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Summary

A general feature of tectonic faults is the juxtaposition of materials with dissimilar elastic prop-
erties in a variety of contexts and scales. Normal and reverse faults offset vertical stratifications,
large strike-slip faults displace different crustal blocks, oceanic and continental crusts at subduc-
tion interfaces, and oceanic transforms juxtapose rocks of different ages. Bimaterial interfaces
associated with rock damage are present with various degrees of sharpness in typical fault zone
structures, and failure along a bimaterial interface can be effective even on microscopic scale of

grain boundaries.

A first order representation of a geological fault for seismic events is a frictional interface
embedded in an elastic body. This study focusses on dynamic effects in the presence of material
discontinuities altering dynamics of failure and dynamic rupture propagation on frictional inter-
faces. When the medium surrounding a fault is heterogeneous, the symmetry of stress is broken
up and perturbations of normal stress introduces additional instability potentially generating

additional propagation modes of rupture.

This study presents three specific numerical investigations of the aforementioned rupture
phenomena associated with material contrasts at the fault. A first numerical study (a) inves-
tigates 2-D in-plane ruptures in a model consisting of two different half-spaces separated by
a low-velocity layer and possible simultaneous slip along multiple faults. This study shows
that bimaterial frictional interfaces are attractive trajectories of rupture propagation, and rup-
tures tend to migrate to material interfaces and becoming self-sustained slip pulses for wide
ranges of conditions. In a second numerical study (b), the propagation of a purely material
contrast driven rupture mode, that is associated with the so-called Weertman or Adams-instable
pulse, is shown to exist also in the general 3-D case, where there is a mixing of in-plane and
anti-plane modes, the bimaterial mechanism acting in the in-plane direction only. Finally, in
a further numerical investigation (c) it is demonstrated, that the rupture dynamics and ground
motion can be significantly influenced by bimaterial mechanisms of rupture propagation for
ranges of parameters. The model studied here comprises heterogeneous initial shear stress on a
slip-weakening frictional interfaces separating two dissimilar elastic bodies, a free surface. The

discussion focusses on the diversity of existing rupture propagation modes and ground motion.

The investigated models and obtained results are motivated and discussed in the context of

complementary numerical investigations, theoretical studies of stability analysis, seismological
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observations of earthquakes and aftershock sequences, geological observations of fault zone

structures, tomographic studies, and geodetic observations.
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Chapter 1

Introduction

1.1 Motivation

As a consequence of continental plate movement, most likely driven by viscous flow of material
in the Earth’s mantle, the Earth’s crust accommodates tectonic strain and therefore elastic strain
energy. This energy can either be released slowly by creep and viscous flow, or it can be
released abruptly and rapidly, in this case, a part of it is transferred into non-elastic deformation
and transformed in dissipative processes when breaking crustal materials and during frictional
sliding, while another part of the energy is radiated through elastic waves reaching even remote
places far away from the source. Such a rapidly and abruptly happening seismic event is called
earthquake.

Earthquakes and their radiated ground motion pose a serious natural hazard in many parts of
the world. Six of the most fatal earthquakes during the past five years — the magnitude 7.9 China
2008, magnitude 8.0 Peru 2007, magnitude 6.3 Indonesia 2006, magnitude 7.6 Pakistan 2005,
magnitude 9.1 Sumatra 2004, magnitude 6.6 Iran 2003 earthquakes — caused, altogether, more
than 420000 fatalities and an even larger number of injured. Injuries and diseases, structural
damage, damage of crop and infrastructure put another large number of people into misery,
harm and/or economic ruin. Beyond its cruel effect on individuals and society within it has
economically a large impact world wide due to globalization of commerce and required spread
of risk. Hence, it is of huge interest world wide to rise the endeavors in research to better un-
derstand the dynamics of the earth’s crust, the dynamics of earthquakes, its structural response,
and to develop forecast models in order to prevent humanitarian catastrophes, minimize damage
and risk in future times.

One of the major goals of todays seismology is the estimation of time histories of the ground
motion at specific locations after a hypothetical earthquake rupture on a particular fault or sys-
tem of faults. These histories (earthquake scenario) can be used to model the response of in-
frastructure and constructions in order to improve the resistance of structures to damage from

ground shaking or to evaluate potential seismic hazard.
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Estimating earthquake ground motions requires a detailed description of the kinematic
source, the slip history between opposite sides of the fault during the earthquake rupture pro-
cess, and of the medium through which the seismic waves propagate from the fault to the site
of interest. Variations of material properties and stress in the crust occur over a wide range of
spatial scales, from the small-scale variety of minerals in a rock to the large-scale variety of ge-
ologic units on the continental scale, affecting both earthquake source and transmitting medium
of the seismic waves. The dynamics of faults also incorporate a wide range of time scales from
geological times of thousands of years to fractions of seconds during an individual earthquake.
Earthquakes nucleate when the slip between the two sides of a fault accelerates in a sponta-
neously growing patch. The acceleration and deceleration of the propagating rupture due to
variations and evolution of stress and strength generates seismic waves over a broad frequency
range. The emitted seismic waves are refracted and reflected by horizontal and lateral seismic
boundaries in the crust due to variations of rock type and composition, fractures, and fluid pres-
sure. Man-made structures have natural frequencies of vibration between about 0.1 and 20 Hz;
and variations in seismic velocity and density on a scale of tens of meters to kilometers have to
be considered for accurate shaking estimates, focussing or scattering effects lead to focusing or
dispersion or diffusion of ground motion and can affect building response. The large ranges of
temporal and spatial scales and the large number of degrees of freedom involved in the earth-
quake faulting process pose a challenging problem which cannot yet be solved without rigorous

simplifications on the involved scales and/or processes.

Principally various types of sources can generate seismic waves (explosions, rapid phase
transformations, etc.). However, the source of interest in geological faulting is mostly the one
involving a surface, the fault-plane, across which shear motion develops. Such a source com-
prises a discontinuity of displacement as a function of time (slip history). For the case the slip
history on the fault plane is known, the motion throughout the medium is deterministic and
the ground motion at the surface in a region of interest can be calculated when a sufficiently
accurate model of elastic parameters is available. This provides the possibility to characterize
what may be learned from far-field and/or near-field observation about the kinematics of mo-
tion at an earthquake source. It is also the basis of the kinematic source inverse process, that
is calculating slip history on a fault from seismometer recordings. The key source parameters
in such kinematic models are: fault area, rupture velocity, permanent slip, and rise time. The
physical processes occurring in the source region are not described in such a model. In order
to learn about the physical mechanisms that are responsible for the resulting source kinematics,
stress-dependent material properties have to be taken into account such that strength, material
failure, friction, and stress evolve consistently. In such models the kinematic spreading of the

rupture over the fault-plane is spontaneous and is a solution of a non-linear problem.

Seismic wave propagation can be described to a large portion by the relationship between

the gradient of the stress and acceleration and the relationship of stress and strain (Hooke’s
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law). In the source region of an earthquake, Hooke’s law fails and needs to be replaced by
other expressions that relate stress and deformation of the material within that source region.
The non-elastic processes can often be simplified to a model of a surface of weakness, the
fault-plane, which has the potential to rupture during an individual event. Stress can rise in the
region of the source due to tectonic processes over mostly long time ranges prior to a significant
event. Frictional resistance governing the fault is limited, and when exceeded failure and slip
begin. Pre-existing fault-surfaces are likely reused over many earthquake cycles since they are
weaker than the strength of intact material and therefore efficient failure surfaces as long as the

orientation of the fault is efficient with respect to the shear loading.

In theoretical seismology the frictional shearing stress between two faces of a fault surface
is thought to be proportional to normal stress. In order to generate stick-slip behavior it is nec-
essary that frictional resistance falls from a static value of friction at the onset of slip to a lower
value when sliding. How exactly does the failure take place is the topic of ongoing research:
for instance, ductile behavior of the material, non-linear stress-strain relation during nucleation,
stress and time-scale dependence of the nucleation, temporal evolution of the weakening of a
fault during a seismic event, etc.. In order to effectively excite a reduction of frictional shear
resistance, it is also plausibly possible, that changes of normal stress in addition to a change in
friction coefficient during rupture propagation takes place for various reasons (e.g., non-planar
fault geometries (kinked or curved fault), free surface reflections at normal, reverse, and dipping
strike-slip faults). A simple but effective example for a mechanism causing changes in normal
stress is the presence of material discontinuities in the source region, which are known to exist
on different spatial scales, and various levels of sharpness. Other sources of normal stress per-
turbations on the fault can be non-planar fault geometries (kinked or curved fault), and/or free

surface reflections at normal, reverse, and dipping strike-slip faults.

Properties of friction, shear resistance, evolution of sliding surfaces and related topics are
subject of laboratory experiments since a long time. A prevalent outcome of such experiments
are empirical laws of frictional evolution. Nowadays approximate solutions to the dynamic rup-
ture problem are obtainable due to the combination of todays computer processing power and
numerical concepts. Therefore the empirical laws for friction have been (and can be) success-
fully applied to model spontaneous rupture propagation reproducing characteristic features of
seismological and laboratory observations. However, many involved parameters of theses mod-
els are poorly constraint. This is originated by a large discrepancy between the scales of many
relevant physical parameters in laboratory experiments and natural geological fault systems.
Therefore numerous numerical simulations have to be performed usually in order to graze sig-
nificant ranges of parameters and parameter combinations, even in the case of relatively simple

models, to capture the wide range of system behavior and response.

Despite this success of self-consistency of many empirical friction laws, still a major prob-

lem is that the governing physical mechanisms are poorly understood and/or the parameters
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of these mechanisms are poorly constraint and physically interpretable. Therefore additional
theoretical concepts as well as additional laboratory experiments have to be invented to pursue
future research in this challenging field.

1.2 Goal of the Study

The study presented here focuses on the aspect of the influence of material contrasts (contrasts
in elastic parameters) on fault dynamics and ground motion. As mentioned before, such material
discontinuities may allow for a reduction of shear resistance due to variations of normal stress in
addition to potential loss in shear strength due to frictional weakening mechanisms. The study
presented here shows, that (a) bimaterial frictional interfaces are attractive trajectories of rupture
propagation, (b) propagation modes specific to in-plane shear along bimaterial interfaces exist
also in the 3D-case of mixed in-plane and anti-plane modes, and (c) that the rupture dynamics
and therefore the ground motion can be significantly influenced by the bimaterial mechanism
during rupture propagation. The interpretation of the results and phrasing of the conclusions
presented here tries to reflect and incorporate a broad range of additionally available knowledge

from other studies that is excluded by the limits and simplifications of the studied model.

