is solved numerically with a spectral element method (Ampuero,

2008). Fig. 3.2 documents the agreement between our spectral element

method and other methods in the SCEC TPV13 benchmark problem (Harris

et al., 2009, 2011), which involves dynamic rupture on a dipping fault with

off-fault plasticity. This figure is similar to Figs. 3 (c) and 4 (c) of (Harris

et al., 2011), but with updated spectral element results based on a domain

size large enough to avoid artificial reflections from the absorbing boundaries.
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Table 3.1: Reference simulation parameters

cS Shear wave speed 1
ν Poisson’s ratio 0.25
µs Static friction coefficient. 0.6
µd Dynamic friction coefficient. 0.1
a Direct effect coefficient. 0.005
b Evolution effect coefficient. 0.505
µ Shear modulus 1
Vc Characteristic frictional velocity scale 0.07
Dc Characteristic frictional slip scale 1
σ Background normal stress 2
τ0 Background shear stress 0.35-1
h Spectral element size 1
T Nucleation duration 1-400
Rmax Nucleation half-size 0.5-4000
S Relative strength 0.25-5.67

We perform a large number of simulations to systematically explore the ef-

fect of initial stress level (S), stress orientation (Ψ) and nucleation half-size

(Rmax) on properties of dynamic rupture with off-fault plasticity. All other

model parameters are given in Table 3.1.

3.3 Results

3.3.1 The effect of off-fault plasticity on rupture styles

Fig. 3.3 summarizes the relative strength excess (S) and nucleation size

(Rmax) that lead to contrasting rupture behaviors in elastic and elasto-plastic

media: decaying vs. growing ruptures, pulse-like vs. crack-like ruptures

and sub-shear vs. supershear ruptures. Off-fault plasticity preserves the

rupture styles previously found in elastic media (Gabriel et al., 2012a), but

it systematically affects the conditions for each rupture style transition.

In plastic media the decaying-growing pulse transition requires larger Rmax

than in elastic media. Because critical nucleation sizes scale with total energy

dissipation (e.g., Eq. 34 in Day et al., 2005), the additional dissipation

by off-fault plasticity hinders the nucleation process, as also observed by

Dunham et al. (2011b). We find a similar effect of plasticity on the pulse-

crack transition, which Gabriel et al. (2012a) found to operate through re-

nucleation of slip in the hypocentral region. The limiting S value for the

pulse-crack transition, Spulse (Zheng and Rice, 1998), is preserved, confirming
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Figure 3.3: Rupture styles as a function of strength excess to stress drop ratio,
S, and nucleation size, Rmax, in elastic (gray curves) and plastic media (coloured
curves) at Ψ = 45◦. The curves indicate the conditions at the transitions between
rupture styles (see legend): decaying vs growing pulses (steady-state pulse), pulses
vs cracks, subshear vs supershear ruptures. The maximum S that allows cracks,
according to Zheng and Rice (1998), is indicated as Spulse ≈ 1.95. The inset shows
rupture style transitions as a function of Ψ at Rmax = 4.5Lc.

that their theoretical arguments apply also to plastic media.

In contrast, the minimal S value required for supershear ruptures is consid-

erably reduced (S ≈ 0.8) compared to the elastic case (S ≈ 1.2). Several

consequences of plastic energy dissipation contribute to this result. First,

as in the transitions described above, plastic dissipation hampers the nucle-

ation of the “daughter crack” driven by dynamic stresses travelling ahead

of the subshear front (Andrews, 1976). Second, off-fault plasticity limits the

rupture speed (Fig. 3.4-b), which reduces the amplitude of the travelling

stress peak (Andrews, 2005; Dunham, 2007). Finally, the saturation of peak

slip rate due to plasticity (Fig. 3.4-a, see also Andrews (2005)) shows that

the velocity-dependent dynamic stress drop is also limited, which results in

nominal S values lower than the actually achieved S values.

The orientation of background stress determines the closeness of the prestress

state to the Coulomb yield surface and hence the effectiveness of plasticity

(Dunham et al., 2011b; Templeton and Rice, 2008). All rupture style transi-

tions have a very similar dependence on Ψ (inset of Fig. 3.3): the transitional

S values are roughly independent on Ψ when Ψ < 30◦ and decrease with Ψ

when Ψ > 30◦.
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Figure 3.4: Properties of pulse-like ruptures, averaged over all simulations with
growing pulses far away from transitions of rupture style. a) Asymptotic peak slip
rate in plastic media as a function of S for Ψ = 45◦ and, in the inset, as a function
of Ψ for S = 1.5 and S = 3. b) Rupture and healing front speeds as a function of
S for Ψ = 45◦, and in the inset, rise time gradient in elastic and plastic media as a
function of S for Ψ = 45◦. c) Slip gradient in elastic and plastic media and ratio of
off-fault to on-fault seismic moment in plastic media as a function of S for Ψ = 45◦,
and, in the inset, seismic moment ratio at S = 3 as a function of Ψ.
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3.3.2 The effect of off-fault plasticity on pulse-like ruptures

We now describe the interaction between self-similar growing pulses and off-

fault plasticity. Fig. 3.4 summarizes properties of growing pulse-like ruptures

as a function of S with fixed Ψ = 45◦, comparing elastic and plastic cases.

The dependence of pulse properties on Ψ is shown in the insets for selected

values of S.

For pulses in elastic media, the peak slip rate Vmax grows non-linearly as

a function of rupture propagation distance (Gabriel et al., 2012a), while in

plastic media it eventually saturates, as required by self-similarity (Nielsen

and Madariaga, 2003). This saturation of Vmax induced by off-fault plasticity

was first shown and explained for self-similar cracks by Andrews (2005). His

analysis, based on the universal asymptotic form of the stress concentration

near a (subshear) rupture front, holds also for pulses. We find that the

asymptotic Vmax decreases as a function of S for Ψ = 45◦ as shown in Fig.

3.4-a, and depends on Ψ as shown in its inset for S = 1.5 and S = 3.

Plasticity reduces the rupture-front speed (vr) slightly more than the healing-

front speed (vh), thus leading to overall shorter rise times (Fig. 3.4-b). In

both the elastic and plastic case, vr decreases as a function of S, while vh

is roughly constant at low S values and approaches vr at high S values. In

plastic media this transition happens at lower S and is more pronounced: at

S > 2, plasticity induces a transition from self-similar to steady-state pulses,

which propagate with constant peak slip rate, rise time, rupture speed and

off-fault plastic zone width. An increase of Ψ decreases both rupture and

healing speeds uniformly (inset of Fig. 3.4-b). The dependence of the rise

time gradient on S can be deduced from Fig. 3.4-b as 1/vh−1/vr: it increases

distinctively with S < 1, as the rupture front speeds up compared to the

healing front. This transition correlates with the minimal S allowing for

supershear rupture, since at high healing front speeds a certain rupture front

speed is a necessary pre-condition for supershear rupture (Dunham, 2007).

The total seismic moment is the sum M0 = M s
0 +Mp

0 of the moment due to

slip on the fault, M s
0 , and the moment due to plastic strain, Mp

0 . The latter is

defined as the volume integral of the (deviatoric) plastic strain multiplied by

shear modulus µ. For Ψ = 45◦, the relative contribution of plastic strain to

the seismic moment increases as a function of S and saturates at Mp
0 /M

s
0 ≈

10% when S > 2 (Fig. 3.4-c). It also increases with increasing Ψ, and

becomes dominant when Ψ > 70◦, for which the off-fault material is initially

very close to failure.

The dependence of rupture pulses on S is markedly different at low and high

S. For S < 1, peak slip rate and rupture speed decrease steeply with increas-
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Figure 3.5: Relations between rupture velocity vr, closeness to failure parameter
CF (Templeton and Rice, 2008) and peak slip rate. (a) Peak slip rate as function
of vr under varying relative strength S and orientation of principal background
stress Ψ. The dashed line is a theoretical relation (Equation 3.8). (b) CF versus
rupture velocity vr under varying S and Ψ. The inset shows the CF values for all
our simulations. Curve colors indicate S, symbol colors indicate Ψ.

ing S, while for S > 1 they decrease more slowly. For S < 2, the gradient

of slip decreases with S and the ratio of off-fault to on-fault seismic moment

increases, while for S > 2 both quantities are approximately constant.

3.3.3 Relations between source parameters

For steady-state pulses, analytical relations between cohesive zone properties,

background stresses, fracture energy and rupture speed are available (Rice

et al., 2005), but do not account for the energy dissipated by off-fault inelastic

processes. Based on our numerical findings and analytical considerations,

we now develop a relation between peak slip velocity and rupture speed,

that potentially may be incorporated in pseudo-dynamic source models for

ground-motion calculation. In our self-similar pulse simulations, peak slip

velocity and rupture speed are connected by the following non-linear relation

(Gabriel et al., 2012a):

Vmax ≈ 0.65
vr√

1− vr/cR
(1− ν)σ(µs − µd)

µ
(3.8)

where cR is the Rayleigh wave speed, and 0.65 is a numerically derived pre-

factor (Fig. 3.5-a).

Equation 3.8 is based on the analysis by Ida (1973) of a cohesive crack tip

zone embedded in a stress field which is asymptotically characterized by a

stress intensity factor K (see Appendix C of Gabriel et al., 2012a). The prob-

lem is assumed asymptotically steady-state at the scale of the cohesive zone.
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Figure 3.6: Asymptotic peak slip rate as a function of asymptotic rupture speed
for subshear and supershear cracks and pulses (see legend) in plastic media with
Ψ = 45 degrees, S = 0.92 and varying Rmax. The dashed curves show our proposed
physics-based relations for subshear (red) and supershear (blue) ruptures. The
relevant equations are given in the legend and are modified versions of Equation 1
in the main text.

We note that both pulses and cracks develop such a “K-dominant region”

near their rupture front (e.g. Freund , 1990; Nielsen and Madariaga, 2003).

The argument is extended to plastic media by considering that the frictional

dissipation at the rupture tip is controlled by an intermediate K-dominant

region contained within the plastic region (Freund and Hutchinson, 1985;

Mataga et al., 1987). By this means, the effects of the plastically deformed

region around the rupture tip are incorporated in fracture mechanical con-

cepts. The relation between peak slip rate and rupture speed developed for

subshear pulses holds as well for subshear cracks (Fig. 3.6). For supershear

ruptures we find that a similar relation holds, after replacing the Rayleigh

speed by the P-wave speed and empirically adjusting the numerical pre-factor

to 1. The self-similar growth of the plastic zone induces a linear growth of

the rate of plastic energy dissipation as a function of propagation distance

L, until plasticity eventually dominates the total energy dissipation rate G

(Andrews, 2005): G ≈ G′L, where the constant gradient G′ = dG/dL de-

pends on Ψ and S. The difference between elastic energy release rate on the

fault and off-fault plastic dissipated energy may be captured by the empir-

ical scaling factor in equation 3.8. Incorporating this into equation (14) of

Andrews (2005) and combining it with his equation (13), result in:

g(vr) =
2

π

G′µ

(1− ν)∆τ2
, (3.9)

where ∆τ is the stress drop and g is a function of rupture speed that de-
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Figure 3.7: Rupture speed vr/cS as a function of S for Ψ = 10◦ to 65◦ from the
simulations shown in Fig. 3.5-b. Curve colors indicate Ψ (see legend).

creases to zero at cR (Freund , 1990). This implies that steady rupture speed

slower than the usual subshear limiting speed cR may result from self-similar

energy dissipation. To ultimately enable the prediction of rupture speed, a

relation is needed between the gradient of energy dissipation rate G′ and

model parameters such as S or Ψ. Available results for dynamic fracture

in viscoplastic media are unfortunately limited to materials with pressure-

independent yield (Freund and Hutchinson, 1985; Mataga et al., 1987).

Templeton and Rice (2008) introduced a closeness to failure parameter (CF)

that measures the proximity of the initial state of stress to the plastic yield

surface. For cohesionless materials, it can be expressed as:

CF =
(µs + Sµd) / sin (φ)

(1 + S) sin (2Ψ) + (µs + Sµd) cos (2Ψ)
. (3.10)

We find that CF is a good predictor of the combined effect of Ψ and S on

rupture speed for ruptures slower than ≈ 0.6 cS and Ψ > 30◦ (Fig. 3.5-b).

Faster ruptures have a more complicated dependence on Ψ and S. High

values of CF do not lead to slow ruptures at low Ψ < 30◦, due to a reduced

efficiency of transient stresses to sustain plastic yield (Dunham et al., 2011b).