1.3 Structure of the Thesis

Chapter 1 introduces and motivates the topic, and presents the structure of the thesis.

Chapter 2 gives an overview of representative fault-zone structures and decisive physical pro-
cesses in these structures in order to motivate a simplified model of a frictional surface embed-
ded in an elastic medium as a meaningful model of earthquake faulting. The discussion reveals
potentials and limits of these models. Specifically, section 2 discusses representative fault-zone
structure from field observations, the constitutive behavior of such fault structure, modes of
rupture propagation, section 2.2 describes the model of a fault as a frictional interface, and its
governing equations and numerical implementations (their details given in the appendices A).

Section 2.3 discusses the complications of rupture dynamics specific to bimaterial interfaces.

Chapter 3 presents a numerical parameter-space study of 2-D in-plane ruptures in a model con-
sisting of two different half-spaces separated by a low-velocity layer and possible simultaneous
slip along multiple faults. Ruptures are nucleated by a bilateral expanding stress drop in a lim-
ited source region, and may continue to propagate spontaneously (or not) along one or several
faults. A general result of the study is that ruptures tend to migrate to the material interfaces
and become self-sustained wrinkle-like pulses for wide ranges of conditions, supporting the

hypothesis that bimaterial interfaces are attractive trajectories of failure for realistic earthquake
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sources. This chapter presents the study of Brietzke and Ben-Zion (2006) in a slightly modified

form.

Chapter 4 presents a numerical study of dynamic rupture propagation on a plane in a model
consisting of two different elastic half spaces connected via a planar frictional interface gov-
erned by regularized Coulomb friction. Here it is shown how a purely material contrast driven
rupture pulse can mature also in the 3D case due to perturbations of normal stress. This chapter
presents the study of Brietzke et al. (2007) in a slightly modified form.

Chapter S presents a numerical investigation of dynamic ruptures on a bimaterial interface
in 3D with regularized slip-weakening friction and a heterogeneous initial shear stress. The
model includes a free surface and therefore allows for discussion of rupture dynamics as well
as the resulting strong ground motion. Effects introduced by the material contrast are separated
by running simulations twice, the orientation of the bimaterial setup being switched for the
individual orientations. The study demonstrates, that for many parameter sets the dynamics
of rupture propagation are significantly influenced by the material discontinuity during rupture
propagation. Therefore the differences between both material contrast orientations in ground
motion can be very large even when distribution of final slip are very similar, the moment
magnitude essential identical. This chapter presents the study of Brietzke et al. (2009) in a
slightly modified form.

Chapter 6 presents overall conclusions of the presented study, addresses open questions, and
accordingly highlights potential near future studies in this line of research.
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Chapter 2

Earthquake Source Model

2.1 Fault-zone and Rupture Dynamics

2.1.1 Fault-zone Structure

The structure of fault-zones has been the focus of many investigations to improve knowledge of
micro-scale processes, fault zone rheology and dynamic weakening processes. It has been found
that coseismic slip on mature faults is often localized within 1 - 5 mm inside an ultracataclasite
core of cm to meter scale. A zone of highly fractured and/or granulated material with large
porosity is often surrounding the fault core with up to hundreds of meters thickness: the damage
zone.

Evidence for such a model has been collected from the Punchbowl fault by Chester and
Chester (1998) (see Figure 2.1 taken from (Chester and Chester, 1998)), the San Gabriel fault
by Chester et al. (1993), the Median Tectonic Line by Wibberley and Shimamoto (2002), the
Nojima fault Lockner et al. (1999), as well as from other observations summarized in Sibson
(2003), Ben-Zion and Sammis (2003) and Biegel and Sammis (2004), Shipton et al. (2006) (see
Figure 2.2 taken from Shipton et al. (2006)). According to these observations slip is generally
accommodated along a single nearly planar surface. The width and the complexity of fault
zones inferred from the analysis of surface ruptures depend on the faulting mechanism (i.e.,
whether reverse, normal, strike-slip or oblique), and free surface effects (e.g. induced by a
sedimentary cover)(Rice and Cocco, 2006).

The geological observations of fault zones presented above raise several important issues
which have to be addressed in order to understand the mechanical properties of faults as well as
the dynamic weakening processes occurring during earthquakes.

In the absence of any mechanism to rapidly reduce strength at the onset of slip (weakening),
the temperature increase caused by a meter of slip within a few millimeters thick slipping zone
would be larger than 1000°C. Such a change in temperature should lead to melting and forma-

tion of pseudotachylytes as well as an increased heat outflow along the fault (Rice and Cocco,

7
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7| Leucocratic basement
Melanocratic basement
| Medium sandstone

Fine sandstone

cataclasite

[ otive black
—— Contacts and fractures
Prominent fracture surface

Fig. 4. Structure of the ultracataclasite layer mapped at ascale of 1:10. (2) Slip-perpendicular exposure is shown in two panels: A-B and B-C. (b) Slip-parallel exposure is shown
in four panels: D-E, E-F, F~G, and G-H. Location of the photographs shown in Fig. 2b and Fig. 3 are shown.

Fig. 4 (continued).

Fig. 4 (continued).

FIGURE 2.1: Evidence for localization of coseismic slip on a narrow zone of 1 - 5 mm inside an
ultracataclasite core at the Punchbowl fault (taken from Chester and Chester (1998)).
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Figure 1. a) Small fault from Bear Creek, Sierra Nevada, with
slip of ~ 20 ecm. This fault nucleated on a cooling joint filled with
chlorite, epidote, and quartz. b) Photomicrograph from a fault in
Bear Creek, Sierra Nevada, with ~ 60cm slip exhibiting a narrow
cataclasite PSZ within a 5 mm thick fault zone. ¢) PSZ with ~ 80 m
slip from King’s Canyon, Sierra Nevada, localized along the edge
of the fault core. d) Photomicrograph of a PSZ from the Gemini
fault with 100 m of total slip. Dark fine-grained material is chlorite
muscovite foliated gouge with quartz fragments in the matrix.

2.1. FAULT-ZONE AND RUPTURE DYNAMICS

moment magnitude (assuming circular fault, area = n(L/2)*)

0 2 4 6 7
1 1 1 1 1

co-seismic slip (m) (assuming entire length of fault ruptures)
0.001 0.01 0.1 1 10

1 1 1 1 1

G=10"Jm’ South African Chester et al. 1603
o rockbursts™ " -~ Chester and Chéster 1998
E | Lim 1998 McGarr et al. 1979  Schulz angEvans 1998
E 100 Robeson 1998
g G210 ]
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3 o
= =10°Jm* Heermance
% 1 -G i etal. 2003
§ Pachell and
% Evans 2002

0.1fF
r v . r .
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fault length, L (m)

Figure 2. Fault length vs. PSZ thickness. Field data for thick-
ness of the PSZ are represented by arrows where a range of PSZ
thicknesses exist for a single fault, and by boxes where a range of
PSZ thicknesses were measured on a range of fault lengths. If we
assume the entire length of the observed faults slipped in an earth-
quake the maximum cosesimic slip is calculated using the scaling
of fault length and slip from Scholz [2002]. Moment magnitudes
for these earthquakes are calculated from Wells and Coppersmith
[1994]. The lines show maximum PSZ thickness as a function of
seismic slip calculated from equation 3 using values for S, y and
p from the text and assuming that E ;; /A is equivalent to G. The
solid line uses the empirical relation between G and earthquake
size from Abercrombie and Rice [2005]. The dotted lines are for
constant labeled values of G.

FIGURE 2.2: Left panel: evidence for localization of coseismic slip at a fault at Bear Creek, Sierra
Nevada (after Shipton et al. (2006)). Right panel: parameter range for the localization of slip (as thickness
of the principle slip zone (PSZ)) in dependence of earthquake magnitude, co-seismic slip and fault length
(after Shipton et al. (2006))
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2006). Melts with low viscosity can lubricate and thus weaken faults (Sibson, 1975; Spray,
1993; Brodsky and Kanamori, 2001; Kanamori and Brodsky, 2001). However, the scarcity of
melts, pseudotachylytes and the lack of increased heat flow along faults (e.g., heat flow para-
dox at the San Andreas Fault (SAF)) suggests that dynamic fault weakening must happen, and
weakening mechanisms other than melt lubrication play an important role in earthquake faulting
(Sibson, 2003).

2.1.2 Fault Constitutive Behavior for Predictive Earthquake Models

For the usage of experimental and theoretical results in predictive large scale fault rupture mod-
els simplification without the loss of essential features is necessary. Accordingly a main result
that is relevant to characterizing dynamic fault weakening during an earthquake is the evolution
of traction on the fault.

Weakening during earthquake rupture propagation is usually represented by a drop in trac-
tion with increasing slip (see Figure 2.3), resulting in the well known slip-weakening model.
Constitutive laws with a consistent behavior can have different physical processes as origin
(Cocco and Bizzarri, 2002). Reduction of shear stress during dynamic rupture propagation oc-
curs within a finite zone behind the tip of the crack called the cohesive zone (Barenblatt, 1959;
Ida, 1972; Palmer and Rice, 1973), also called process zone, breakdown zone by others (e.g.,
Ben-Zion, 2003). Traction variation with slip is common to any constitutive relation proposed
to model rupture propagation, but the shape of the slip weakening curve differs among various

constitutive formulations. The constitutive laws proposed in the literature can be grouped in

Strength Excess

Stress Breakdown

=
g

g TO """"""""""""""""""""""""""""" Q. """"""""""" Q. o
=~ =) 2
= G 5 24
Fracture ) g
T Energy 2 “

d e D
[ D: final

FIGURE 2.3: Schematic slip dependent weakening at a point on the fault. Traction increases from its

initial value 7y to the upper yield stress, here 7, when slip starts, stress drops.

two main classes: slip-dependent (Andrews, 1976a,b; Ohnaka and Yamashita, 1989) and rate-
and state-dependent laws (Dieterich, 1979; Runia, 1983). The former assumes that friction is a

function of the fault slip only, while the latter implies that the friction is a function of slip veloc-
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ity and state variables. The slip weakening model has been widely used as a constitutive relation
to model dynamic rupture with theoretical and numerical approaches (Andrews, 1976a,b), its
advantages are simplicity and prescription of traction evolution. In a simple triangular form

often used in numerical calculations the slip weakening model can be written as follows:

D
fsw: fs_(fs_fd)D_c for D<Dc (2.1)
fd for D> D,

with f; static friction coefficient, fy dynamic friction coefficient, and D. characteristic slip-
weakening distance. Dependence of traction on slip has been observed in dynamic laboratory
experiments (e.g., Ohnaka and Yamashita, 1989). With the initial stress 7y, the yield stress
Ts = fsOn, the kinetic friction level 74 = f40, the slip-weakening law (equation 2.1) exhibits the
traction vs. slip evolution curve as shown in Figure 2.4. The size of the cohesive zone in the

To |

Ty

Traction

Tg o]

0 Dc Dﬁnal
Slip

FIGURE 2.4: Traction evolution as a function of slip with a simple triangular slip-weakening model. 1

being the initial stress, 7; = f;0, the yield stress, and 74 = f40, the kinetic friction level.

slip-weakening formulation is X, = cuuD./[0n(fs — fa)] with dimensionless constant ¢ of order
2-3 and rigidity u. Laboratory values of D, depend on the roughness of the sliding surface
and possible existence of gouge (Marone, 1998, and references therin). Laboratory experiments
(e.g., Li, 1987; Ohnaka, 2003), give estimates on its value in the range of (1076 —5 x 107#) m.
With fs — fqg = 0.05 and a representative ratio for the seismogenic zone u /o, = 300 implies
values of X; in the range (0.01-10) m. However, seismological observations give estimates of
D. =0.01 —4 m (Mikumo et al., 2003).