Rupture speed decreases with S if Ψ ≤ 45◦, but increases with S if Ψ ≥ 50◦

(see Fig. 3.7).



3.4 Discussion 65

Figure 3.8: Rotation angle (α) of the total seismic moment (the combined effect of
fault slip and off-fault plastic strain) with respect to the fault plane, as a function
of the pre-stress angle (Ψ) for S = 3.

3.4 Discussion

3.4.1 Interpreting earthquake source observations

Our quantitative relations between the state of stress and source properties

provide an innovative framework for interpreting earthquake observations.

For instance, at moderate to large angles Ψ between the maximum com-

pressive stress and the fault strike, ruptures are significantly slower when

the initial stress state is closer to failure (smaller S). In contrast, at lower

Ψ faster ruptures are associated with larger initial stresses (see Fig. 3.7).

A correlation between high stress drop and low rupture speed has been in-

ferred from seismological observations of the 2003 Big Bear sequence (Tan

and Helmberger , 2010), implying a large angle Ψ in this region.

Accounting for off-fault plasticity in earthquake rupture simulations imposes

physical limits on extreme ground motion: plastic dissipation limits the rup-

ture speed and peak slip rate of pulses. We quantified how the amplitude

and orientation of initial stresses affect these limiting values. Furthermore,

Equation 3.8 correlates peak slip rate directly with strength drop, and thus

effective normal stress, which implies a depth dependence of the limiting

peak slip rate (as proposed in Andrews (2005)). The development of reliable

observations of peak slip rate and rupture speed could provide a constraint

on dynamic strength drop, an otherwise elusive parameter.

We also find that, at low background stresses, plasticity induces a steady-

state behavior of pulse-like rupture. Then, if the background stress is close

to failure, the contribution of plastic strain to the total seismic moment is

significant and may appreciably distort the earthquake moment tensor. Fig.

3.8 shows that the rotation angle of the total moment tensor reaches up to
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Figure 3.9: Asymptotic peak slip rate as function of rupture speed for subshear
cracks and pulses at Ψ = 45◦, S = 3, Rmax = 400 and characteristic weakening
velocity Vc ranging from 0.01 to 0.15 (see color scale). The dashed line represents
our Equation 1.

18◦ for the ruptures with high Ψ. Thus, the seismic moment of relatively

slow earthquakes (40% to 60% of cS) might be dominated by the off-fault

plastic strain contribution in faults oriented at large Ψ, as e.g. Ψ = 77◦ on

the Calaveras fault Schaff et al. (2002).

3.4.2 Validity of the relation between peak slip rate and rupture speed for

other friction behaviors

The friction law adopted in this work is a minimalistic mathematical for-

mulation that yet encapsulates a fundamental ingredient of natural faulting:

severe velocity-weakening at high slip rate. Our qualitative results on the in-

teractions between slip pulses and off-fault dissipation should hold for other

fault constitutive equations, as long as they generate self-healing pulse-like

ruptures with a small “breakdown zone”. In the simulations presented so far

we assumed that the characteristic velocity of the friction law is Vc = 0.07

(normalized by τDcS/µ). As discussed by (Gabriel et al., 2012a), this pa-

rameter may span a broad range of values in natural faults, and tunes the

weakening mechanism between two extreme behaviors: slip-weakening and

velocity-weakening. We test the generality of our observations for a set of

simulations, by varying Vc from 0.01 to 0.15 (Fig. 3.9). The simulation with

Vc = 0.06 results in pulse-like rupture, whereas lower values of Vc result in

crack-like ruptures. We find that the peak slip rates and rupture velocities

are still related by Equation 1 (see the dashed red line in Fig. 3.9).
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Figure 3.10: Relation between peak slip rate and rupture speed in three 3D rupture
simulations by Song and Dalguer (2013), which assumed slip-weakening friction and
heterogeneous initial stresses. For each simulation the coefficient of variation of the
nominal stress drop, CV (∆τ), defined as the ratio of its standard deviation to its
mean, is indicated above the respective figure. The color scale indicates the absolute
density of data points. The dashed red line is a relation similar to our Equation 1,
but with a different pre-factor.

3.4.3 Validity of the relation between peak slip rate and rupture speed

under heterogeneous stress in 3D

Our model is deliberately simplified in order to expose the potential effects

of off-fault plasticity on earthquake dynamics. Nevertheless, the influence of

plasticity in the presence of other sources of complexity, such as 3D effects,

heterogeneities and thermal or fluid coupling, is an important question. We

address specifically 3D and heterogeneous initial stress effects in Fig. 3.10,

based on a set of dynamic rupture simulations by Song and Dalguer (2013).

These authors considered spatial distributions of stress drop with 1/k spec-

tral decay and Gaussian probability density function with mean stress drop

of 3 MPa and standard deviation ranging from 1 MPa to 3 MPa. They as-

sumed constant slip weakening distance (0.25 m), constant strength excess

(4.5 MPa, S = 1.5), a homogeneous elastic half-space, and artificial nucle-

ation by setting a negative strength excess (5 % of the stress drop) on a

circular patch (which is excluded from Fig. 3.10). Other relevant model-

ing parameters are summarized in their Table 1. Fig. 3.10 indicates that

Equation 3.8, after adjusting the numerical pre-factor to 1.5, is consistent

with the relation between peak slip rate and rupture speed found in these

3D dynamic rupture models under linear slip weakening friction and highly

heterogeneous initial stress. The scatter around this relation is partly due to

the fact that mode I, mode II and mixed-mode rupture fronts follow similar

relations separately, but with different pre-factors and limiting speeds.
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3.5 Conclusions

We conducted numerical simulations to quantify the effect of off-fault plas-

ticity on the style of dynamic ruptures and on asymptotic properties of self-

similar pulses under strong velocity-weakening friction. Off-fault plasticity

preserves the rupture styles and underlying transition mechanisms found in

elastic media (Gabriel et al., 2012a). Plastic energy dissipation increases the

minimum stress (decreases S, the ratio of initial strength excess to nomi-

nal stress drop) and increases the nucleation size (Rmax) required for self-

sustained ruptures and for supershear ruptures. In contrast, off-fault plas-

ticity increases the nucleation size, but does not affect the minimum stress

required for crack-like ruptures.

We found that the numerically observed non-linear relation between peak slip

velocity and rupture speed can be understood by classical dynamic fracture

mechanics concepts. This result is consistent with the strong correlation

between rupture velocity and peak slip rate observed in dynamic rupture

models by Schmedes et al. (2010) and Bizzarri . The derived relation is valid

for subshear cracks and, slightly modified, for supershear ruptures, but is not

expected to hold for coalescing rupture fronts.

Our study captures fundamental processes governing pulse-like rupture prop-

agation coupled to self-similar off-fault energy dissipation. The derived rela-

tions, combined with the limits on rupture speed imposed by off-fault plas-

ticity, may encapsulate a major effect of plastic deformation on near-field

ground motions. Thus, our results may be a suitable starting point to de-

velop new pseudo-dynamic source parametrizations for source inversion and

ground motion prediction that account for off-fault plasticity.

3.6 Appendices

3.6.1 On the Parameter Space of Simulations in Chapter 3

Fig. 3.11 is a version of Fig. 3.3 extended to larger S values. Each simula-

tion conducted in this study is indicated by a dot. Simulations contributing

to Fig. 3.4 are marked in red. In addition to the limits in Fig. 3.3, we

explore the growing pulse parameter space for S = 3 up to Rmax = 20000

and for S = 5.67 up to Rmax = 40000. We note that in most of our simu-

lations rupture is self-sustained before the imposed nucleation procedure is

completed, i.e. the rupture front propagates clearly independent from the

nucleation front. In cases of long nucleation, as the example of Fig. 2.11
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Figure 3.11: Same as Fig. 3.3 but extended to larger S values and with each
simulation conducted in this study indicated by a dot. Simulations utilized to
study growing pulse behaviour and contributing to Fig. 3.4 are highlighted in red.
We note that ruptures become self-sustained much before the imposed nucleation
procedure is completed.

shows, spontaneous rupture starts as early as 0.1T . For high values of S, the

computational domain (and hence costs) need to be expanded to ensure that

spontaneous rupture propagation can be analysed in a large enough region

without impeding edge effects. We ensure by increasing our computational

domain, that the point of spontaneous rupture initiation is well beyond the

area of rupture analysis. Thus, simulations at high S increase computational

cost significantly, which in turn coarsens our parameter space.

Fig. 3.6, depicts the influence of a varying parametrization of dynamic and

static friction coefficients µd, µs and internal friction angle φ on CF. Tele-

seismic back-projection imaging of the 2012 off-Sumatra M8.6 earthquake

(Meng et al., 2012) a correlation between high stress drop and low rupture

speed.

For the latter event it was inferred that Ψ = 45, at which it is

CF =
(µs + S µd) / sin (φ)

(1 + S)
. (3.11)

Fig. 3.12 implies, that a high dynamic friction coefficients µd or a low S

leading to such CF values which may correlate, as shown in Fig. 3.5(b),

with slow ruptures. Nevertheless, this work does not contain simulations

with higher µd > 0.1, which points to a limitation of our results. Alternative

interpretations of this correlation involve other dissipation processes leading

to self-similar effective fracture energy, or asperities surrounded by regions
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Figure 3.12: The CF parameter as a function of dynamic friction coefficient, static
friction coefficient and internal friction angle. These parameters are varied indi-
vidually while keeping all the remaining parameters fixed (µd = 0.1, µs = 0.6,
tan(φ) ≈ 0.6, S = 1 and S = 3, Ψ = 45). The solid line indicates CF=0.8, leading
to vr < 0.6 cs (see Fig. 3.5-b). Higher dynamic friction coefficients µd or lower S
may lead to slow ruptures. The consideration of non-zero cohesion would further
lower CF at a given parameter combination.

of creep or very low stress drop (Huang and Ampuero, 2011).

3.6.2 Details on peak slip rate and rupture velocity for varying rupture

styles

Figure 3.13: Subshear cracks and pulses and supershear cracks and pulses in plastic
media with Ψ = 45, S = 0.92 and Rmax = 4...30 km. (a) Rupture velocity vr versus
propagation distance along fault X. (b) Peak slip rate Vmax versus propagation
distance along fault X. (c) Asymptotic peak slip rate as function of vr under
varying Rmax. The dashed line is a relation predicted from fracture mechanical
arguments (Gabriel et al., 2012b; Ida, 1973) for subshear ruptures.

Here, we investigate asymptotic peak slip rate behavior considering all rup-

ture styles and sub-shear and super-shear rupture speeds, in more detail.

In Section 3.4 we analysed the asymptotic saturation of peak slip rate with
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propagation distance for self-similar growing pulses in the presence of off-

fault plasticity. We proposed a relationship between the limit of peak slip

rate and rupture velocity, based on fracture mechanical arguments following

Ida (1973). Equivalent ruptures in elastic media do not show a saturation of

peak slip rate (Gabriel et al., 2012a).

Fig. 3.13 shows a range of ruptures, highlighting an exemplary rupture

of each style which we investigate. A subshear pulses is marked in blue,

a subshear crack in red, a supershear pulse in dark blue, and a supershear

crack in dark red, which are all nucleated at S = 0.92, with Rmax = 0.4..3 km

and Ψ = 45. Rupture velocities of pulses are decreased by off-fault plasticity

distinctively more than the speed of cracks: pulses propagate slower than

cracks in both sub- and supershear regimes. This effect has been observed

in laboratory experiments (Lu et al., 2007; Lu et al., 2009) but could not

be modelled using a purely elastic medium. In Fig. 3.13 (a) we show the

asymptotic development of a slower rupture speed regime for pulses, at sub-

and at supershear velocities. The difference of about 3% between crack and

pulse rupture speeds, vr, emerges as a 30% difference in peak slip rate,

Vmax, of the same ruptures, as depicted in Fig. 3.13 (b). The scaling relation

of peak slip rate with rupture speed developed for subshear pulses holds as

well for subshear cracks ( Fig. 3.13 (c)). Both quantities during supershear

ruptures are shown as well. As in the subshear case, lower rupture velocities

are related to less peak slip rate independent of rupture style.

3.6.3 Quantitative relations between rupture velocity, S and Ψ, unified by

CF

At moderate to large angles Ψ between the maximum compressive stress and

the fault strike, ruptures are significantly slower when the initial stress state

is closer to failure (smaller S). In contrast, at lower Ψ, faster ruptures are

associated with larger initial stresses (see Fig. 3.7).

Here we provide a roadmap to future work aiming at deriving a predictive

equation of rupture speed as a function of our model parameters (S, Ψ, η,

etc.), which we can then combine with Eq. 3.8 to predict peak slip rate. A

very important open challenge is to account for pressure dependent yield,

which is neglected in the following derivations.

Freund and Hutchinson (1985) formulate the work-rate balance of dynamic

steady-state crack growth, under small scale yielding conditions, as the bal-

ance between the energy released at the crack tip, Gtip, the overall energy



72 3 Source Properties with Off-fault Plasticity

release rate, G, and the work deposited in the plastic yielding zone:

Gtip ≈ G−
1

vr

∫
A
σij ε̇

p
ij dA. (3.12)

Here, σij is the stress tensor, ε̇pij the plastic strain rate tensor and the 2D

volume integral extends over the area of the plastic zone A. This relation

neglects the residual elastic strain energy in the remote wake (for details see

also Freund (1990)). The total stress field σij can be expressed as the sum

of initial background stress σ0
ij and the slip-induced incremental stress field

∆σij at some transitional distance range from the rupture tip where the two

stress fields have comparable magnitude (Xu et al., 2012a). In the following,

we approximate the asymptotic plastic energy dissipation in the second term

of Eq. 3.12 .

In our model, plastic yielding occurs when the maximum shear stress over

all orientations,

τmax =
√
σ2
xz + (σxx − σzz)2/4, (3.13)

reaches the yield surface,

Y = c cos(φ)− (σxx + σzz) sin(φ)/2, (3.14)

where c is the cohesion and φ is the internal friction angle. Plastic strain

rate ε̇pij is proportional to the excess of stress over the yield surface Y ,

η ε̇pij = 〈τmax − Y 〉
τij

2 τmax
(3.15)

where η is a viscosity-like factor, 〈x〉 = (x + |x|)/2 the ramp function and

τij = σij − 1
3δijσkk the deviatoric part of the stress tensor. The closeness

of the maximum shear stress τmax to the yield surface Y involves our model

parameters S, Ψ and CF.

Mataga et al. (1987) proposed that the asymptotic plastic strain field is con-

trolled by the harmonic mean of the global and local stress intensity factors,√
KKtip, and, based on the analysis by Freund and Hutchinson (1985), de-

rived the following relation between G and Gtip:

Gtip = G−D
(
vr
cR

)
GGtip

Γ
, (3.16)

where D is a non-dimensional function (Freund and Hutchinson, 1985) and

Γ = 6 η cS Y
2/µ2 (3.17)
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We rewrite Eq. 3.16 as

Gtip

G
= 1−

D
(

vr
cR

)
Gtip

Γ
. (3.18)

The overall energy release rate has the following form (e.g. Eq. 5.16 of

Freund and Hutchinson (1985)):

G ≈
(

1− vr
cR

)
GS , (3.19)

where GS is the quasi-static energy flux,

GS =
K2

S

2µ
∝ ∆τ2L

µ
, (3.20)

∆τ the dynamic stress drop and L the pulse length. This shows that G grows

proportionally to rupture propagation distance. Similar expressions can be

found in Andrews (1976); Andrews (1976).

In the context of our model, the energy flux to the crack tip is dissipated

on the fault as the “breakdown energy” associated to fault friction, Gtip =

Gc(V ), which is given for our assumed friction law by Eq. C4 of Ampuero

and Ben-Zion (2008):

Gtip = Gc (V ) = σβDc
V

Vc

log (1 + V/Vc)

1 + V/Vc
(3.21)

For self-similar ruptures with constant vr < cR, V is constant (see Eq. 3.8)

and Gc(V ) too, but G grows, hence eventually Gtip/G � 1. Eq. 3.18 then

yields

D

(
vr
cR

)
=

Γ

Gc
(3.22)

We find D by formulating the incremental near-tip stress field ∆σij with

amplitudes
√
KKtip on top of the initial background stress σ0

ij (Mataga

et al., 1987; Xu et al., 2012a):

∆σij =

√
KtipK

2π r
Σij

(
θ,
vr
cR

)
+

(δij − 1) ∆τ + Ô
(√
r
) (3.23)

The dimensionless functions Σij

(
θ, vrcR

)
represent the angular variation of

each rupture tip stress component and their exact formulation can be found
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e.g. in Freund (1990). For simplicity we denote in the following:

V :=

√
KtipK

2π r
Σij

(
θ,
vr
cR

)
. (3.24)

With S = (σ0
zzµs − σ0

xz)/(σ
0
xz − σ0

zzµd), including the initial fault-normal

stress, −σ0
zz, we can write

∆τ

σ0
zz

=
Sµd + µs
S + 1

(3.25)

and we can express σ0
ij as

σ0
xz

σ0
zz

= −µs + Sµd
S + 1

(3.26)

and
σ0
xx

σ0
zz

=

(
1− 2σ0

xz

tan(2Ψ)σ0

)
(3.27)

Such, we can express τmax and Y as functions of the initial stress conditions

and some velocity dependent, known functions. The Coulomb yield condition

(Eq. 3.14) is matched as

Y = τmax (3.28)

at the radial distance r = R from the crack tip to the limiting boundary of

the plastic zone. It is,

τmax =
[(
σ0
xz + ∆σxz

)2
+
(
σ0
xx + ∆σxx − σ0

zz −∆σzz
)2
/4
]1/2

(3.29)

and

Y = c cos(φ)−
(
σ0
xx + ∆σxx + σ0

zz + ∆σzz
)

sin(φ)/2 (3.30)

The closeness to failure parameter is defined as

CF =
(µs + Sµd) / sin (φ)

(1 + S) sin (2Ψ) + (µs + Sµd) cos (2Ψ)
(3.31)

The angle of initial most compressive stress regarding σ0
ij is

Ψ =
1

2
tan

(
2σ0

xz

(σ0
xx − σ0

zz)

)−1

(3.32)

From the combination of Eqs. 3.13 to 3.34 an expressions for CF as function

of S, ∆τ and Ψ(V, ...) is found:
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Ψ ∝ tan

(
1

φ,∆τ, S,V

)−1

(3.33)

This relation may be compared to our results in Fig. 3.5 (b) and constrain

rupture speed vr from our model parameters.

We may also work towards a velocity dependent definition of CF, CF’, by

defining Ψ′ as the angle of the most compressive stress regarding the sum

σ0
ij + ∆σij .

Ψ′ =
1

2
tan

(
2(σ0

xz + ∆σxz)

(σ0
xx + ∆σxx − σ0

zz −∆σzz)

)−1

(3.34)

as:

CF ′(S,V) =
(µs + Sµd)/ sin (φ)

(1 + S) sin (T ) + (µs + Sµd) cos (T )
(3.35)

with

T =: tan

(
2
(
σ0
xz + V

)
σ0
xx − σ0

zz

)−1

(3.36)

As stated before, all considerations in this section are in their current form

not directly applicable to our problem formulation, but do present a roadmap

for future work.





4
Features of Near-Source Strong Ground

Motion from Complex Dynamic Rupture

Simulations in Elastic and Plastic Media

Abstract

Predicting strong ground motions in the near-field requires a proper descrip-

tion of finite source effects. Nevertheless, most seismic ground motion predic-

tions do not account for earthquake source mechanics. Recent well recorded

earthquakes show a high degree of complexity at the source level. We inves-

tigate features of near-field strong ground motion generated by exemplary

dynamic in-plane, plane-strain rupture simulations in purely elastic media

and in the presence of off-fault energy dissipation. Previous work in Gabriel

et al. (2012a) showed, that a diversity of rupture styles emerges from simula-

tions on faults governed by velocity-and-state-dependent friction with rapid

velocity-weakening at high slip rate. Plastic strain, induced by ruptures

transitioning their propagation style, exhibits marks of source mechanics

and contributes to the total seismic moment. We compare exemplary elastic

and plastic ruptures of different styles to identify signatures of plastic energy

dissipation. We find that different rupture styles show varying alteration of

near-field radiation due to plastic energy dissipation. Subshear pulses suffer

more peak particle velocity reduction due to plasticity than cracks. Super-

77
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shear ruptures are affected even more. But, plastic ruptures produce larger

high-frequency radiation. Furthermore, we investigate signatures of rupture

style transitions involving multiple rupture fronts. These processes impact

seismic potency release rate, amplitude spectra, peak particle velocity distri-

butions and near-field seismograms. We trace features of source processes,

for example exhibiting a re-activation of slip, in synthetic seismograms. The

features we elaborate from physical models may provide some starting points

for future investigations of field properties of earthquake source mechanisms

and natural fault conditions. In the long-term, our findings may be helpful

for seismic hazard analysis and the improvement of simple seismic source

models.

4.1 Introduction

The prediction of seismic ground motion from representation theorems con-

volves near-surface site-effects, path effects of natural rheologies, and earth-

quake source dynamics (Aki and Richards, 2002). The present work focuses

on the investigation of source-dominated ground motion features from nu-

merical dynamic rupture simulations. While, point-source behaviour has

been successfully applied in the analysis of far-field seismic data, near-field

recordings are sensitive to the spatio-temporal details of the rupture process.

Recent well-recorded large earthquakes reveal complicated earthquake source

dynamics exhibiting large degrees of complexity. For example, a re-activation

of slip has been observed in some models of the Tohoku-Oki (Japan) 2011

and the Chi-Chi (Taiwan) 1999 earthquake (Gabriel et al., 2012a; Lee et al.,

2006, 2011).

Furthermore, seismological observations, numerical models, laboratory ex-

periments and theoretical predictions imply that earthquakes may propa-

gate in different styles at different speeds. This severely affects the resulting

ground motion in near- and far-field seismic data (e.g. Bizzarri , 2010; Bou-

chon et al., 2010; Lu et al., 2009; Mello et al., 2010; Valle and Dunham,

2012)). Rupture style and speed may also imply on the state of stress and

strength of active fault zones (Gabriel et al., 2012a), which are important

input parameters for seismic hazard scenarios.

Spontaneous dynamic rupture models are well established to analyse the

physics of earthquake source processes (see e.g. the benchmarks in Harris

et al., 2009). These models solve for the time-dependent physical processes

involved in rock fracture, which propagates along the fault plane. Dynamic

rupture simulations depend on initial conditions (e.g. of stress), nucleation,
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and the constitutive law, relating displacements and stresses across the fault

plane discontinuity. Realistic constraints on some of these parameters, for

example on the critical length scale Dc, which is important in friction laws,

pose challenges still to be resolved. Dynamic models have been success-

fully applied to model ground motions of recent earthquakes (e.g. Fukuyama

et al., 2009; Huang and Ampuero, 2011; Olsen et al., 1997; Peyrat and Olsen,

2004; Pulido and Dalguer , 2009). Nevertheless, ground-motion simulation

approaches are largely based on kinematic source models (e.g., those col-

lected in Mai (2004)). These models are derived from seismic data by source

inversion methods or forward modeling, but do not account for source me-

chanical principles. Pseudo-dynamic approaches (Cabrera, 2010; Guatteri ,

2004) have been developed, emulating physical consistency, but demand ap-

propriate input from dynamic rupture calculations. The source behavior,

that is suggested by dynamic rupture simulations may involve complex rup-

ture patterns with multiple rupture fronts and multiple rupture styles (e.g.