In rate- and state-dependent friction laws the dependency of the friction coefficient is on slip
velocity, and history (represented by state variables), and normal stress. In a classical form of
rate- and state-dependent friction, with a single state variable and no dependency of the friction

coefficient on normal stress, the friction coefficient can be written as:

f=fo+aln (%) +bln <@) , 2.2)
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Slip

Q
£ !
= " 1| Cohesive
1| Zone X
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FIGURE 2.5: Schematic spatio-temporal evolution of slip obtained by a numerical experiment of spon-
taneous dynamic propagation on a 2-D fault (modified after (Cocco et al., 2004)) with slip weakening
(equation 2.1). The cohesive or breakdown zone is defined as the region shear stress degradation from
the upper yield stress to the kinetic friction level. Note that the spatial dimension of the cohesive or

breakdown zone X is different from the critical slip weakening distance D..

with the evolution equation of the state-variable ©:

. 140
=1- = 2.
Q) T (2.3)

where fj is a nominal friction coefficient, V and V; are current and reference values of sliding

velocity, a and b are material properties (e.g., Scholz, 1998).

The characteristic length scale parameters of these two constitutive formulations are the
slip weakening distance D, the slip required for traction to drop to its residual value, and
the parameter L, the characteristic length for the renewal of a population of contacts along
the sliding surface. These two length scale parameters are different although it is possible
to associate slip weakening and rate- and state-constitutive parameters in situations of rapid
increase in slip velocity, like at a propagating rupture front (Cocco and Bizzarri, 2002; Bizzarri
and Cocco, 2003).

While the slip-weakening formulation allows for modeling of dynamic propagation of rup-
ture, the rate- and state-constitutive laws allow the definition of different frictional regimes: the
modeling of rupture nucleation (Lapusta and Zheng, 2000, and references therein), dynamic
rupture propagation (e.g., Bizzarri et al., 2001) as well as fault restrengthening during the inter-
seismic period (e.g., Cocco et al., 2004); therefore, it has been used to simulate repeated seismic
cycles (e.g., Lapusta and Zheng, 2000; Hori et al., 2004). Slip-weakening is a characteristic be-
havior of rate- and state-friction.

Theoretical constitutive modeling of weakening by thermal pressurization (Bizzarri and
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Cocco, 2006a,b), as well as seismic attempts to look at the scaling of fracture energy with
slip in an earthquake (Abercrombie and Rice, 2005; Rice et al., 2005; Tinti et al., 2005), sug-
gest that the effective slip-weakening law might have a multiscale character not envisioned in
the classical formulations of slip weakening. That multiscale character means that discernible
weakening continues, at an ever diminishing rate with slip, out to large slips of the order of
meters. Such response, when fitted to classical linear slip-weakening models has led instead to
the interpretation that D, depends on the slip in an earthquake D, = D¢(Dfipar) (e.g., Ohnaka,
2003; Fukuyama and Mikumo, 2007).

2.1.3 Crack and Pulse-like Rupture

Seismological observations show that slip duration at a point can be relatively short compared
to the duration of the entire rupture event (Heaton, 1990). A mechanism of such a healing of
slip may be a feature of the constitutive relation. A possible interpretation is the association
of healing of slip with strong heterogeneity of stress or strength on the fault plane (Beroza
and Mikumo, 1996; Day et al., 1998). Another interpretation associates healing with strong
rate-weakening in the constitutive relation (Cochard and Madariaga, 1996; Beeler and Tullis,
1996; Zheng and Rice, 1998; Nielsen and Carlson, 2000). If the healing of slip is caused by the
constitutive relation, a fast restrengthening occurs immediately after the dynamic weakening,
whereas if strength or stress heterogeneity controls slip duration, the stress remains near to or
slightly below (dynamic overshoot) the kinetic friction level. A sketch for those two traction

evolutions is shown in Figure 2.6. In the presence of a material discontinuity across the fault, the
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FIGURE 2.6: Schematic traction evolution at a point on the fault: dynamic traction increases from its
initial value 7y to the upper yield stress 7, and drops to the kinetic friction level 74. In evolution (1) slip
occurs at a constant kinetic friction level, while for case (2) a fast restrengthening causes the healing of

slip.

difference in elastic properties on the two sides of the fault plane can asymmetrically contribute
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to healing (Weertman, 1980; Andrews and Ben-Zion, 1997). Other possibilities of induced
healing are, e.g. abrupt cessation of a weakening mechanism by hydraulic cracking (Sibson,
1973), or abrupt increase of frictional resistance with the earliest phases of melting (Tsutsumi
and Shimamoto, 1997; Hirose and Shimamoto, 2005). The understanding of what controls slip
duration during real earthquakes is relevant to estimating frictional heating, radiated seismic

energy, and the earthquake energy balance.

2.2 Fault as a Frictional Interface in an Elastic Medium

Since field observations indicate that slip of individual events on mature crustal faults occurs
essentially within a very narrow zone of shear, the idealization of the earthquake source rup-
ture as a dynamically running shear crack on a frictional interface embedded in a linearly elastic
continuum is widely accepted as a useful approximation of coseismic fault evolution that allows
for exploring dynamic behavior of spontaneous rupture propagation (e.g., Kostrov, 1964, 1966;
Andrews, 1976a,b; Das and Aki, 1977; Day, 1982a,b; Fukuyama and Madariaga, 1998; Harris
and Day, 1999; Dalguer et al., 2001). Since the frictional interface introduces a non-linear cou-
pling of stress and strain as described by the governing constitutive law, the problem then can
be seen as a partial differential equation with a non-linear boundary condition. There are no
analytical solutions to such a system, and finding solutions requires computationally intensive
numerical procedures to achieve approximate solutions. As discussed later, for the case that the
interface separates two half spaces of different elastic properties (bimaterial case), grid inde-
pendent numerical solutions are even harder to achieve than in the homogeneous case because

the physical problem is extremely unstable (Weertman, 1980; Adams, 1998).

2.2.1 Elastodynamic Equations

Since an idealized earthquake fault can be seen as a mathematical plane with a governing fric-
tion law, that is embedded in a linear elastic medium, the system has to comply with the equa-
tions of motions. With p the density, v the velocity vector, O the stress-tensor, ¢ = ¢;ji; the
elasticity tensor, € = & the strain-rate tensor, the equations of motion in a three dimensional
linear elastic anisotropic media without sources can be formulated in the following compact
form:

dv=p Vo, (2.4)

J,0 = €. (2.5)
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In the isotropic case the elastic tensor ¢ reduces to two independent elastic constant A and u
and equation 2.5 can be written as

006 =A(V-v)d+u(Vv+vV), (2.6)

with 8 = §;; the Kronecker delta.

2.2.2 Fault Jump Conditions

Shear strength on a frictional interface is the frictional strength. As discussed in section 2.1.2
frictional strength evolves according to some specified friction law, and may (or may not) de-

pend on many variables or parameters:
=6 f(D,V,1,0,7,..), (2.7)

with ogff the effective normal stress, and f the friction coefficient, which, in general, can be a
function of slip D = |D|, slip velocity V = |V|, time ¢ and evolutionary variable of state 6 and/or
other mechanical or thermal variables or parameters . The frictional sliding on an interface is
then governed by the fault velocity discontinuity (boundary) conditions in the following two
equations:

° —|t] >0, (2.8)

meaning that the amplitude of shear traction T = || on the interface cannot exceed the shear or
frictional strength, and
TV —1|V|=0, (2.9)

stipulating that any nonzero velocity discontinuity V (vector of differential velocity or slip ve-
locity) will be opposed by an antiparallel traction T with its amplitude equal to the frictional
strength 7°.

2.2.3 Numerical Implementation

Different numerical implementations have been developed until recently to solve the set of
differential equations and boundary conditions given above (equations 2.4, 2.6, 2.7, 2.9). Al-
though finite-differences are the most simple discretization approach, they have been proven
to be efficient for many scientific problems and frictional boundary implementations for finite-
differences have been developed and used since decades (e.g., Andrews, 1973, 1976a,b; Day,
1982a,b; Madariaga et al., 1998; Andrews, 1999) and adopted or improved in recent devel-
opments (e.g., Dalguer and Day, 2007a). Three different formulations are used later on: in
chapter 3, a traction-at-split-node formulation as introduced by Andrews (1973), in chapter 4,

a formulation introduced by Andrews (1999) (for details see appendix A.3), and in chapter 5, a
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formulation introduced by Dalguer and Day (2007a) (see appendix A.2 for details).