Gabriel et al., 2012a; Ripperger et al., 2008). Additional to the complex

source dynamics on the fault, the interplay of fracture and the off-fault ma-

terial response has been shown to impact the rupture process (Ampuero and

Ben-Zion, 2008; Andrews, 2005; Dunham et al., 2011b; Templeton and Rice,

2008). High stress concentrations at earthquake rupture fronts may generate

inelastic yielding at the rupture tip leading to an increased energy absorption

in the damage zone. Furthermore, the induced plastic strain fields are asym-

metric, producing bimaterial rupture interfaces affecting radiation efficiency

(e.g. Ampuero and Ben-Zion, 2008). Strong plastic yielding can explain the

observation of slow ruptures in strike-slip settings (Gabriel et al., 2012b). Off-

fault inelasticity may thus play an important role for realistic predictions of

near-fault ground motion. So far, few studies have systematically investi-

gated the impact of source mechanics on the resulting near-source ground

motion (e.g. Aagaard , 2004; Aagaard et al., 2001; Dunham and Archuleta,

2005; Inoue and Miyatake, 1998; Valle and Dunham, 2012), mostly focusing

on the variability of a specific source behavior. Bridging the gap between

complex dynamic rupture models in the presence of off-fault plasticity and

seismic strong ground motion models, may include exploring physical limits

of macroscopic source properties, describing signatures of source mechanics

in plastic strain distribution, and identifying signatures of source mechanics

in near-field seismic radiation. Guided by our previous studies of dynamic

rupture styles in the 2D elastic case (Gabriel et al., 2012a), and self-similar

growing pulses in plastic media (Gabriel et al., 2012b), we work towards

addressing above points. Accordingly, the present paper is organized as fol-

lows: Section 2 summarizes our model setup. Section 4.3.1 investigates the
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Figure 4.1: 2D in-plane plane-strain rupture model setup. Initial normal stress σ0
and initial shear stress τ0 result in maximum compressive stress τmax at angle Ψ to
the prescribed fault line. Initial stresses are uniform. Simulations of section 4.3.2
decrease initial shear stress smoothly to near zero at X = 75 km by a constant,
prescribed gradient to stop ruptures. Rupture is initiated by self-healing time-
weakening nucleation over 2Rmax. A Coulomb yield criterion is applied limiting
stresses at the rupture tip to the yielding stress Y and inducing an (asymmetric)
plastic strain field off the fault. The computational domain is chosen large enough
to avoid boundary effects.

distribution of plastic strain induced by ruptures transitioning in propaga-

tion style. Characteristics of near-field ground motion are analysed in section

(4.3.2). We first compare elastic and plastic ruptures of different styles to

identify signatures of plastic energy dissipation. Furthermore, we investi-

gate signatures of rupture style transitions involving multiple rupture fronts.

To this end, we trace source processes exhibiting re-activation of slip, and

multiple rupture styles and speeds, in seismic wave radiation patterns.

4.2 Model setup

We use a simple, homogeneous 2D in-plane fault model (Fig. 4.1), governed

by fast weakening rate-and-state friction (Ampuero and Ben-Zion, 2008). We

focus our investigations on dynamic source effects in the near-field, i.e. the

seismic radiation across one to two fault lengths normal to the fault.

The problem is numerically solved with a spectral element method (Ampuero,

2008). Off-fault visco-elasto-plasticity is mimicked by a Coulomb yield crite-

rion (Andrews, 2005). Ruptures are initiated smoothly by a time-dependent

weakening over a region that first expands and then contracts (Gabriel et al.,

2012a). For details of our model as well as the exact parametrization, we

refer to (Gabriel et al., 2012a,b).

We conducted our simulations in non-dimensional form, but scale them to

the model parameters of the SCEC benchmark problem TPV5 (Harris et al.,
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Table 4.1: Model parameters, after Harris et al. (2009).

ν Poisson’s ratio 0.25
µs Static friction coefficient. 0.6
µd Dynamic friction coefficient. 0.1
a Direct effect coefficient. 0.005
b Evolution effect coefficient. 0.505
cS Shear wave speed 3464 m/s
µ Shear modulus 32 GPa
Dc Characteristic slip scale 0.4 m
σ Background effective normal stress 120 MPa

2009). Some of the important parameters are given in Table 4.1. Note, that

the induced slip scales with Dc, but distances with X = µDc/τD. In the

scaling employed in all figures of this paper, the characteristic slip distance

is taken as Dc = 0.4 m and strength drop as τD ≈ 18.2 MPa (Harris et al.,

2009). The magnitude and amount of radiated seismic energy of all ruptures

depends to a large extend on the choice of those parameters. The initial

stresses on the fault are characterized by the ratio of initial strength excess

to nominal stress drop S = (σ0µs − τ0)/(τ0 − σ0µd) (Das and Aki , 1977a).

Normal stress σ0 is assumed uniform. Initial shear stress τ0 is uniform. In

some models, we smoothly stop ruptures of different styles by decreasing ini-

tial shear stress (see Fig. 3.2) with a constant, prescribed gradient, which

is reaching to near-zero initial stress at X = 75 km. In that way, all rup-

tures are propagating the same distance along fault before dying out. The

smooth stopping procedure avoids inducing extensive plastic strain during

its activation.

The maximum compressive stress angle Ψ of the background stress field to

the fault strike is found to determine the importance of plasticity-effects

(Dunham et al., 2011a; Gabriel et al., 2012b). The maximum half-size of the

artificial nucleation area, Rmax is a proxy for the provided nucleation energy.

The frictional characteristic velocity vc mimics thermal weakening effects by

incorporating severe velocity-weakening at slip rates faster than vc (Ampuero

and Ben-Zion, 2008; Gabriel et al., 2012a);

We set the spectral element size to h = 350 m and the polynomial order

to p = 9, i.e. 8 × 8 Gauss-Lobatto-Legendre (GLL) nodes per element and

∆x = 43.75 m average spacing between GLL nodes. With this, the numerical

resolution is set to resolve high frequency features up to ≈ 20 Hz. The

domain size is chosen conservatively large, i.e. large enough to avoid artificial

reflections from domain boundaries.
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Figure 4.2: Plastic shear strain distribution in the 2D domain induced by a dynamic
rupture transitioning (a) from steady-state pulse to self-similar growing pulse, (b)
from growing pulse to a superpositioning crack, (c) from subshear crack to supers-
hear crack at Ψ = 45, S = 0.88, Rmax = 5 km. Coloured lines indicate the location
of the cross sections summarized in (d). Ruptures are not stopped.

4.3 Results

4.3.1 Plastic strain distribution

Damaged (micro-cracked) areas surrounding natural faults have been re-

ported from geological field observations (e.g. Chester et al., 1993; Dor et al.,

2006)) as well as from laboratory rock experiments (e.g. Sammis et al.,

2009)). In this section, we attempt to identify distinctive patterns of off-

fault damage zones caused by each rupture style and their transitions.

In agreement with previous numerical studies (Ampuero and Ben-Zion, 2008;

Ben-Zion and Shi , 2005; Duan, 2008; Templeton and Rice, 2008; Xu et al.,

2012a,b) and theoretical predictions (Poliakov et al., 2002; Rice et al., 2005),

we find, that the distribution of plastic strain is asymmetric with respect to

the fault plane and depends on Ψ. For Ψ > 30◦ plastic strain dominates at

the extensional side of the fault. In Fig. 4.2 plastic shear strain distributions

are mapped, which are induced by the same rupture (Ψ = 45, S = 0.88)

successively transitioning from steady-state pulse to growing pulse (a), from

growing pulse to crack (b), and subsequently triggering a supershear daugh-
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ter rupture (c). Cross sections of the resulting plastic shear strain fields at

locations indicated in (a)-(c) are plot in (d) of the same figure. The ex-

tent of the plastic zone is constant for steady-state pulses (a) and increases

proportionally to rupture propagation distance for growing pulses (b). The

spatial shape and extent of Coulomb failure caused by a pulse varies from

that induced by a crack. In (c), the self-similar growing pulse triggered a

secondary crack at the hypocenter, which is subsequently superpositioning

the primary pulse and leading to additional plastic strain generation. The

slope of the contour indicating the maximum size of the yielding zone with

rupture propagation, varies distinctively for subshear pulses and cracks from

the point of transition onwards.

We define the total seismic moment as

M0 = M slip
0 +Mplastic

0 , (4.1)

the sum of the moment due to slip on the fault (M slip
0 ) and the moment due

to plastic strain (Mplastic
0 ), which is calculated as the volume integral of the

deviatoric plastic strain. Fig. 4.3 shows the evolution of both moments along

strike for a steady-state pulse, a self-similar growing pulse, a subshear and a

supershear crack. The rupture style determines the gradient of the yielding

zones, but yet, M slip
0 is in all cases on the order of one magnitude larger

than Mplastic
0 . The evolution of Mplastic

0 with rupture propagation follows

the shapes of the induced plastic strain fields in Fig. 4.2), and is thus overall

similar in all rupture cases. The amplitude of Mplastic
0 , changes with rupture

style corresponding to the varying gradient of plastic strain. At the point

of supershear transition, a distinct minimum of Mplastic
0 corresponds to the

gap in the induced plastic strain field. Increasing Ψ leads to a increase of the

ratio M slip
0 /Mplastic

0 for all rupture styles, as shown in Gabriel et al. (2012b)

for growing pulses, but does not change the overall distribution of plastic

induced moment along strike.

4.3.2 Signatures of off-fault plasticity in the characteristics of near-field

ground motion

Distinct rupture styles show distinct amplitude reduction of the maximum

particle velocity in fault normal V FN
max and fault parallel V FP

max direction by

off-fault plasticity. We define the normalized reduction parameter r of peak

particle velocity in plastic media (V FN,FP
max,plastic) compared to the equivalent

quantity in elastic media (V FN,FP
max,elastic) as

r = (V FN,FP
max,elastic − V

FN,FP
max,plastic)/V

FN,FP
max,elastic. (4.2)
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Figure 4.3: Off-fault (dashed lines) and on-fault (solid lines) seismic moment in
plastic media for a steady-state pulse, self-similar growing pulse, crack and supers-
hear crack like rupture at S = 0.88 and Ψ = 45.

By this means, we quantify the differences in plastic and elastic response for

every rupture style. Fig. 4.4 depicts r with fault normal distance for vary-

ing rupture styles. Supershear ruptures experience large (≈ 100% near the

fault), symmetric reduction of fault parallel and fault normal peak particle

velocities, which is only slightly decreasing with fault normal distance. Subs-

hear crack like rupture induces peak particle velocities reduced by ≈ 50 % in

plastic media. Overall, subshear pulses are damped less, especially at larger

distances off the fault. The extensional side of rupture, where plastic strain

is dominantly induced, leads to a remarkable asymmetric reduction of pulse

fault parallel particle velocity in the vicinity of the fault.

In the following, we analyse signatures of off-fault plasticity in near-field

ground motion. Fig. 4.5 compares a self-similar growing pulse in the presence

of off-fault plasticity to a purely elastic pulse, both rupturing the same fault

length under equivalent initial stress conditions. The elastic pulse is initiated

by a slightly smaller nucleation patch (Rmax). From the spatio-temporal

evolution of slip rate in Fig. 4.5 (a) and (b) the saturation of peak slip

rate due to off-fault plasticity is visible: at the rupture front, slip rate in

the plastic case (a) peaks at approximately half the value of slip rates in

purely elastic media (b). As expected from section 1, the pulse surrounded

by plastic material is also propagating slower.

We consider the seismic potency P0 = M0/µ, with µ being the shear modulus,

as the sum of the slip induced potency and the potency corresponding to the

volume integral of the (deviatoric) plastic strain. Note, that slip scales with

the empirically parametrized Dc in the friction law. A value of Dc = 0.4 m
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Figure 4.4: Normalized amplitude reduction r with fault normal distance (ZFN )
of (a) fault parallel maximum particle velocity d(V FP

max) (b) fault normal maximum
particle velocity d(V FN

max) . Exemplary growing pulse, subshear crack and supershear
crack-like rupture at S = 0.88 and Ψ = 45. Ruptures are not stopped. Plastic strain
fields are induced in negative Z direction with varying width.

(Harris et al., 2009), results in magnitudes of Mw ≈ 7.9 and Mw ≈ 8 of the

plastic and elastic ruptures in Fig. 4.5, respectively. On the other hand,

Dc = 5 mm, as reported from laboratory experiments (e.g. Marone, 1998),

results in Mw ≈ 6.7 and Mw ≈ 6.8. Nevertheless, the total seismic moment

of the plastic pulse is reduced to ≈ 66 %, with respect to the elastic pulse

total moment.

Fig. 4.5 (c) depicts the spectral amplitude Aspec of seismic potency rate

dP/dt, normalized by the respective total seismic potency P0 for each sim-

ulation. At low frequencies, both simulations coincide, with a slight ascen-

dency of elastic rupture. Interestingly, the plastic simulation releases more

high frequency power (f > 10 Hz) than the elastic one. It is remarkable that

this high-frequency difference happens despite the longer duration of plastic

rupture, and hence, its lower corner frequency which has the opposite effect.

We observe this high frequency enhancement also for non-stopping pulse-like

ruptures. We do not observe this effect in other rupture styles than subshear

pulses.

Fig. 4.5 (d) shows the seismic potency rate (dP/dt) normalized by total seis-

mic potency P0. The overall temporal evolution of potency rate is shifted in

the plastic case, as expected, due to slower rupture speed. In the presence of

plastic energy dissipation, a distinctive, short period of constant potency rate

develops after a (prescribed) increase due to artificial nucleation. In elastic

and plastic media, the potency release rate reaches its maximum towards the

end of rupture duration, respectively.
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Figure 4.5: Source characteristics of a self-similar growing pulse in plastic (Ψ = 45)
and in elastic media, both at S = 1. The total seismic moment induced by the
plastic pulse is ≈ 66 % of the elastically caused. (a) Spatio-temporal evolution of
slip rate along the fault in the presence of off-fault plasticity. (b) Spatio-temporal
evolution of slip rate along the fault in purely elastic media. (c) Spectral amplitude
Aspec of normalized seismic potency rate, from (a) in blue and from (b) in red. (d)
Seismic potency rate dP/dt normalized by total seismic potency P0.

We measure V FN,FP
max,elastic and V FN,FP

max,plastic over the full spatio-temporal simu-

lation domain with a dense network of 572 stations in 52 fault-normal lines.

The stations span Z = −120...120 km and X = −175...175 km with decreas-

ing density away from the fault. The station distribution is marked by blue

dots in Figs. 4.7, 4.6 and 4.12.

Fig. 4.7 (a) and (c) show the fault normal, whereas (b) and (d) depict

the fault parallel peak particle velocity caused by an elastic pulse compared

to the same quantities induced by a plastic pulse. We observe a two-sided

pulse-shaped distribution in fault normal direction. In fault parallel direc-

tion, isochrone of decreasing V FN,FP
max surround the fault-line. The symmetric

distribution of fault normal peak particle motion is broken by asymmetric

plastic energy dissipation in the plastic case, and the peak amplitudes of

both particle velocity components are overall reduced ( Fig. 4.7 (c) and (d)).

Subshear cracks are hardly affected by off-fault plasticity. Similar charac-

teristics are exhibited by cracks triggering a supershear daughter rupture.

Fig. 4.8 shows co-existent sub- and supershear cracks in elastic and plas-

tic media. Peak slip rates of both, the primary subshear and the triggered,
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Figure 4.6: Peak particle velocity distribution of a subshear crack triggering a
supershear crack (Fig. 4.8) in plastic (Ψ = 45) and elastic media at S = 0.67. (a)
Peak fault normal particle velocity in elastic media. (b) Peak fault parallel particle
velocity in elastic media. (c) Peak fault normal particle velocity in plastic media.
(d) Peak fault normal particle velocity in plastic media. The dashed line indicates
the location of synthetic seismogram recordings in Fig. 4.9 (c).

faster daughter rupture are reduced in the plastic case (a) compared to the

elastic one (b). The normalized seismic potency rates show a distinct in-

crease at the moment of supershear transition (d). Furthermore, we observe,

independent of plasticity, a linear decay in potency rate coinciding with the

termination of the supershear daughter rupture. The normalized spectral

amplitudes in (c) compare to the subshear crack in both media. Note, that

the supershear transition is hindered in the plastic case, i.e. the supershear

daughter rupture is triggered slightly later in time and at slightly larger X.

The peak particle velocity distribution of both ruptures in Fig. 4.6 shows

little influence of plasticity regarding its shape. Especially in the fault par-

allel velocities a strong directivity is observed. Synthetic seismograms of

all of the above exemplary rupture styles are recorded at indicative loca-

tions along strike, to identify features, that may relate to rupture properties,

styles, and transitions. Fig. 4.9 (a) shows fault normal (solid) and fault

parallel (dashed) particle velocities with increasing distance normal to the

fault for the growing pulse-like ruptures, previously described (in Fig. 4.5).

The amplitude reduction of both, peak velocity and phase, occurs due to off-

fault plastic energy dissipation, which is dominant close to the fault (as can

be seen by comparing the seismograms in blue to the ones in red). Further

away from the fault, approximately from d = 10 km, the source signatures
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Figure 4.7: Peak particle velocity distribution of self-similar growing pulses in
plastic (Ψ = 45) and elastic media, at S = 1. (a) Fault normal maximum particle
velocity across the elastic computational domain. (b) Fault parallel maximum par-
ticle velocity across the elastic computational domain. (c) Fault normal maximum
particle velocity across the plastic computational domain. (d) Fault parallel max-
imum particle velocity across the plastic computational domain. The dashed line
indicates the station locations of the synthetic seismograms in Fig. 4.9 (a).
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Figure 4.8: Source characteristics of a subshear crack triggering a supershear daugh-
ter crack in plastic (Ψ = 45) and elastic media at S = 0.67. The total seismic mo-
ment of both ruptures is commensurate. (a) Spatio-temporal evolution of slip rate
along the fault in the presence of off-fault plasticity. (b) Spatio-temporal evolution
of slip rate along the fault in purely elastic media. (c) Spectral amplitude Aspec of
normalized seismic potency rate, from (a) in blue and from (b) in red. (d) Seismic
potency rate dP/dt normalized by total seismic potency P0.

including signatures of plasticity rapidly attenuate, as high frequency wave

field components are filtered out (Aki and Richards, 2002). Fig. 4.9 (b),

concerns subshear cracks, which result in similar characteristics. Particle ve-

locity components reach higher values further away from the fault compared

to pulses. Interestingly, the amplitude reduction of peak velocities due to

plasticity is relatively less pronounced than in pulse-like ruptures. Far from

the fault, pulse and crack-like ruptures are hardly distinguishable. The dif-

ferences in fault-parallel reduction in Fig. 4.4, can be understood from the

different shape of the fault parallel velocity component in the crack-like case.

The dominating, sharp, early peak of the pulse-like case is reduced signifi-

cantly, whereas off-fault plasticity does not influence the dominant, broad,

later crack induced peak to the same extend. The wave fields of subshear

ruptures contain high frequency information on simple rupture styles only in

the vicinity of the fault. Off-fault energy dissipation damps and slows down

wave field characteristics to a larger extend in pulse-like rupture.

Fig. 4.9 (c) depicts synthetic seismograms from supershear ruptures ( see Fig.

4.8 for the regarding source characteristics), with rupture speed vr ≈ 1.6cS .
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Figure 4.9: Synthetic seismograms in elastic (red) and plastic (blue) media from
fault-normal velocity (solid lines) and fault-parallel velocity (dashed lines). (a) Self-
similar growing pulses (Fig. 4.5). (b) Subshear cracks. (c) Supershear daughter
cracks triggered by subshear primary cracks (Fig. 4.8). The distance d from each
station normal to the fault is indicated in (a). Stations are located along a cross
section of X = 35 km in (a) and (b) and along X = 105 km in (c), as indicated by
the dashed lines in 4.7 and 4.6.

The supershear, as well as the triggering subshear rupture front, are distin-

guishable in the emanated wavefield, especially in the near-field. Preceding

the arrival of the shear Mach front is a dilatational field observed as predom-

inantly fault-parallel motion. Close to the fault, we observe nearly simulta-

neous arrival of the dilatational and shear field, which separate at d = 3.5 km

and d = 7 km but overlap for d > 21 km once again. With increasing fault

normal distance d, the fault normal components of velocity develop equivalent

amplitudes to the fault parallel ones. Both, fault-parallel and fault-normal

velocity component carry a large degree of complexity, including the slip rate

history on the fault, and attenuate hardly in fault normal distance. Off-fault

plasticity reduces the high-frequency content of the wave-field only slightly.

4.3.3 Signatures of rupture style transition in the characteristics of near-

field ground motion

We identify signatures of rupture style transitions and complex source me-

chanics in near-field source characteristics. Fig. 4.10 compares a crack-like

rupture to a pulse followed by a re-activated crack. Both earthquakes rupture

the same fault length and only differ in their nucleation energy (Rmax). The

reached peak slip rates are comparable. The secondary crack in Fig. 4.10 (a)
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Figure 4.10: Source characteristics of a pulse followed by a re-activated crack
compared to a purely crack-like rupture in elastic media at S = 1. The total
seismic moment of the pure crack exceeds the moment of the re-activated rupture
by ≈ 50 % . (a) Spatio-temporal evolution of slip rate along the fault featuring
re-activation. (b) Spatio-temporal evolution of slip rate along the fault for a pure
crack-like rupture. (c) Spectral amplitude Aspec of normalized seismic potency rate,
for re-activated rupture (green) and crack-like rupture (red). (d) Seismic potency
rate dP/dt normalized by total seismic potency P0.

peaks in terms of particle velocity one magnitude smaller than the pure crack

in (b). The release rate of seismic potency (d) contains a clear signature of

the second re-activated event (green). Compared to the primary pulse and

the pure crack, the secondary crack releases ≈ 50 % less moment rate. To

this ratio contribute the smaller peak slip rates as well as the non-existence

of healing in the reactivated crack. The spectral amplitude (Fig. 4.10 (c))

shows a distinctive increase of power at frequencies corresponding exactly to

the onset of secondary rupture. In comparison to a normalized spectral am-

plitude, induced by a pure crack-like rupture, the pulse followed by a crack

shows respectively lower power at low frequencies, and higher power at high

frequencies, separated by a reactivation signature. Thus, the same magni-

tude event would be less destructive, if it was reactivated in terms of peak

slip rate and energy, but distinctively more energetic in a frequency range

higher than 5 Hz. The peak particle velocity distributions related to both

ruptures are shown in Fig. 4.12. The re-activation causes higher amplitudes

in fault normal particle velocities compared to the crack, but less directivity
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Figure 4.11: Synthetic seismograms for a re-activated rupture (Fig. 4.10). The
distance d of each station normal to the fault is indicated. Fault normal velocities
are plot as solid lines, fault parallel velocities as dashed lines. Stations are located
along a cross section of X = 21 km.

effects. Thus, differences in fault parallel motion (as seen in (b) and (d))

are reflecting the differing slip rate histories at the source (Fig. 4.10 (a) and

(b)).

Synthetic seismograms of the re-activated rupture are provided in Fig. 4.11.

In distance to the fault, the subsequent source processes are preserved in both

velocity components. With increasing fault-normal distance the seismograms

become more similar to pulse signatures (Fig. 4.9 (a)), with slight differences

and a distinct polarity change in fault horizontal amplitudes. Fig. 4.13

shows source near-field source characteristics of a complex rupture involving

multiple sub- and supershear rupture fronts. The source-time behavior of slip

rate is shown in Fig. 4.13 (b). Peak particle velocities off the fault in Fig.

4.13 (a) and (c) are dominated by the fault parallel component, especially

at some distance to the fault. In synthetic seismograms, for example in the

fault normal velocities depicted in Fig. 4.13 (d), we can clearly identify the

source slip rate history. Away from the fault, the high-frequency information

on multiple rupture fronts again filters out, and multiple peaks merge and

become less visible.
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Figure 4.12: Peak particle velocity distributions after a re-activated and a pure
crack like rupture across the computational domain. (a) Fault normal component,
corresponding to the re-activated slip rate history on the fault in Fig. 4.10. (b)
Fault parallel component of the re-activated rupture. (c) Fault normal component,
corresponding to a purely crack-like rupture. (d) Fault parallel component of the
purely crack-like rupture.

4.4 Discussion

In this work, we investigate various starting points of the connection of

rupture dynamic simulations to seismic ground motion prediction and seis-

mic hazard analysis. Natural fault structure is found to include layers of

fragmented rock (“fault gouge”) (e.g. Ben-Zion and Sammis, 2003), which

we account for by including off-fault plasticity. In this discussion section,

we attempt to provide a broader perspective and some, partly speculative,

thoughts on possible implications of our results.

In Section 3.6.2 we find the relation between rupture velocity and peak slip

rate found in (Gabriel et al., 2012a) to be valid also for subshear cracks, but

not supershear ruptures. This result is trivially expected from fracture me-

chanical theory, since subshear cracks and pulses exhibit similar stress fields

in the immediate vicinity of their rupture fronts (Nielsen and Madariaga,

2003). Nonetheless, stress fields away from the crack or pulse tip vary ((Rice

et al., 2005)) between pulses and cracks, which lead to differences in plas-

tic strain patterns in 4.3.1. An equivalent scaling relation for supershear

ruptures would have to account for the differing degree of the crack tip sin-

gularity at supershear fronts, as as for the expected change in supershear

rupture dynamics at vcr =
√

2 cS , where the S-wave radiation vanishes (Dun-
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Figure 4.13: Near-field ground motion characteristics of a complex source involving
multiple rupture fronts and speeds at S = 0.67. (a) Peak particle velocities in fault
normal direction across the computational domain. (c) Peak particle velocities in
fault parallel direction across the computational domain. Dots indicate the stations
which record synthetic seismograms, the dashed line indicates the location used
in (d). (b) Spatio-temporal evolution of slip rate along the fault. (d) Synthetic
seismograms of fault normal velocity at X = 5 km.

ham and Archuleta, 2005; Eshelby , 1949). Nonetheless, a saturation of Vmax

for a given simulation does not imply an absolute physical limit on ground

motion. Rupture speed vr may be arbitrarily close to Rayleigh speeds, which

results in arbitrarily large Vmax. For constraining ground motions limits we

need to combine a saturation of peak slip rate with a physical limit on rupture

speed (3.6.3).