The coding of the numerical schemes is done using the programming language Fortran. The
language standards used comprise mostly the Fortran 95 standard, with a few Fortran 2003 lan-
guage features that are already supported by recent compiler versions (ifort 10.1, gfortran 4.2),
and a few other extensions which are generally available in most computing environments. The
Fortran-code is parallelized using the Message Passing Interface (MPI), and can run on large
parallel supercomputers such as the HLRB II of the Leibniz-Rechenzentrum (LLRZ) in Munich.
The software developed here is designed for a massive parallel environment and has been tested
on up to 512 computational nodes using about 1 terra byte distributed memory (Brietzke et al.,
2004). In principle it should be capable of even handling thousands of processes with several
terra byte distributed memory for even larger computations of larger and/or more accurate mod-
els. The code can also run with a small model setup as a single process on a single processor,
however, the MPI-library with a Fortran 90 interface must be present during compilation or
execution. In addition to its dependence on the MPI-library, the program can optionally pro-
duce simple graphics output (exporting eps- and/or png-files). The graphics option is based on
the fortran graphics subroutine library PGPLOT, developed by Pearson (1995-2002). For the
case the graphics option is used, the number of MPI-processes and therefore the total size of a

simulation is limited depending on the architecture of the used computer.

2.3 Bimaterial Interface

2.3.1 A Bimaterial Fault - a Common Feature

The juxtaposition of materials with dissimilar elastic properties is a general feature of tectonic
faults in a variety of contexts and scales. Oceanic and continental crusts are brought into con-
tact by subduction interfaces, normal and reverse faults offset vertical stratifications, and large
strike-slip faults displace different crustal blocks and oceanic transforms juxtapose rocks of dif-
ferent ages. At the scale of the inner architecture of a fault zone, bimaterial interfaces associated
with rock damage are present with various degrees of sharpness. An illustrating example for
juxtaposition along a strike-slip fault is given in Figure 2.7. Failure along a bimaterial inter-
face can also be relevant at the microscopic scale where grain boundaries are potential fracture
surfaces and in the context of glacial quakes with slip at the interface between ice and rock.
Moreover, bimaterial rupture is a prevalent mode of failure in composite engineering materials:
impact-induced delamination of composite laminates, decohesion of adhesive joints in bonded
structures, particle debonding in reinforced elastomers, fibre/matrix debonding and pull-out in

fibre-reinforced materials, delamination of thin-film/substrate interfaces, etc.


http://www-unix.mcs.anl.gov/mpi/
http://www.lrz-muenchen.de/services/compute/hlrb/
http://www.lrz-muenchen.de
http://www.astro.caltech.edu/~tjp/pgplot/
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Early Stage Late Stage

Punchbowl Fm.

Basement - Ultracataclasite derived from basement

Contacts Fault

Fig. 6. Schematic illustrating a ssmple model for the formation and juxtaposition of the dark yellowish-brown and olive-black
ultracataclasites. During the early stages of faulting some segments of the fault were wholly contained in the Punchbowl Formation or
in the basement. In these segments the ultracataclasite is derived from a single host rock type. At late stages of faulting, after large
displacement on the fault, the Punchbow! Formation and the basement are juxtaposed. Translation of the brown and black ultracataclasites
with the host rock places the ultracataclasite in contact.

FIGURE 2.7: Evidence for juxtaposition of materials with dissimilar elastic properties at the Punchbowl
fault (taken from Chester and Chester (1998)).
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2.3.2 Bimaterial Mechanics

On an interface between identical materials with Coulomb friction (constant friction coefficient)
and initial stress below frictional strength, any event nucleated, no matter how forcefully it is
initiated in the nucleation zone, will ultimately die due to the lack of dynamic reduction in
frictional strength. Therefore, the reduction of frictional strength 7° = ¢S f is caused by the
reduction of friction coefficient f from static to dynamic values (Brace and Byerlee, 1966) (see
equation 2.7) in traditional earthquake models. Later it has been suggested that a reduction
of normal stress o< during spatially nonuniform slip on a bimaterial interface might also be
responsible for dynamic weakening of faults during earthquakes (Weertman, 1980). It has been
found that in the case of a constant friction coefficient and existing generalized Rayleigh wave
speed (see appendix B.6 for details), there exists a steady state propagating slip pulse solution
(Adams, 1998; Rice, 1997). The existence of such a pulse has been suggested before by Weert-
man (1980). This pulse is often referred to as the Weertman pulse or the Adams’ steady state
pulse (see appendix B.5 for details).

With dissimilar materials one would ideally wish to use Coulomb friction, to study the
instability due to material contrast independently from other, more classical sources of insta-
bilities (e.g.,slip- or rate-dependent friction). It has been mentioned by Ben-Zion (2001) that
in-plane ruptures on planar bimaterial interfaces have remarkable dynamic properties that may
be relevant to many different issues of basic and applied science in general. In contrary to the
dissension on whether or not the effect is important in earthquakes, it is well established theo-
retically that frictional sliding with constant friction coefficient f (Coulomb friction) between
elastic solids with different elastic properties is unstable for a wide range of material pairs and
friction coefficients characteristic of natural faults (Renardy, 1992; Adams, 1995; Ranjith and
Rice, 2001). For the case that the contrast of wave-speeds across the fault is less than about
30%, an interfacial wave known as the generalized Rayleigh wave exists for frictionless contact
and no opening (Weertman, 1963; Achenbach and Epstein, 1967). The range of the velocity
contrast across the San Andreas and other large faults is estimated to be about up to 30%, with
values of 5 - 20% often reported (Feng and McEvilly, 1983; Eberhart-Phillips and Michael,
1998; Tanimoto and Prindle Sheldrake, 2002; Fuis et al., 2003).

An interface without friction generates two generalized Rayleigh waves when perturbed.
These propagate in opposite directions with a subshear propagation velocity and are concate-
nated with changes in normal stress that is tensile in one direction and compressive in the
antipodal direction. When an arbitrarily small amount of friction is added, shear and normal
tractions on the interface become coupled and the wave associated with tensile change of nor-
mal stress becomes unstable, while the wave associated with compressive change of normal
stress is damped and therefore stabilized the (Ranjith and Rice, 2001).

Andrews and Ben-Zion (1997); Ben-Zion and Andrews (1998) generated pulses of slip
caused by such a bimaterial induced instability. One property of these pulses is that they typ-
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ically propagate unilaterally away from a localized nucleation region. Friction coefficient was
taken constant f = const, and the remote loading ratio of shear to effective normal stress on the
fault was less than f but nevertheless the pulses could propagate in a self-sustaining manner
after the instability was triggered by a transient decrease in effective normal stress in a limited
space-time region of elliptical shape. Due to the tensional motion during the passage of such a
pulse of slip Andrews and Ben-Zion (1997) characterized the pulse by the analogon of a wrinkle
in a carpet. Therefore the unidirectional self-sustaining pulse on a bimaterial interface associ-
ated with the theoretical prediction of Weertman (1980) is often called wrinkle-like slip pulse.
Harris and Day (1997) modeled slip on a bimaterial interface with a drop of the friction coeffi-
cient f from static to dynamic values with increasing slip. In their simulations ruptures started
bilaterally and the bimaterial effect revealed by introducing asymmetry in rupture propagation
velocity as well as the amplitude of slip velocities at the tip of the crack. While many studies
focus on the pure dynamic bimaterial effect Harris and Day (1997) allowed for a mixing of fric-
tional and bimaterial induced instabilities, and therefore address the question of whether or not
the bimaterial weakening effect is important during earthquakes. Andrews and Harris (2005)
tried to address this issue invoking considerable debate lately, with some authors arguing that
bimaterial weakening effects are important during earthquakes (e.g., Ben-Zion, 2006a,b), while
others claim they are not (e.g., Andrews and Harris, 2005; Harris and Day, 2005). Recent more
elaborate studies unsurprisingly indicate that the influence of the dynamic bimaterial effect on
earthquake dynamics can depend on the choice of the physical model and corresponding pa-
rameters which are often not well constraint (Ampuero and Ben-Zion, 2008; Dunham and Rice,
2008). Hence, a definite and comprehensive answer on whether the bimaterial mechanism is
important in earthquake source dynamics cannot be given. On the contrary, strong and clear
statements have been made by Andrews and Harris (2005); Harris and Day (2005) on the basis
of very limited calculations.

2.3.3 Ill-posedness, Regularization and Numerical Convergence

It has been shown by Renardy (1992); Martins and Simdes (1995) for the particular case of an
elastic solid sliding against a rigid body and by Adams (1995) for the general case of two elastic
bodies that sliding at a planar bimaterial interface under Coulomb friction does not possess any
solution. Ranjith and Rice (2001) showed that sliding between dissimilar materials at constant
f isill-posed. Both, the elastic response and the friction law do not contain characteristic length
or time scales and therefore the growth rate of unstable Fourier modes is proportional to their
wavenumber. This prevents the construction of a general solution from superposition of modes
since the growth rate of the highest wavenumber modes is unbounded. A connection between
the existence of the generalized Rayleigh wave and the ill-posed nature of the problem has been
found (Ranjith and Rice, 2001): when the material pair is such that the generalized Rayleigh

wave speed is defined, the problem is ill-posed for any value of the friction coefficient, whereas,
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when it is not defined, the problem remains ill-posed for values of the friction coefficient larger
than a critical value. As a consequence numerical solutions with Coulomb friction (constant
friction coefficient f = const.) do not converge with refinement of the numerical mesh. A
regularization of the problem can be achieved when the response of normal and shear stress
are non-instantaneous, hence a scale of time or displacement is introduced over which shear
traction T = fo evolves after a change of normal stress ¢ (Ranjith and Rice, 2001). Friction
with a piecewise constant friction (e.g., slip-weakening friction) does not provide regularization.

In experiments of high-speed sliding a non-instantaneous response of traction was found
(Prakash and Clifton, 1993; Prakash, 1998). While other experiments at slower slip speeds
provide an instantaneous coupling of the evolution (e.g., Linker and Dieterich, 1992; Richardson
and Marone, 1999; Boettcher and Marone, 2004; Hong and Marone, 2005).