Section 4.3.1 describes patterns of the spatial distribution of off-fault plastic

strain generated during rupture style transitions. The on-fault location of

subshear rupture style transition leave marks in the slope of plastic yielding

contours and fault normal gradient of damage intensity. The most evident

signature in the plastic zone patterns, is a gap in plastic shear strain at the

point of supershear daughter nucleation in the gradient of plastic strain along

strike. The fault normal gradient of shear strain induced by all subshear rup-

tures decays logarithmically with distance away from the fault, which is in

agreement with numerical simulations (Xu et al., 2012a) and field observa-

tions (Mitchell et al., 2011). Nevertheless, the degree of this dependency,

i.e. the slope of the gradient in the semi-log plot of Fig. 4.2 (d) , varies
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between subshear steady-state pulses, growing pulses and cracks. This re-

sult may be utilized on different scaling dependencies of maximal width over

propagation distance and S and Ψ, and may complement Eqs. 5 and 6 in

Xu et al. (2012a), which are restricted to cracks at Ψ = 45. Supershear

ruptures exhibit a very distinctive gradual behavior: the gradient of yielding

zone slope is zero over a large extend of the ruptured fault length, which is

corresponding to the superpositional effect of primary subshear and daugh-

ter supershear rupture. This is succeeded by a strain field decaying in fault

normal extension analogous to a subshear growing pulse propagation. Those

results imply a velocity and/or rupture style dependency of amplitude re-

duction, and asymmetric reduction patterns for pulse induced fault parallel

particle velocities. In (Gabriel et al., 2012b) we found slow ruptures at high

S > 3 and strong effective plasticity. These conditions lead to asymptotic

saturation of plastic yielding zones as self-similar growing pulses are turning

into almost steady-state pulse-like ruptures. Our results may serve as guide-

line to study fault zone properties in the field, which may be connected to

natural earthquake induced damage patterns (Bhat et al., 2007; Valle and

Dunham, 2012), and, thus, of the strength and stress state of the fault, from

geological observations. To achieve this, structural field geological observa-

tions may map the intensity and distribution of microcracks and damage

zones in normal and parallel direction of natural fault zones. Laboratory

experiments may provide further insight by mapping plastic strain on small

scale samples.

Section 4.3.2 finds that the particle velocities induced by subshear pulses

suffer more amplitude reduction due to plasticity than cracks. Supershear

ruptures are reduced even more. Yet, plastic ruptures produce larger high-

frequency radiation. Furthermore, rupture transitions produce some features

in seismograms. These features may resemble signatures of source mechanics,

which await identification in in real near-field seismograms and source spec-

tra. But, in distinction to our model, observations of sub-Rayleigh strike-slip

earthquakes find the fault normal component dominant over little motion

in the fault parallel direction, which stresses the quantitative limitations of

our model. The restriction of our simulations to 2D and homogeneous stress

and rheology conditions, results in a rather qualitative significance of the

herein reported velocity patterns. We observe interesting spectral effects,

for example the increase of power in high frequencies for pulse-like ruptures

in the presence of off-fault plasticity, which are awaiting physical explana-

tion. Particle velocities are sensitive to the frequency range that is covered

by our rupture simulations (Ripperger et al., 2008), in contrast to particle

accelerations, which implies peak ground accelerations are a difficult param-
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eter to constrain. Since, we stop ruptures smoothly, they lack clear stopping

phases which should result in a deficiency in high frequency energy. But, our

observation implies a more irregular rupture propagation in plastic pulses

than in elastic ones, which may be due to localized strain localization, or

to complex energy balancing processes at the rupture tip, influencing seis-

mic wave radiation in pulse like rupture. The radiating coherent S-waves at

supershear speeds lead to a flux of energy, which is carried into the wave

field, additionally to the energy dissipated on the fault as fracture energy

(Dunham and Archuleta, 2005). Nevertheless, the main Kostrov-like source

signature is still visible far away from the fault, including complex signatures,

as a bump subsequenting the main peak. Similar features implying multi-

ple rupture fronts are seen in the fault normal near field recordings of the

M7.9 2002 Denali Fault, Alaska earthquake (Dunham and Archuleta, 2005;

Ellsworth et al., 2004). We showed here results from few numerical simula-

tions. Based on the comprehensive set of simulations deducted for (Gabriel

et al., 2012a,b), we shall investigate the generality with varying S, Ψ and

CF parameters. Even though, our models are restricted to two dimensions

and initialized with uniform stress and rheology conditions, some informa-

tion can be extracted and traced in the emanated near field wave patterns.

Another interesting question is, if the seismogram patterns of rupture style

transitions can be distinguished from patterns induced by ruptures in hetero-

geneous faults. Complex source mechanics can develop from homogeneous

stress distributions, and may correspond to building blocks of more realistic

models involving heterogeneous stress distributions (Ripperger et al., 2008).

The defined signatures of source behavior may help to interpret complex

near-field seismic data. We show that in the vicinity of the fault also sub-

shear source mechanics are preserved in the seismic wave field. Borehole

recordings providing measurements close the fault may be connected to our

synthetic seismograms.

Qualitatively, the reported patterns of peak ground velocities may be helpful

for assessing the damage of potential faults or to estimate the source param-

eters of historical earthquakes. The here observed directivity is correlated

with source mechanisms. To estimate seismic hazard regional scenario sim-

ulations are performed, which may benefit from the simple scaling relations

proposed here. Furthermore, the constraints derived from numerical results

and fracture mechanical arguments may help improving kinematic source

models readily applicable for inversion of seismic data. Nevertheless, for

quantitative ground motion modeling more sophisticated models, account-

ing for 3D effects as well as for natural heterogeneities and site effects are

required.
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The long-term goal for future investigations would be the definition of general

features readily applicable in a seismological interpretation of seismograms.

4.5 Conclusions

We report on features of complex earthquake source dynamics and of off-

fault energy dissipation into plastic deformation in ground-motion variability,

focusing on the near fault seismic wave field. We find the relation between

rupture velocity and peak slip rate found in (Gabriel et al., 2012a) to be

valid also for subshear cracks, but not supershear ruptures. We showed, that

the asymmetric distribution of plastic strain inherits some information on

the source mechanical history. Distinct rupture styles show distinct altering

by off-fault plasticity. Changes in rupture speed and rupture style produce

features in near-field seismograms and in the seismic potency release rate.

Peak particle velocity maps show directivity effects depending on the source

mechanism.

Overall, we gain exemplary insights into the impact of source mechanics

and off-fault energy dissipation on ground motion characteristics near the

earthquake source.





5
Summary and Perspectives

This thesis focused on the study of complex earthquake source dynamics in

elastic media and in the presence of off-fault plasticity, as well as on possi-

ble implications for the understanding and interpretation of seismic ground

motion.

Computational dynamic rupture simulations were complemented by ana-

lytical investigations based on the physics of fracture mechanics and com-

pared to recent observations available from the literature. A comprehen-

sive set of 2D in-plane spontaneous dynamic rupture simulations, carried

out with a spectral element method, was utilized to study rupture styles on

faults governed by velocity-and-state-dependent friction with severe velocity-

weakening at high slip rates.

A strong emphasis throughout this thesis is placed upon gaining an under-

standing of the dynamic properties of steady-state and self-similar growing

pulses. We study thoroughly the asymptotic properties (independent of nu-

cleation) of self-similar pulses and their dependence on relative fault strength

in elastic and plastic media.

This dissertation is composed of three chapters, which represent three

sequential studies (Gabriel et al., 2012a,b,c).

In Chapter 2 we quantitatively analysed the conditions and physical mech-

anisms allowing for a variety of rupture behavior in elastic media. We con-

ducted a systematic parametric assessment of the effect of initial stress, nucle-

99
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ation length scale and the characteristic velocity at the onset of severe weak-

ening on earthquake rupture patterns in an otherwise simple model setup.

We found that earthquakes may not be restricted to a single rupture style,

but rather involve complex rupture patterns with multiple rupture fronts

and multiple styles. Our first emphasis was a classification of this diversity

of rupture styles based on their stability (decaying, steady or growing), rup-

ture speed (subshear or supershear), healing properties (cracks or pulses),

and complexity (simple or multiple fronts). We then formulated and tackled

open fundamental questions about spontaneous rupture on a 2D homoge-

neous fault, including the impact of nucleation on rupture propagation, the

selection of pulses versus crack at high stresses, the conditions for existence of

pulse-like versus crack-like supershear rupture, and the possible co-existence

of multiple rupture styles. We described the nucleation and initial stress con-

ditions for rupture initiation as each of above rupture styles and highlight

some peculiar complex rupture patterns.

The transition processes between rupture styles are found to be charac-

terized by the local dynamic stress state, which we quantified by a dynamic

relative strength parameter. But, the mutual correlation of dynamic stress

state and transitioning mechanisms and their connection to classical fracture

mechanics remain to be defined.

In Chapter 3 we expand the parametric study of Chapter 2 by including

off-fault energy dissipation through a visco-plastic bulk rheology. Off-fault

plasticity qualitatively preserves the rupture styles found in elastic media and

does not alter the underlying transitional mechanisms. But, macroscopic

source properties from different rupture styles are significantly affected by

off-fault plasticity in a gradual way. We state a contrasting sensitivity of

rupture style transitions to off-fault plasticity, which indicates underlying

differences in the physics of those processes. Plasticity limits rupture and

healing front speeds, leading overall to shorter rise times. Slow pulses at

high CF values are characterized by almost constant rise times.

We observed in all ruptures a saturation of peak slip rate to values in-

creasing with increasing initial stress and decreasing angle of maximum com-

pressive stress to the fault strike. The non-linear relation between peak slip

velocity and rupture speed was well explained by classical fracture mechanics

arguments. Furthermore, the closeness to failure (CF) parameter introduced

by Templeton and Rice (2008) was found to be an adequate predictor of

rupture speed for slow ruptures.

Independent of rupture style, asymmetric damage patterns across the fault

are produced which contribute significantly to the total seismic moment, even
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dominantly at high angles of maximum compressive stress towards the fault.

In general, high CF values lead to large ratios of off-fault to on-fault seismic

moment.

The asymmetric distribution of plastic strain inherits information on the

source mechanical history, as was shown in Chapter 4. We studied fea-

tures of near-field ground motion for exemplary rupture styles, including

re-activated examples. By comparing exemplary elastic and plastic simula-

tions we presented effects of plasticity on ground motion amplitudes and fre-

quency ranges. For example, particle velocities in the vicinity of the fault are

damped differently due to off-fault plasticity depending on the source mech-

anism. Overall, purely elastic earthquake rupture simulations may overesti-

mate ground motion while ground motion predictions from dynamic rupture

simulations accounting for off-fault plasticity may impose physical limits on

extreme ground motion. Our results may provide a foundation to study the

effect of rupture style on measurable earthquake source properties and strong

ground motion.

The in this thesis presented quantitative analysis of the conditions and

physical mechanisms for a variety of rupture behavior is of interest for a

broad audience in earthquake science, including laboratory studies of rock

friction and seismological observations of earthquake source complexity. The

detection of rupture style and its transitions may help elucidating the state

of stress and strength of active fault zones. The developed understanding

of earthquake rupture styles and transitions enables the interpretation of

complex rupture patterns unveiled by high resolution earthquake source ob-

servations, which are becoming feasible with dense seismic instrumentation.

For example, we proposed a mechanical interpretation for rupture with mul-

tiple pulses inferred from seismological observations of two well instrumented

events, the Chi-Chi and Tohoku earthquakes. The connection to seismolog-

ical observation are an interesting target for future developments in earth-

quake seismology, the complex rupture patterns studied here warrant further

developments in earthquake source imaging.