The cases studied by (Andrews and Ben-Zion, 1997) have been repeated and extended by
Cochard and Rice (2000) using a regularized Coulomb friction. Cochard and Rice (2000) dis-
cussed and numerically demonstrated the ill-posedness of the problem with constant friction
and achieved convergent solutions with regularization of the problem. The results of the reg-
ularized problem achieved by Cochard and Rice (2000) demonstrated that some features (e.g.,
rupture propagation velocity, unilateral propagation, self-amplification) were similar to the orig-
inal, unregularized ones and can therefore be called stable features. However, other features
(e.g., pulse-splitting) were grid-dependend artifacts of the ill-posed problem. The regulariza-
tion procedure described above does not stabilize any modes, but instead forces the growth rate
to asymptotically vanish with decreasing wavelength. To stabilize the self-amplifying behavior
other mechanism have to be introduced or allowed, e.g., divergence might be mitigated by per-
mitting fault opening instead of permitting normal stresses to become tensile (Dalguer and Day,
2007a), or plastic deformation of the medium (Ben-Zion and Shi, 2005). Recent laboratory
experiments confirmed many of the phenomena described in the earlier numerical studies (Xia
et al., 2005). In particular, the laboratory ruptures took the form of bilaterally expanding cracks
like in Harris and Day (1997), whose tips traveled at different speeds as in Cochard and Rice
(2000). The findings of Ranjith and Rice (2001) have been summarized in a table by Cochard
and Rice (2000), which can bee seen in Figure 2.8.
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FIGURE 2.8: Table showing propagation modes at a bimaterial interface with Coulomb friction and
regularized Coulomb friction (modified Prakash-Clifton friction) in theoretical modal analysis and nu-

merical calculations (Cochard and Rice, 2000).
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Motivation for Coming Chapter

Many studies (e.g., Andrews and Ben-Zion, 1997; Ben-Zion and Andrews, 1998; Cochard and
Rice, 2000; Ben-Zion and Shi, 2005, and references therein) addressed the question of what
are the properties and behavior of the wrinkle-like slip pulse? However, one shortcoming of all
previous theoretical and numerical works on this topic is that the path of rupture propagation
was prescribed rather than being allowed to develop spontaneously. This is very important for
resolving whether the remarkable dynamic phenomena associated with rupture along material
interfaces occur only for a (perhaps small) subset of ruptures with hypocenters at the interface,
or whether they also tend to occur in the more general case of hypocenters in a volume sur-
rounding material interfaces. Chapter 3 “Examining Tendencies of In-plane Rupture to Migrate
to Material Interfaces” (after Brietzke and Ben-Zion, 2006) presents a systematic parameter-
space study in a clearly-defined theoretical context. The model comprises possible simultaneous
slip along multiple 2D in-plane faults with Coulomb friction within a structure of a low velocity
zone embedded in-between two different elastic materials.



Chapter 3

Examining Tendencies of In-plane
Rupture to Migrate to Material Interfaces

This chapter presents the work of Brietzke and Ben-Zion (2006) in a slightly modified form.

Gilbert B. Brietzke!, Yehuda Ben-Zion?

1 Department fiir Geo- und Umweltwissenschaften, Sektion Geophysik, Ludwig-Maximilians-Universitit
Miinchen, Theresientrasse 41, 80333 Miinchen, Germany.

2 Department of Earth Sciences, University of Southern California, Los Angeles, CA 90089-0740, USA.

Summary

We perform a numerical parameter-space study of two-dimensional in-plane ruptures in a
model consisting of two different half spaces separated by a low velocity layer and possible
simultaneous slip along multiple faults. Ruptures are nucleated by a bilateral expanding stress
drop in a limited source region, and may continue to propagate spontaneously (or not) along
one or several faults. Most calculations are done for purely elastic media and faults governed
by Coulomb friction, but some simulations employ Prakash-Clifton friction and Kelvin-Voigt
viscosity. The faults, two of which are material interfaces, are situated equidistant and parallel
to each other. Using different nucleation locations, different initial stress, different velocity
contrasts, different frictional fault separations, different widths of a low velocity zone, and
different number of faults, we examine the range of conditions for which ruptures migrate to
other faults and continue to propagate in a self-sustaining manner. The model produces diverse
migration and propagation phenomena represented by several phase diagrams. However,
a general result of the study is that ruptures tend to migrate to the material interfaces and
become self-sustained wrinkle-like pulses for wide ranges of conditions. The wrinkle-like

pulses propagate along each material interface unilaterally in the direction of motion on the
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more compliant side of the interface (referred to as the "positive" direction). The existence
of a large number of faults produces, like viscosity, distributed deformation that reduces the
divergent behavior of the wrinkle-like pulses. In many cases, ruptures migrate to the interface
with the stronger contrast and propagate unilaterally in the positive direction associated with
that interface and the overall contrast across the fault zone. In smaller number of cases,
ruptures migrate to the interface with the weaker contrast and propagate unilaterally in the
opposite positive direction associated with that interface. For various parameter combinations,
self-sustained unilateral pulses travel simultaneously, in the two opposite positive directions,
along the interfaces on the opposite sides of the low velocity layer. A low resolution imaging of
these ruptures would lead to an inference on bilateral propagation. The M6, September 2004,

Parkfield California earthquake may provide a natural example of such a case.

Keywords: dynamic rupture, material interfaces, fault-zone structure, friction, rupture mi-

gration, numerical simulations.
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3.1 Introduction

Active faulting over geological times brings into contact materials that were originally separated
and are thus likely to have different elastic properties. In some cases, large faults nucleate and
grow along a pre-existing suture that separates different lithologies. Recent geological map-
ping in the structure of several large strike slip fault zones indicates that the principal slip zones
of large earthquakes are localized along interfaces that separate rock units with considerably
different properties (Dor et al., 2006b,a). The slip zones in lab experiments that include ma-
terial interfaces (e.g., due to the presence of a gouge layer) also tend to localized along such
interfaces. Contrasts of elastic properties across large faults have been imaged by seismic re-
flection and refraction studies (e.g., Fuis et al., 2001, 2003; Lutter et al., 2004), body and coda
wave tomography (e.g., Eberhart-Phillips and Michael, 1998; Magistrale and Sanders, 1995;
Shapiro et al., 2005), modeling of geodetic data (Le Pichon et al., 2005) and analysis of head
waves that refract along material interfaces in the fault zone structure (Ben-Zion and Malin,
1991; Ben-Zion et al., 1992; McGuire and Ben-Zion, 2005). Estimates of the seismic velocity
contrasts across the San Andreas and other large faults range from a few percent to more than
30%, depending on the geographical location and resolution of the employed imaging method.
In addition, the faulting process produces in the top few km of the crust localized belts of dam-
aged fault zone rocks that act as trapping structures for seismic waves (e.g., Ben-Zion et al.,
2003; Peng et al., 2003; Fohrmann et al., 2004; Lewis et al., 2005) and are also manifested by
fault-related anisotropy (e.g., Zhang and Schwartz, 1994; Peng and Ben-Zion, 2004). In some
cases, the opposite sides of a fault are separated by a layer (sliver) of rock with faster velocity
than one or both sides of the fault. This holds, e.g., for a portion of the Bear valley section of
the San Andreas fault (McGuire and Ben-Zion, 2005).

There are fundamental differences between properties of dynamic ruptures on faults that do
or do not separate different elastic solids. On a planar fault between solids with identical elastic
properties, there is no coupling between slip and changes of normal traction. On the other hand,
mode II (in-plane) rupture along a material interface generates local changes of normal stress
that are proportional to the spatial derivative of slip Weertman (1980); Adams (1995); Ben-Zion
(2001); Ranjith and Rice (2001). This produces dynamic dilation at the tip that propagates in
the direction of slip on the more compliant side of the fault (referred to below as the "positive"
direction) and dynamic compression at the tip propagating in the opposite direction (referred to
as the "negative" direction). The magnitudes of these effects increase with the rupture velocity
and the degree of velocity contrast across the fault, up to about 30-40% contrast beyond which
the generalized Rayleigh wave speed Cgr does not exist (e.g., Weertman, 1980; Ben-Zion and
Andrews, 1998; Ben-Zion, 2001). In addition, the dynamic changes of normal stress increase
with propagation distance along the material interface due to a dynamic instability (Adams,
1995, 1998) that produces a continual transfer of energy to shorter wavelengths during rup-

ture propagation. The Adams (1995; 1998) instability reduces dynamically the physical length
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scales such as the width of the rupture pulse or the crack-tip region with high slip-velocity. This
leads to a grid-size dependency in simulations with purely elastic materials and instantaneous
Coulomb-like relation between the frictional strength and normal stress (e.g., Cochard and Rice,
2000; Ranjith and Rice, 2001; Ben-Zion and Huang, 2002). The Adams instability can be reg-
ularized using a Prakash-Clifton friction law (Prakash and Clifton, 1993; Prakash, 1998) with a
gradual response to changes of normal stress (Cochard and Rice, 2000; Ben-Zion and Huang,
2002), using artificial viscosity that damps short wavelength features (S. Day, personal comm.,
2003), incorporation of plastic yielding off the fault (Ben-Zion and Shi, 2005), and other mech-
anisms that suppress the development of small scale aspects of the response (e.g., Ben-Zion,
2001). However, the inclusion of any such ingredient changes the physical problem that is

being solved and increases the number of model parameters.

Previous analytical and numerical parameter-space studies indicate (Weertman, 1980;
Adams, 1995; Andrews and Ben-Zion, 1997; Ben-Zion and Andrews, 1998; Ben-Zion and
Huang, 2002; Cochard and Rice, 2000; Ranjith and Rice, 2001; Shi and Ben-Zion, 2006) that
mode II rupture along a material interface with slip-independent friction can propagate in a self-
sustaining manner, for ranges of frictional parameters, material contrasts, and stress/strength
heterogeneities, as a unidirectional "wrinkle-like" pulse that propagates in the positive direc-
tion with a speed close to Cgr. Adams (2001), Ranjith and Rice (2001) and Cochard and Rice
(2000) showed that slip pulses with a velocity near that of the slower P wave can also propagate
along a material interface in the negative direction. However, these pulses are considerably
weaker than the primary wrinkle-like pulses in the positive direction and are unlikely to evolve
to self-sustaining ruptures. Characteristic features of the wrinkle-like pulse include: 1) strong
correlation between variations of normal stress and slip, 2) strongly asymmetric motion across
the fault, 3) self-sharpening with propagation distance, and 4) preferred direction of rupture
propagation. Cochard and Rice (2000) and Ranjith and Rice (2001) suggested that the regu-
larized Prakash-Clifton friction law can suppress the divergent behavior associated with feature
(3). However, subsequent calculations for large propagation distance (Ben-Zion and Huang,
2002) and analytical work (Adda-Bedia and Ben Amar, 2003) showed that the divergent behav-
ior persists even with the Prakash-Clifton friction. Ben-Zion and Huang (2002) found that the
parameters of the regularized Prakash-Clifton friction law have to be fine-tuned to produce (with
a fixed set of material properties) apparent stability for a given propagation distance, rendering

that friction law unsuitable for a systematic parameter-space study.

Numerical simulations of rupture along a material interface governed by slip-weakening
friction produced results that depend strongly on the nucleation procedure. The employed
procedures belong generally to the following two classes (Ben-Zion, 2006a,b). Class (I) is
associated with relatively small and strong nucleation phases mimicking the initiation of a
cascade-type process by a failure of a strong asperity (e.g., Andrews and Ben-Zion, 1997).

Such cases generate for wide ranges of frictional and material contrast conditions ruptures that



3.1. INTRODUCTION 27

evolve with sufficient propagation distance to wrinkle-like pulses similar to those generated
with slip-independent friction (Shi and Ben-Zion, 2006). Class (II) studies with slip-weakening
friction involves relatively large nucleation phases mimicking the final stage of a quasi-static
growth of a slip patch to a critical size needed to produce macroscopic dynamic instability in a
homogenous medium. The associated critical patch size scales in laboratory experiments with
the largest wavelength of the roughness characterizing the sliding surfaces (e.g., Ohnaka, 1996).
Such cases generate bilateral cracks with a wrinkle-like pulse superposed at the tip propagat-
ing in the positive direction (e.g., Harris and Day, 1997). The superposed wrinkle-like pulse
produces higher slip velocity near the tip propagating in the positive direction than at the other
rupture front. Recent simulations with fine resolution of sharp dynamical features generated
(Rubin and Ampuero, 2007) very prominent asymmetry of slip velocities at the opposite rup-
ture fronts. In those calculations, the strong asymmetry of slip velocities at the opposite crack
tips can not manifest itself into macroscopic rupture asymmetry. However, incorporating in the
simulations rate-dependent friction compatible with experiments of rock friction at high slip
rates (e.g., Tsutsumi and Shimamoto, 1997; Di Toro et al., 2004) is expected to produce larger
stress drop in the positive direction, leading to asymmetric rupture with larger energy release in

the positive direction (Ben-Zion, 2006b). This expectation should be tested in a future work.

On polished man-made interfaces, having roughness only over very short wavelengths, dy-
namic instabilities are likely to be initiated by nucleation phases of class (II). On large fractal-
like surfaces, however, class (I) may be realized first since the required critical patch of class
(IT) is essentially the size of the entire surface. On realistic natural surfaces with roughness
over broad bandwidth, a nucleation phase of class (II) in a small spatial domain may trigger
a stronger nucleation phase of class (I). The same may hold for other types of strength het-
erogeneities. These cases are likely to excite on a material interface the wrinkle-like mode of
rupture Ben-Zion (2006b). Clarifying the ability of different nucleation phases to excite dif-
ferent modes of rupture, and the relation of the various proposed nucleation mechanisms to
natural faulting, are important topics for continuing theoretical and observational studies. Here
we simply note that rupture on a material interface tends to evolve, for realistic classes of nucle-
ation mechanisms and constitutive laws, to a wrinkle-like pulse with properties similar to those

associated with the simple Coulomb friction.

One shortcoming of all previous works in this topic is that the path of rupture propagation
was prescribed rather than being allowed to develop spontaneously. While material interfaces
are mechanically efficient failure surfaces due to the dynamic reduction of normal stress in
the positive direction, it is not clear for which conditions ruptures that start in the bulk would
migrate on their own to material interfaces. We test in a well defined model with a typical fault-
zone velocity structure how unstable slip on multiple possible faults localize as a pure material
contrast effect. Resolution of this issue is important to clarifying whether the remarkable dy-

namic phenomena associated with rupture along material interfaces occur only for a (perhaps
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small) subset of ruptures with hypocenters at the interface, or whether they also tend to occur in
the more general case of hypocenters in a volume surrounding material interfaces. In the present
paper we address this issue by performing a numerical parameter-space study in a model having
a compliant layer between two different elastic blocks and a number of possible rupture planes,
two of which are material interfaces. Ruptures are nucleated in different positions within the
compliant layer or in the surrounding blocks and we examine the conditions (velocity struc-
ture, initial stress, assumed rheology) for which ruptures migrate spontaneously to a material
interface.

The results of Ben-Zion and Huang (2002) and Shi and Ben-Zion (2006), and persistence
of features (1)-(4) of the wrinkle-like pulse in simulations with Coulomb, Prakash-Clifton, and
slip-weakening friction laws, and the foregoing discussed indicate that the simple Coulomb fric-
tion provides a useful constitutive law for exploring general tendencies associated with rupture
along a material interface. Given the complexity of the problem and large number of possible
parameters, most simulations of this work employ the simple Coulomb friction and purely elas-
tic materials. Some simulations are performed with Kelvin-Voigt viscosity in the bulk or the
regularized Prakash-Clifton friction on faults.

The results show that ruptures tend to migrate spontaneously to the material interfaces and
continue to propagate there in a self-sustaining manner for broad ranges of conditions. In some
cases, ruptures migrate simultaneously to the material interfaces on the opposite sides of the
low velocity layer and propagate along both interfaces in the two (opposite) positive directions,
creating together an apparent bilateral rupture. In other cases, ruptures propagates in the positive
direction along the interface with weaker material contrast, which is the opposite preferred
direction associated with the overall contrast across the fault. Low resolution imaging of such
cases may be interpreted erroneously as violating the prediction of a preferred propagation

direction along a material interface.

3.2 Methods and Model Setup

3.2.1 Finite-Difference Method and Fault Model

We perform 2D numerical simulations of in-plane rupture in a model (Fig. 3.1) consisting of
two different half spaces separated by a fault zone layer, which is the medium with lowest
seismic velocity, and a number of possible rupture planes. As noted by Ben-Zion (2006a),
the 2D in-plane calculations may be understood to represent ruptures that already saturated the
seismogenic zone of a strike-slip fault and continue to propagate as in-plane ruptures. Modeling
the initial transient regime, where small earthquakes grow as mixed in-plane and anti-plane
ruptures, requires 3-D calculations. Some results associated with this transient mixed-mode

regime can be found in Harris and Day (2005).
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The simulations employ a version of the code used by Andrews and Ben-Zion (1997), Ben-
Zion and Andrews (1998) and Ben-Zion and Huang (2002) that can account for simultaneous
rupture on multiple faults. The calculations are based on a staggered velocity-stress finite-
difference formulation of the governing elastodynamic equations on a triangular grid. Frictional
sliding on a set of predetermined possible rupture planes is calculated using the traction at split-
node sliding logic described by Andrews (1973). If the ratio of the x- and y-traction components
exceeds the static coefficient of friction on a fault, slip begins and continues until the slip ve-
locity tends to change sign. The frictional strength is proportional to the compressive normal
stress and most calculations employ a constant coefficient of friction (i.e., Coulomb friction).
The set of possible fault planes are defined along the space dimension (the x coordinate) parallel
to the material interfaces, which are two possible rupture plane. The other faults are situated
equidistantly to each other across the material interfaces, so that each medium has a number of

possible rupture planes.
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FIGURE 3.1: A sketch of the general model setup in this study, consisting of three materials and multiple

parallel frictional interfaces.

In principle the number of faults that can be defined in our code is limited by the num-
ber of grid-points along one dimension. However, in most of our calculations the number
of frictional interfaces is fixed to nine faults: four faults outside the fault zone layer (two on
each side), three faults inside the fault zone layer, and two faults on the material interfaces.
We use the following different fault-separations ygs = 7 m, 14 m, 21 m. The width of the
fault zone layer is coupled to the fault separation as 4yg = yjy1, SO yiy1 = 28 m, 56 m, 84 m.
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The initial shear stress varies between 64 MPa and 72 MPa and the nucleation locations are
Ynue = {fault 1, fault 2,..., fault 9}. In all cases we use the following two sets of velocity con-
trasts: Avy = {vs,/vs,,Vs; /s, } = {0.85,0.94} and Avy = {vs, /vs,, Vs, /vs, } = {0.75,0.90}. The
range of the investigated parameters is summarized in table 3.1.

parameter symbol value range unit
friction coefficient f 0.75 1
initial shear stress T 64...72 MPa
initial normal stress o~ 100 MPa
grid-spacing Ax 0.5 m
propagation distance Xpd ~-850...+850 m
fault separation Yis 7,14, 21 m
width of fault zone layer Yivl 28, 56, 84 m
width of nucleating pulse Whuc <20 m
total size of nucleation zone ¢ 120 m
nucleation locations Ynuc fault 1 ... fault9 1
number of materials Nmat 1...3 1
density nma; = 1 P 3333.3 kg/m?
density nma = 2 P2 2666.7 ...2898.5 kg/m3
density nma = 3 P3 3030.3...3144.7 kg/m?
s-wave velocity npy = 1 Vs, 3000.0 m/s
s-wave velocity nyy = 2 Vs, 2400.0...2608.7 m/s
s-wave velocity nmy = 3 Vss 2727.3...2830.2 m/s
p-wave velocity npm, = 1 Vp, 5196.2 m/s
p-wave velocity npa = 2 Vps 4156.9 ...4518.4 m/s
p-wave velocity npy = 3 Vps 4723.8 ...4902.0 m/s
nucleation velocity Viue 2394 ...2549 m/s

TABLE 3.1: Range of simulation parameters.

We ensure that all results shown in this study are free of artificial reflections or wrap around
from the model boundaries by always choosing the model big enough for the investigated time
interval.

3.2.2 Nucleation Procedure

To prevent a bias for rupture propagation direction by the nucleation procedure, we nucleate
each event bilaterally and symmetrically by increasing the fluid pressure in two limited space-
time regions. This generalizes the nucleation procedure of Andrews and Ben-Zion (1997) of a
traveling drop of normal stress to the symmetrically expanding case, i.e. two drops of normal
stress that propagate within the nucleation region in the opposite directions. Using a syntax
similar to the one of Andrews and Ben-Zion (1997), the coordinates for the two pulses traveling
in the opposite directions are & = (|x| — vuct) /a, N = (|x| + vauet) /b — Mo » Mo = Va2 + b2 /b,
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and the boundary of the two sources are the ellipses 1 — 2 — 11> = 0. Within the two elliptical
sources, the fluid pressure is given as Pr = Py (1 —E2— nz)z, while outside those regions it is
zero. The width of the pulse and the overall size of the nucleation zone are denoted as wy,c < 2a
and Dy = 2b.