Furthermore, our findings may not only have implications for earthquake

source mechanics, but are expected to affect the interpretation of near-field

ground motions. We formulated direct scaling relations between kinematic

source parameters, as peak slip rate and rupture speed, which may be uti-

lized in pseudo-dynamic source inversion methods. For example, the gradual

dependency of macroscopic source properties on plasticity may be a starting

point for the formulation of an effective friction law which accounts for the

physical effects induced by off-fault plasticity. Such an effective parametriza-

tion circumvents the costly dynamic simulations and facilitate the generation
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of kinematic rupture models that contain relevant physical effects. We may

also validate our findings regarding kinematic source parameters with ob-

servables from kinematic source inversion models (as collected in the strong-

motion database of Mai , 2004). The ratio of peak slip rate to rupture speed

is observable, at least in the near-field, and could provide a constraint on

dynamic strength drop, an otherwise elusive parameter. The strength drop

is proportional to effective normal stress, which indicates a direct depth de-

pendence of our results. These findings contribute to calibrate the “velocity-

toughening” concept proposed by Andrews (2005), and to a self-consistent

theoretical framework for the study of the earthquake energy balance based

on observable earthquake source parameters. An analytical relation predict-

ing rupture speed in plastic media from our model parameters is still to be

derived. Based on that, a physical framework constraining extreme ground

motion may be in reach.

The overall goal of this work was to advance the current theoretical under-

standing of the physics governing dynamic earthquake rupture. Some inter-

esting analytical questions remain open, as for example: What controls the

healing in pulse-like rupture and how short are rise times? We find different

regimes of healing front behavior in dependence on fault strength, which may

be a starting point for future investigations. Another interesting goal would

be to develop an understanding of the relation between pulse width and the

length-scales of fault heterogeneities. Future work may also enlighten the

“chicken-and-egg” relation of the specific states in local dynamic stress and

the triggering of rupture style transitions. Also, the observed high frequency

radiation from pulses, which is enhanced by plasticity, lacks interpretation

in the framework of fracture mechanics: Perfectly steady-state pulses do not

radiate, unless they are perturbed from their average steady-state by hetero-

geneities of stress, fracture energy or geometry.

The work presented in this thesis is limited to homogeneous initial stresses.

While the fundamental rupture styles found here are expected to manifest

themselves also under heterogeneous initial stresses, the robustness of the

transition behaviors with respect to stress heterogeneities is an important

question to be investigated in future work. A statistical quantification of the

heterogeneity of initial conditions right before an earthquake, from realistic

seismic cycle models would be a rewarding extension of our work. The rela-

tion between final earthquake size, rise time, and heterogeneities may help

constraining realistic seismicity models. To quantify the radiation from het-

erogeneous processes, more analytical work is needed. Another important

limitation of the presented work is the lack of the third spatial dimension.

Especially for a meaningful quantitative analysis of ground motion implica-
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tions this is a crucial extension of our work. Current developments in compu-

tational seismology focus on capable 3D methods, allowing also for complex

fault geometries, which are likewise not included in our simple models (Galvez

et al., 2011; Pelties et al., 2012). An extension of time scale, towards multi-

cycle simulations, could help avoiding artificial nucleation procedures after

all. Such multi-cycle simulations may help constraining on a new class of

pseudo-dynamic rupture models.
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and III of rupture extending along the x1 axis with velocity

vr. Courtesy of Ben-Zion (2003). . . . . . . . . . . . . . . . . 9

2.1 2D in-plane model setup. The fault is represented by a linear

interface across which displacement discontinuity is allowed,

embedded in an unbounded, Artificial nucleation is applied

over a time-dependent area of size 2R. Our simulations explore

a wide range of nucleation sizes R and initial shear stress τ0. 15

2.2 Nucleation with healing. Prescribed time-weakening friction

coefficient µf . (a) Spatio-temporal shape of nucleation area.

Nucleation has duration 4 T and propagates with decreasing

speed from an initial value Vn. The nucleation zone reaches

a maximum half-size Rmax = Vn T . (b) Prescribed spatial

distribution of µf at t = 2T during nucleation. . . . . . . . . 16
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2.3 Typical rupture styles. Spatial distribution of slip at regular

times and a snapshot of slip rate as inset for (a) a decaying

pulse, (b) a steady-state pulse, (c) a growing pulse, (d) a su-

perposition of a pulse and a crack, (e) a subshear crack and

(f) a superposition of a subshear crack and a supershear crack.

(b),(d) and (f) are transitional rupture styles separating rup-

ture styles in (a), (c) and (e), respectively. The maximum

nucleation half-size Rmax = 4.4925 is indicated by a red line

in the bottom left of each plot. . . . . . . . . . . . . . . . . . 22

2.4 Rupture styles and their transitions as a function of S (a) or

Rmax (b). (a) Slip profiles at t = 200 for simulations with fixed

Rmax = 4.4925 and varying relative strength S. Each curve

corresponds to a different value of S indicated in the legend.

Transitional styles are highlighted and are also summarized on

the left S scale. The steady-state pulse (solid line) separates

decaying and growing pulses. Superpositions of a primary

pulse and a secondary crack nucleated at the hypocenter ap-

pear in an intermediate regime between pure pulses and pure

cracks. The labels (a-f) correspond to the examples shown in

Figure 2.3. (b) Same plot for simulations with fixed S = 1

and varying Rmax (see the legend). Note the appearance of a

secondary steady-state pulse at Rmax = 8.456995. The max-

imum half-size of the nucleation zone, Rmax, is indicated by

squared brackets for each simulation. . . . . . . . . . . . . . . 23

2.5 Evolution of rupture velocity vr as a function of rupture prop-

agation distance for different rupture styles with self-healing

nucleation of varying maximum half-size Rmax and S = 1.

Transitional styles are highlighted. Steady-state pulses propa-

gate with vr ≈ 0.6cS , growing pulses and cracks with vr ≈ cR
(Rayleigh speed) and supershear ruptures with vr ≈ cP . . . . 24
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2.6 Summary of rupture styles as a function of S and Rmax after

nucleation with prescribed healing. Each small dot indicates

one simulation out of a total of about 450 simulations car-

ried out to compose this diagram. The curves indicate the

S-Rmax conditions at the transitions between rupture styles

in order of appearance in the legend: transition between de-

caying and growing pulses (steady-state pulse), transition be-

tween pure pulses and mixed pulse-crack ruptures, transition

between pulse-crack superpositions and pure cracks, transition

between subshear and supershear ruptures (when supershear

happens at t < 1000). Along most transition boundaries Rmax

depends roughly exponentially on S. The theoretical maxi-

mum S that allows cracks (Zheng and Rice, 1998) is indicated

as Spulse. The maximum S that allows supershear ruptures is

close to 1 and depends weakly on Rmax. . . . . . . . . . . . 25

2.7 Properties of steady-state pulse-like ruptures. Slip, peak slip

rate, rise time and rupture velocity during steady-state pulse

propagation as a function of relative strength S. . . . . . . . 26

2.8 Transition distances for supershear transition, the onset of

pulse-crack superposition and steady-state transition, as a func-

tion of S for (a) Rmax = 4.4925 and (b) Rmax = 50. . . . . . 27

2.9 Asymptotic properties of growing pulses as a function of S:

(a) gradient of slip and (c) rupture and healing front velocities. 27

2.10 Peak slip rate evolution for a growing pulse, a crack, a su-

pershear secondary crack and a supershear secondary pulse.

Examples for S = 0.923 and Rmax given in the legend. The

growth of peak slip rate V as a function of rupture propagation

distance x is consistent with a prediction based on fracture me-

chanics arguments (fit shown for the growing pulse example),

see Appendix 2.6.4. . . . . . . . . . . . . . . . . . . . . . . . . 28

2.11 Nucleation of multiple sub- and supershear fronts. Spatio-

temporal evolution of slip rate (left) and shear stress change

(right). Nucleation areas are marked in red. (a) A growing

pulse triggers a subshear crack at t ≈ 150, which in turn nu-

cleates a supershear crack at t ≈ 350 (case S = 0.9394 and

Rmax = 4.4925). (b) A steady pulse transitions into an asym-

metric bilateral crack at t ≈ 135, which in turn nucleates

supershear cracks at its forward- and back-propagating fronts

(case S = 0.67 and Rmax = 2.38). . . . . . . . . . . . . . . . 29

109



2.12 Pulse-crack transition. Spatial distribution of slip rate (blue)

and shear-stress (red) at different times (indicated on the right

of each plot) for an example of growing pulse that triggers a

crack at the hypocenter (case S = 0.9395 and Rmax = 4.4925). 30

2.13 Supershear ruptures triggered by a primary pulse. Spatio-

temporal evolution of slip rate (left) and shear stress change

(right). Nucleation areas are marked in red. The resulting

supershear rupture can be a pulse, as shown in (a) for the

case S = 1 and Rmax = 25, or a crack as shown in (b) for the

case S = 1 and Rmax = 10.63. . . . . . . . . . . . . . . . . . . 32

2.14 Rupture velocity of supershear fronts. (a) Final rupture speed

as a function of S in supershear ruptures with S and Rmax

close to the supershear transition boundary of Fig. 2.6. Also

shown are a supershear pulse and a supershear crack from a

primary pulse at S = 1. The final rupture speed is close to the

P wave speed and decreases slightly with increasing S. The

styles of the primary and supershear ruptures do not affect

rupture speed. . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.15 Rupture styles as a function of the characteristic slip veloc-

ity Vc of the velocity-weakening friction law. (a) Slip at time

t = 200 for ruptures with S = 1, Rmax = 4.4925 and differ-

ent values of Vc indicated in the legend. The rupture style

transitions are summarized along the Vc scale on the left. (b)

Conditions for rupture style transitions as a function of S and

Vc for Rmax = 4.4925. . . . . . . . . . . . . . . . . . . . . . . 34

2.16 Re-activation of slip inferred for two large earthquakes. (a)

The Tohoku-Oki (Japan) 2011 earthquake: spatio-temporal

distribution of moment rate at the hypocentral latitude (38◦)

from the source inversion model by (Lee et al., 2011) based

on strong motion, teleseismic and GPS data. (b) The Chi-

Chi (Taiwan) 1999 earthquake: spatio-temporal distribution

of slip rate of all subfaults shallower than 10 km from the

source inversion model by (Lee et al., 2006). For both events

the source inversion assumes multiple time windows in slip

rate. The red lines indicate interpreted multiple rupture fronts. 38
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2.17 (a) Nucleation “procedure 2” without healing. It has duration

T , expands at constant speed Vn, and reaches a maximum half-

size Rmax = Vn T . (b) Prescribed spatial distribution of µf at

t = T . (c) Summary of rupture styles as a function of S and

Rmax for nucleation “procedure 2”, similar to Fig. 2.6. . . . 43

2.18 Theoretical estimate of an effective relative strength, Seff , as

a function of nominal S, compared to low and high bounds

on effective S based on the minimal and maximal stress drop

measured in the simulations. We consider only subshear cracks

with values of S and Rmax very close to the supershear tran-

sition. Inset: the shear stress distribution along the fault for

a typical subshear crack. . . . . . . . . . . . . . . . . . . . . . 44

2.19 Evolution of Sd−S along the fault for different rupture styles.

Examples for T = 8.9849 and varying S. Plotted is the mini-

mal value of Sd−S reached during the passage of the primary

rupture front, excluding the prescribed nucleation region. Su-

pershear daughter cracks are nucleated when Sd − S ≈ 0.1 at

the rupture front. Pure cracks are nucleated when Sd−S ≤ 0.3

at the edge of the nucleation region. Pulse-crack superposi-

tion happens when Sd − S ≤ 1.1 at the edge of nucleation.