Rupture along a material interface tends to propagate at the generalized Rayleigh wave
speed Cgr, which maximizes the interaction between in-plane slip and dynamic changes of
normal stress (e.g., Weertman, 1980; Ben-Zion, 2001; Ranjith and Rice, 2001). The gener-
alized Rayleigh wave is a phase that propagates along a material discontinuity interface and
reduces to the regular Rayleigh wave when the two materials are the same (Weertman, 1963;
Achenbach and Epstein, 1967). To have a smooth transition from the initiation procedure and
continuing propagation, the nucleation velocity vy, in our study is taken to be close to Cgr
of the strongest material contrast. We tested the sensitivity of the model response to different
nucleation velocities and found that with nucleation velocities substantially less than Cgg, self-
sustaining pulses on the interfaces always start traveling with a speed close to the generalized
Rayleigh velocity. Additional results related to this issue can be found in Shi and Ben-Zion
(2006). Since the main focus of the study is to examine migration patterns of ruptures, we con-
duct a large number of simulations in which the nucleation zone, dictating the initial rupture

position, is varied systematically across the structure.

3.3 Initial Results and Choice of Model Parameters

3.3.1 Influence of Viscosity

In this section we perform calculations that incorporate Kelvin-Voigt Viscosity, whose mechan-
ical analogue is a system of a dash-pot and a spring in parallel (Figure 3.2). Our goal is not to
provide a complete regularization of the problem but rather to illustrate the effects of viscosity.

The incorporation of viscosity introduces a length scale into the problem that can stabi-
lize the Adams (1995) instability. Harris and Day (1997) simulated ruptures along a material
interface governed by a slip-weakening friction in a model consisting of a low velocity layer
between two half spaces. Although their calculations incorporated viscosity to reduce numer-
ical oscillations, they encountered numerical difficulties associated with grid size dependency.
As discussed by Ben-Zion (2001), however, a viscosity associated with exponential attenuation
with amplitude larger than a value determined by the Adams (1995) instability, can regularize
the problem. This was confirmed by S. Day (personal comm., 2003).

The stress-strain relation of a Kelvin-Voigt visco-elastic body in 2D can be written as: ¢ =
2c€ + C2céAx /vy, with ¢ = ((A +2u,4,0),(A,A +2u,0),(0,0,1)), 6 = (Ox, Oyy, Oxy), € =
(Exx,s &y, sxy), and C being a non-dimensional viscosity parameter defined in Andrews (1973).

Identifying 7 = CcAx/v, as the Kelvin-Voigt viscosity, the governing equation becomes ¢ =
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FIGURE 3.2: The response of Kelvin-Voigt viscosity in a model consisting of a spring and a dash-pot
in parallel. The viscosity introduces non-instantaneous gradual evolution of stress and strain. The graph
shows the response of to a constant applied stress 6(f) = op for 7y < t < t1, and abruptly released stress
(e (l‘]) < 0p.

2c€ +2né€. The ordinary differential equation of a dash-pot and a spring in parallel o =2ce+

1

21 € has the well known analytical solution € = ([ 1/21~ " ce W dt -+ const. e~ T

We eliminate the grid-dependency of the viscosity by dividing 11 by Ax, so 1 in our study
becomes 11 = Cc/v, and the formerly non-dimensional parameter C has in our study the di-
mension of length-scale. With the above implementation we can achieve some regularization
of the Adams (1995) instability, as shown below in the context of a model configuration with a
single material interface (Fig. 3.3). However, the existence of viscous deformation changes ad-
ditional aspects of the dynamics, since it leads to energy dissipation in the bulk. Unfortunately,
this requires changes of other parameters, such as the initial shear stress or frictional strength,
to obtain the same reference solution. Nevertheless, for a given rupture propagation distance
and a fixed set of model parameters (e.g., material contrast, pre-stress, friction coefficient, etc.)
one can find a value of the Kelvin-Voigt viscosity such that the results collapse with several
grid refinements to the same solution. This is illustrated in Figure 3.4 where the normal-stress,
shear-stress and slip-velocity are seen to converge to the same solution with grid-refinement at

the distance of investigation (x = 100 m).

In cases where the wrinkle-like rupture pulse is self-amplifying (Ben-Zion and Andrews,
1998; Ben-Zion and Huang, 2002), this convergence is limited due to the growing instability
beyond a certain propagation distance. However, increasing the viscous component of defor-
mation can always suppress the self-amplification and lead to dying rupture pulses only. The
existence of either self-amplifying or dying pulses, and required fine-tuning for a given propa-
gation distance, is similar to the behavior encountered with material interface governed by the
Prakash-Clifton friction (Ben-Zion and Huang, 2002). Exploratory calculations for sets of cases
with Coulomb frictional interfaces in the general model configuration of Figure 3.1 show that
general aspects of the solution (self-sharpening, approximate rupture velocity, overall tenden-

cies of rupture migration) are the same with and without viscosity in the bulk. To reduce the
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FIGURE 3.3: A model configuration with a single material interface governed by Coulomb friction used
in calculations with Kelvin-Voigt viscosity in the bulk.

number of parameters, we use in most subsequent calculations Coulomb frictional interfaces
without viscosity in the bulk. Since the calculations have grid-size dependency, we focus only

on general tendencies and relative (rather than absolute) amplitudes of effects.

3.3.2 Effects of Multiple Faults

For most of our simulations we use a fixed amount of 9 equidistant parallel faults. The simul-
taneous sliding on multiple faults produces distributed slip that mimics viscosity in the bulk
and leads to a weaker rupture behavior. This is illustrated here with results for three simula-
tions with 9, 17 and 33 parallel faults (Figure 3.5). Each frictional interface has a Coulomb
friction coefficient of 0.75 and initial stress components 77 = 70 MPa, 0 = 100 MPa. As in
all our simulations with multiple faults, each frictional surface is able to rupture spontaneously,
independently of the neighboring faults. Figure 3.5 shows how the number of faults affects
the rupture ability to migrate between the different interfaces and propagate along the material
interfaces in a self-sustaining manner. In general, as the number of faults increases, the like-
lihood of ruptures to migrate and develop self-sustaining pulses decreases due to dissipation
of elastic strain energy associated with the slip on the multiple faults. This is similar to the
influence of the Kelvin-Voigt viscosity, which also leads to energy dissipation and suppresses
the ability of ruptures to develop to self-sustaining pulses. A model configuration with 9 faults

(Figure 3.5 top) produces two rupture pulses traveling in the opposite positive directions along
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FIGURE 3.4: Results for three different grid-spacing denoted by indices a, b and ¢ for a Coulomb fric-
tional fault surrounded by a Kelvin-Voigt visco-elastic media. Shown are normal-stress (top) shear-stress
(center) and slip-velocity (bottom) as a function of time at a point 100 m away from the nucleation loca-
tion. The simulation results converge to the same solution with grid-refinement. For cases where rupture
pulse is self-amplifying this convergence is limited to a certain propagation distance. The material pa-
rameters are densities p; = 3333.3 kg/m?, p, = 2898.5 kg/m?, s-wave velocities v, = 3000.0 m/s,
vs, = 2608.7 m/s, p-wave velocities , v,, = 5196.2 m/s, vy, = 4518.4 m/s, non-dimensional viscosity
c1 = ¢ = 0.04, and initial conditions 7y = 70 MPa, 6y = 100 MPa. The grid parameters are Ax, = 1 m,
Axp = 0.5 m, Ax. = 0.25 m, Ar, = 0.133 ms, A, = 0.0667 ms, Ar. = 0.0334 ms, and the nucleation
velocity vyye = 2549.0 m/s.
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FIGURE 3.5: Final slip distribution in simulations having 9, 17 and 33 faults. The material properties,
initial conditions, physical dimensions of the model space and nucleation zone (red box within the fault
zone layer) are identical in all cases. Increasing number of possible rupture surfaces leads to more dis-
tributed deformation and reduces the ability of the rupture pulse to propagate in a self-sustained manner.

These effects are similar to what is produced by incorporation of viscosity.

the two material interfaces. We note that such a case would be seen in a low resolution imaging
as a bilateral rupture. Keeping all the model parameters the same but increasing the number of
possible faults to 17 (Figure 3.5 center) produces only a single rupture pulse propagating in the
positive direction on the stronger material contrast. A system with 33 faults (Figure 3.5 bottom)
does not produce self-sustaining rupture pulses due to the dissipation of the initial stored elastic
strain energy at the multiple faults.

3.3.3 Prakash-Clifton Friction

In this section we present example results with purely elastic media and frictional sliding gov-
erned by the Prakash-Clifton friction (Prakash and Clifton, 1993; Prakash, 1998) with a gradual
response to changes of normal stress (Figure 3.6). A simplified version of the Prakash-Clifton
friction that can regularize (Cochard and Rice, 2000; Ranjith and Rice, 2001; Ben-Zion and
Huang, 2002) the grid-size dependency associated with the Adams (1995) instability can be
expressed as 1y, = — ([V|+V7) (‘L';y — fmax(0,—0yy)) /L, where Tyy is the frictional strength,
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FIGURE 3.6: A characteristic response of the Prakash-Clifton friction law. A normal stress o = oy for
t < t; changing abruptly to ¢ = o(#) for t > #; causes a gradual evolution of the shear strength towards
the corresponding Coulomb strength 7%(..) = fo (7).

V is the slip-velocity, f is the friction coefficient, V* is a characteristic slip-velocity for fric-
tion evolution and L is a corresponding characteristic slip distance. Figure 3.7 demonstrates
the migration of slipping patches between nine parallel faults, two of which are bimaterial in-
terfaces with different material contrast. In the shown snapshots of fault-parallel velocity the
rupture is nucleated on the middle fault and migrates to the bimaterial interfaces (solid lines).
Figure 3.8 shows migration patterns associated with different nucleation positions (red rectan-
gulars) across a fault zone structure having three materials and nine possible faults (Figure 3.1).
Each panel gives the spatial distribution of the maximum slip-velocity in a given simulation.
The employed conditions are material constrast Av;, initial shear stress 7 = 70 MPa, fault
separation yg, = 21 m, characteristic slip-distance L = 0.003 m, and characteristic slip-velocity
V* =1 m/s. In this and other calculated examples, self-sustained pulses are produced for nu-
cleation locations that are within or at the boundaries of the low velocity fault zone layer. The
ruptures tend to migrate spontaneously to the material interfaces (fault 3 or fault 7) and become
there self-sustained wrinkle-like pulses. Both material interfaces act as attractors for the rup-
tures, which become wrinkle-like pulses in the (opposite) positive directions associated with the
local velocity contrasts across the fault zone layer, and can produce jointly apparent bilateral
ruptures. The general aspects of the migration and propagation patterns of ruptures are similar

to those that are produced with the classical Coulomb friction (Figure 3.5 and section 4).