Steady-state pulses propagate with Sd − S ≈ 2.1. . . . . . . . 46

2.20 Evolution of Sd − S during rupture style transitions. (a)

Asymptotically constant evolution of Sd − S during steady-

state pulse-like propagation: Steady-state pulses approach Sd−
S ≈ 2.1. (b) Maximum Sd − S near the hypocenter at the

onset of pulse-crack superposition: Secondary rupture at the

hypocenter is triggered when Sd − S ≈ 1.1. (c) Maximum

Sd−S near the hypocenter at the onset of pure crack-like prop-

agation. Pure cracks propagate from Sd − S ≈ 0.3. Eventual

supershear transitions are not plotted. (d) Evolution of Sd−S
along the fault for supershear transitions from primary pulses,

cracks and secondary cracks in comparison to ruptures not nu-

cleating supershear secondary ruptures. Supershear transition

is triggered if Sd − S ≈ 0.1 is reached. . . . . . . . . . . . . . 47

2.21 Characteristic values of Sd−S for varying nucleation duration

T (and thus varying S) during steady-state pulse propagation,

at the onset of pulse-crack superposition, at the onset of pure

crack-like propagation and at the onset of supershear propa-

gation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
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3.1 2D in-plane model setup. The fault is represented by a lin-

ear interface across which displacement discontinuity is al-

lowed, embedded in an unbounded, isotropic, elasto-visco-

plastic medium. We adopt a cohesionless Coulomb yield func-

tion (Andrews, 2005) of internal friction µs (same as the static

friction on the fault). Absorbing conditions are applied on

the exterior boundaries. Artificial nucleation is applied over

a time-dependent area of size 2R. Our simulations explore a

wide range of nucleation sizes R, uniform initial shear stress

τ0 and angle Ψ of maximum compressive axis to the fault strike. 55

3.2 Results of the SCEC benchmark problem TPV13 of dynamic

rupture on a dipping fault in an elasto-plastic crust (Harris

et al., 2009, 2011). Each curve corresponds to results from

a different simulation method (authors are indicated in the

legend). Simulated horizontal (a) and vertical (b) ground ve-

locity time series at a receiver 1 km away from the fault and

300 m depth, filtered with an acausal two-poles, two-passes,

3-Hz lowpass Butterworth filter. . . . . . . . . . . . . . . . . 56

3.3 Rupture styles as a function of strength excess to stress drop

ratio, S, and nucleation size, Rmax, in elastic (gray curves) and

plastic media (coloured curves) at Ψ = 45◦. The curves indi-

cate the conditions at the transitions between rupture styles

(see legend): decaying vs growing pulses (steady-state pulse),

pulses vs cracks, subshear vs supershear ruptures. The maxi-

mum S that allows cracks, according to Zheng and Rice (1998),

is indicated as Spulse ≈ 1.95. The inset shows rupture style

transitions as a function of Ψ at Rmax = 4.5Lc. . . . . . . . . 59

3.4 Properties of pulse-like ruptures, averaged over all simulations

with growing pulses far away from transitions of rupture style.

a) Asymptotic peak slip rate in plastic media as a function of

S for Ψ = 45◦ and, in the inset, as a function of Ψ for S = 1.5

and S = 3. b) Rupture and healing front speeds as a function

of S for Ψ = 45◦, and in the inset, rise time gradient in elastic

and plastic media as a function of S for Ψ = 45◦. c) Slip

gradient in elastic and plastic media and ratio of off-fault to

on-fault seismic moment in plastic media as a function of S

for Ψ = 45◦, and, in the inset, seismic moment ratio at S = 3

as a function of Ψ. . . . . . . . . . . . . . . . . . . . . . . . . 60
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3.5 Relations between rupture velocity vr, closeness to failure pa-

rameter CF (Templeton and Rice, 2008) and peak slip rate.

(a) Peak slip rate as function of vr under varying relative

strength S and orientation of principal background stress Ψ.

The dashed line is a theoretical relation (Equation 3.8). (b)

CF versus rupture velocity vr under varying S and Ψ. The in-

set shows the CF values for all our simulations. Curve colors

indicate S, symbol colors indicate Ψ. . . . . . . . . . . . . . . 62

3.6 Asymptotic peak slip rate as a function of asymptotic rup-

ture speed for subshear and supershear cracks and pulses (see

legend) in plastic media with Ψ = 45 degrees, S = 0.92 and

varying Rmax. The dashed curves show our proposed physics-

based relations for subshear (red) and supershear (blue) rup-

tures. The relevant equations are given in the legend and are

modified versions of Equation 1 in the main text. . . . . . . 63

3.7 Rupture speed vr/cS as a function of S for Ψ = 10◦ to 65◦ from

the simulations shown in Fig. 3.5-b. Curve colors indicate Ψ

(see legend). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.8 Rotation angle (α) of the total seismic moment (the combined

effect of fault slip and off-fault plastic strain) with respect to

the fault plane, as a function of the pre-stress angle (Ψ) for

S = 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.9 Asymptotic peak slip rate as function of rupture speed for

subshear cracks and pulses at Ψ = 45◦, S = 3, Rmax = 400

and characteristic weakening velocity Vc ranging from 0.01 to

0.15 (see color scale). The dashed line represents our Equation

1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.10 Relation between peak slip rate and rupture speed in three

3D rupture simulations by Song and Dalguer (2013), which as-

sumed slip-weakening friction and heterogeneous initial stresses.

For each simulation the coefficient of variation of the nominal

stress drop, CV (∆τ), defined as the ratio of its standard de-

viation to its mean, is indicated above the respective figure.

The color scale indicates the absolute density of data points.

The dashed red line is a relation similar to our Equation 1,

but with a different pre-factor. . . . . . . . . . . . . . . . . . 67
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3.11 Same as Fig. 3.3 but extended to larger S values and with each

simulation conducted in this study indicated by a dot. Sim-

ulations utilized to study growing pulse behaviour and con-

tributing to Fig. 3.4 are highlighted in red. We note that

ruptures become self-sustained much before the imposed nu-

cleation procedure is completed. . . . . . . . . . . . . . . . . 69

3.12 The CF parameter as a function of dynamic friction coefficient,

static friction coefficient and internal friction angle. These pa-

rameters are varied individually while keeping all the remain-

ing parameters fixed (µd = 0.1, µs = 0.6, tan(φ) ≈ 0.6, S = 1

and S = 3, Ψ = 45). The solid line indicates CF=0.8, lead-

ing to vr < 0.6 cs (see Fig. 3.5-b). Higher dynamic friction

coefficients µd or lower S may lead to slow ruptures. The con-

sideration of non-zero cohesion would further lower CF at a

given parameter combination. . . . . . . . . . . . . . . . . . 70

3.13 Subshear cracks and pulses and supershear cracks and pulses

in plastic media with Ψ = 45, S = 0.92 and Rmax = 4...30 km.

(a) Rupture velocity vr versus propagation distance along fault

X. (b) Peak slip rate Vmax versus propagation distance along

fault X. (c) Asymptotic peak slip rate as function of vr un-

der varying Rmax. The dashed line is a relation predicted

from fracture mechanical arguments (Gabriel et al., 2012b;

Ida, 1973) for subshear ruptures. . . . . . . . . . . . . . . . 70

4.1 2D in-plane plane-strain rupture model setup. Initial normal

stress σ0 and initial shear stress τ0 result in maximum com-

pressive stress τmax at angle Ψ to the prescribed fault line. Ini-

tial stresses are uniform. Simulations of section 4.3.2 decrease

initial shear stress smoothly to near zero at X = 75 km by a

constant, prescribed gradient to stop ruptures. Rupture is ini-

tiated by self-healing time-weakening nucleation over 2Rmax.

A Coulomb yield criterion is applied limiting stresses at the

rupture tip to the yielding stress Y and inducing an (asym-

metric) plastic strain field off the fault. The computational

domain is chosen large enough to avoid boundary effects. . . 80
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4.2 Plastic shear strain distribution in the 2D domain induced by

a dynamic rupture transitioning (a) from steady-state pulse to

self-similar growing pulse, (b) from growing pulse to a super-

positioning crack, (c) from subshear crack to supershear crack

at Ψ = 45, S = 0.88, Rmax = 5 km. Coloured lines indicate

the location of the cross sections summarized in (d). Ruptures

are not stopped. . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3 Off-fault (dashed lines) and on-fault (solid lines) seismic mo-

ment in plastic media for a steady-state pulse, self-similar

growing pulse, crack and supershear crack like rupture at S =

0.88 and Ψ = 45. . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Normalized amplitude reduction r with fault normal distance

(ZFN ) of (a) fault parallel maximum particle velocity d(V FP
max)

(b) fault normal maximum particle velocity d(V FN
max) . Exem-

plary growing pulse, subshear crack and supershear crack-like

rupture at S = 0.88 and Ψ = 45. Ruptures are not stopped.

Plastic strain fields are induced in negative Z direction with

varying width. . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5 Source characteristics of a self-similar growing pulse in plas-

tic (Ψ = 45) and in elastic media, both at S = 1. The total

seismic moment induced by the plastic pulse is ≈ 66 % of

the elastically caused. (a) Spatio-temporal evolution of slip

rate along the fault in the presence of off-fault plasticity. (b)

Spatio-temporal evolution of slip rate along the fault in purely

elastic media. (c) Spectral amplitude Aspec of normalized seis-

mic potency rate, from (a) in blue and from (b) in red. (d)

Seismic potency rate dP/dt normalized by total seismic po-

tency P0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.6 Peak particle velocity distribution of a subshear crack trig-

gering a supershear crack (Fig. 4.8) in plastic (Ψ = 45) and

elastic media at S = 0.67. (a) Peak fault normal particle veloc-

ity in elastic media. (b) Peak fault parallel particle velocity

in elastic media. (c) Peak fault normal particle velocity in

plastic media. (d) Peak fault normal particle velocity in plas-

tic media. The dashed line indicates the location of synthetic

seismogram recordings in Fig. 4.9 (c). . . . . . . . . . . . . . 87
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4.7 Peak particle velocity distribution of self-similar growing pulses

in plastic (Ψ = 45) and elastic media, at S = 1. (a) Fault

normal maximum particle velocity across the elastic computa-

tional domain. (b) Fault parallel maximum particle velocity

across the elastic computational domain. (c) Fault normal

maximum particle velocity across the plastic computational

domain. (d) Fault parallel maximum particle velocity across

the plastic computational domain. The dashed line indicates

the station locations of the synthetic seismograms in Fig. 4.9

(a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.8 Source characteristics of a subshear crack triggering a supers-

hear daughter crack in plastic (Ψ = 45) and elastic media at

S = 0.67. The total seismic moment of both ruptures is com-

mensurate. (a) Spatio-temporal evolution of slip rate along

the fault in the presence of off-fault plasticity. (b) Spatio-

temporal evolution of slip rate along the fault in purely elastic

media. (c) Spectral amplitude Aspec of normalized seismic po-

tency rate, from (a) in blue and from (b) in red. (d) Seismic

potency rate dP/dt normalized by total seismic potency P0. 89

4.9 Synthetic seismograms in elastic (red) and plastic (blue) me-

dia from fault-normal velocity (solid lines) and fault-parallel

velocity (dashed lines). (a) Self-similar growing pulses (Fig.

4.5). (b) Subshear cracks. (c) Supershear daughter cracks

triggered by subshear primary cracks (Fig. 4.8). The distance

d from each station normal to the fault is indicated in (a).

Stations are located along a cross section of X = 35 km in

(a) and (b) and along X = 105 km in (c), as indicated by the

dashed lines in 4.7 and 4.6. . . . . . . . . . . . . . . . . . . . 90

4.10 Source characteristics of a pulse followed by a re-activated

crack compared to a purely crack-like rupture in elastic media

at S = 1. The total seismic moment of the pure crack ex-

ceeds the moment of the re-activated rupture by ≈ 50 % . (a)

Spatio-temporal evolution of slip rate along the fault featuring

re-activation. (b) Spatio-temporal evolution of slip rate along

the fault for a pure crack-like rupture. (c) Spectral amplitude

Aspec of normalized seismic potency rate, for re-activated rup-

ture (green) and crack-like rupture (red). (d) Seismic potency

rate dP/dt normalized by total seismic potency P0. . . . . . 91
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4.11 Synthetic seismograms for a re-activated rupture (Fig. 4.10).

The distance d of each station normal to the fault is indicated.

Fault normal velocities are plot as solid lines, fault parallel

velocities as dashed lines. Stations are located along a cross

section of X = 21 km. . . . . . . . . . . . . . . . . . . . . . . 92

4.12 Peak particle velocity distributions after a re-activated and a

pure crack like rupture across the computational domain. (a)

Fault normal component, corresponding to the re-activated

slip rate history on the fault in Fig. 4.10. (b) Fault paral-

lel component of the re-activated rupture. (c) Fault normal

component, corresponding to a purely crack-like rupture. (d)

Fault parallel component of the purely crack-like rupture. . . 93

4.13 Near-field ground motion characteristics of a complex source

involving multiple rupture fronts and speeds at S = 0.67. (a)

Peak particle velocities in fault normal direction across the

computational domain. (c) Peak particle velocities in fault

parallel direction across the computational domain. Dots in-

dicate the stations which record synthetic seismograms, the

dashed line indicates the location used in (d). (b) Spatio-

temporal evolution of slip rate along the fault. (d) Synthetic

seismograms of fault normal velocity at X = 5 km. . . . . . 94
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