3.3.4 Choice of Parameters for Subsequent Simulations

As discussed in the previous sections, the use of the Prakash-Clifton friction and Kelvin-Voigt
viscosity can regularize the grid-size dependency associated with the Adams (1995) instability
by suppressing the development of sharp dynamical features. However, the parameters of both

the Prakash-Clifton friction and Kelvin-Voigt viscosity have to be fine-tuned to provide apparent
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FIGURE 3.7: Snapshots of the fault-parallel velocity component at three instances in time visualizing
the migration of ruptures from the central fault onto the faults at the material discontinuities located at
y = +20 m fault-normal distance (Brietzke et al., 2004). The bimaterial interfaces are marked by the
solid lines.

stability over a given propagation distance (for a fixed set of model parameters). This renders
the use of the Prakash-Clifton friction and viscosity unsuitable for the present work, where the
main focus is to examine systematically tendencies of rupture migration for different cases of
velocity models and multiple parallel faults. Simulations with material interfaces governed by
Coulomb friction and purely elastic media are subjected to grid-size dependency. However,
as pointed out by Ben-Zion (2001) and illustrated by Ben-Zion and Huang (2002) and above,
such results can be used to obtain a general understanding of rupture behavior by performing a
careful comparative study. In the next section we use a model with three purely elastic materials
and Coulomb frictional interfaces, and examine the overall large-scale properties of ruptures for

various cases of velocity contrasts, initial shear stress and fault separation.
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FIGURE 3.8: Distributions of maximum slip-velocity in nine simulations with the regularized Prakash-
Clifton friction and different nucleation locations (red rectangles). The panels illustrate common patterns
of rupture migration across the fault zone structure. The results are similar to those generated with
Coulomb friction.
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3.4 Results on Rupture Migration

The parameter-space associated with a model consisting of nine Coulomb frictional faults and
three elastic materials (Figure 3.1) is quite complex. For this reason we first investigate in
section 3.4.1 a model of three materials and two frictional interfaces only. Results associated
with the more general case of nine faults are discussed in section 3.4.2. When a rupture pulse
propagates throughout the analyzed model region (850 m from nucleation), we refer to the ini-
tiated rupture as self-sustained. We distinguish between triggered rupture on parallel faults and
migrated self-sustained rupture pulses by examining the maximum amplitude of slip-velocity
on the faults. A triggered rupture has much smaller slip-velocity than that of the self-sustained

rupture, although the amount of triggered slip close to the driving fault can be high.

3.4.1 Two-fault System

Here we consider the response of a model with three elastic media and two Coulomb frictional
faults located on the two material interfaces. This is an extension of the studies of Ben-Zion and
Huang (2002) and Harris and Day (1997) on the influence of a low velocity fault zone layer on
rupture dynamics. In contrast to those previous studies, our model allows simultaneous sliding
on both sides of the low velocity layer.

We use the set of material contrasts Avl = {vs, /vs,,Vs;/vs, } = {0.85,0.94}. These are
realistic contrasts for natural faults and in the range for which Cgr exists (Weertman, 1963;
Achenbach and Epstein, 1967; Ben-Zion, 2001; Ranjith and Rice, 2001). In such cases an
increase of velocity contrast leads to an increase in the strength of the wrinkle-like pulse on
the material interface (Ben-Zion and Andrews, 1998; Ben-Zion and Huang, 2002). The friction
coefficient is fi = 0.75, the initial normal stress is 6y = 100 MPa and the initial shear stress is
To = 70 MPa. The nucleation procedure is as described in section 3.2.2 and is applied to both
faults in two sets of simulations. Below we discuss results of twelve simulations associated
with six different widths of the low velocity layer: y;y; = 1.75 m, 3.5 m, 7 m, 14 m, 28 m, 56 m,
and two different nucleation locations (fault 1 associated with the stronger contrast, and fault 2
associated with the lesser contrast).

Figure 3.9 shows the maximum slip-velocities on the two faults for the twelve simulations.
The slip velocities are unrealistically high since the calculations are done for purely elastic
media. An incorporation of plastic yielding off the fault (Ben-Zion and Shi, 2005) or viscous
component of deformation (section 3) will limit the slip velocities and stabilize the divergent
behavior of the wrinkle-like pulses. The results exhibit the following competing effects: (1) A
low velocity layer with width on the order of the nucleation size makes it easier for ruptures
to migrate from one fault to the other. (ii) When the width of the low-velocity layer becomes
considerably smaller, the overall material contrast of the two surrounding half spaces dominates.

In this case the fault on the weaker material contrast cannot sustain dynamic ruptures, while the



40 CHAPTER 3. RUPTURE MIGRATION TO MATERIAL INTERFACES

fault on the stronger material contrast has a pulse with reduced strength. In some such cases, a
small amount of slip on the interface with the weaker contrast suppresses the development of
self-sustained slip on the other interface. (iii) Once the width of the low-velocity layer becomes
large enough, each material contrast between a bounding medium and the low-velocity layer
acts like a single material interface, and the existence of the other frictional material interface
has little effect.

The differences in amplitude and the dying vs. amplifying behavior in all simulations are
consistent with the competing effects (i)-(iii) above. As examples, for a very narrow low-
velocity layer yjy; = 1.75 m (Figure 3.9a), the opposing influences of the two material con-
trasts inhibit rupture propagation on both faults. The overall contrast of 6% between the two
half spaces would in general support rupture propagation on a single fault (e.g., Ben-Zion and
Huang, 2002; Shi and Ben-Zion, 2006). However, in the simulated case with simultaneous
sliding on two faults, self-sustaining rupture does not propagate even on fault 1 having a 15%
material contrast. Comparing the results for the two different nucleation locations (fault 1 (top),
fault 2 (bottom) of y;y; = 7 m (Figure 3.9c), we see that nucleating on fault 2 can initiate dy-
namically propagating rupture on fault 1, but nucleating on fault 1 cannot initiate dynamically
propagating rupture on fault 2. This is consistent with the fact that fault 2 is a weaker material
contrast and (as already mentioned) we are in the range in which the instability increases with
increasing contrast. Comparing cases of nucleating on fault 1 for widths of the low-velocity
layer of y;yy = 7 m and y;y; = 14 m (Figure 3.9¢,d), it is seen that for y,; = 14 m there
are stronger ruptures, propagating in the (opposite) positive direction on both faults, than for
yivi = 7 m. Comparing the amplitudes of the triggered slip-velocity in Figure 3.9¢ top/bottom
and 3.9f top/bottom, it is seen that the amplitude of triggered motion is smaller for the wider

low-velocity layer.

3.4.2 A Nine-fault System

In this section we examine the combined effects of sliding on many parallel faults, discussed
previously in section 3.3.2, and the competing effects associated with properties of the low
velocity layer discussed in section 3.4.1. The complexity of the system with three media and
nine faults produces a high richness of dynamic phenomena. To obtain a general understanding
of overall properties of dynamic ruptures in this model we performed a large number (over 250)
of simulations. Since it is not practical to show the results of all cases, we plot and discuss
below details of several simulation examples and then summarize the key results of all the cases

in section 3.4.2
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FIGURE 3.9: Slip-velocity on the two faults for each of the twelve simulations associated with two dif-
ferent nucleation locations yny = {fault 1, fault 2} and six different width of the low-velocity layer yjy =
1.75, 3.5, 7, 14, 28, 56 m. Fault 1 is associated with the stronger material contrast. For yj,; = 1.75 m
(Figure 3.9a) the initiated rupture pulse is decaying for both nucleation locations. For y;,; = 3.5 m (Fig-
ure 3.9b) both nucleation locations produce self-sustaining ruptures on fault 1 in the positive direction,
and only triggered slip is produced on fault 2 in the opposite positive direction. This case is classified as
rupture migration, overall unilateral event. For y,; = 7 m (Figure 3.9¢) self-sustained pulses propagate
on both faults for nucleation location 2 (classified as migration of rupture, overall bilateral event) but only
on fault 1 for nucleation location 1 (overall unilateral event). For y;y; = 14 m (Figure 3.9d) self-sustained
pulses exist on both faults for both nucleation locations (rupture migration, overall bilateral event). For
yivi = 28 m (Figure 3.9¢) nucleation on fault 1 leads to a self-sustained pulse on fault 1 and triggered
slip on fault 2 (overall unilateral event), while nucleation on fault 2 produces self-sustained pulses on
both faults (migration fault ruptures, overall bilateral event). For y;y,; = 56 m (Figure 3.9f) the results
are similar to the case with yj,; = 28 m (Figure 3.9¢). In all cases (b-f) with a self-sustained pulse, the
primary pulses produce triggered (but not self-sustained) slip on the opposite side of the low velocity

layer.
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Simulation Examples

Fixing all simulation parameters other than the nucleation location (fault 1, fault 2, ... , fault 9),
we get a set of nine simulations for which we show results in Figure 3.10. The set of employed
model parameters are marked in Figure 3.11c. Starting from the nucleation region on a given
fault (marked by a red rectangular), the slip may migrate to the neighboring faults. In the
examples shown in Figure 3.10, self-sustained pulses are produced for the nucleation locations
fault 3 to fault 7 that are within or at the boundaries of the low velocity fault zone layer. The self-
sustained pulses always localize on fault 3 or fault 7, which are the faults located on the material
interfaces. For nucleation location on fault 3 associated with the stronger velocity contrast, the
initiated rupture produces a self-sustained slip pulse that propagates on that fault in the positive
direction. When the nucleation is on fault 4, the pulse migrates onto fault 3 and propagates there
in a self-sustaining manner in the positive direction. When nucleating on fault 5, the rupture
migrates onto both material interfaces (stronger velocity contrast on fault 3 and weaker contrast
on fault 7). Both rupture pulses propagate in a self-sustained manner in the two opposite positive
directions associated with the velocity contrast and sense of loading. A mentioned earlier, a low
resolution "macroscopic" view of this and other such simulated cases would label the events
as bilateral ruptures. When the nucleation is on fault 6, the initiated rupture migrates onto
fault 7 and continues to propagate there in a self-sustaining manner. Nucleation on fault 7
produces a self-sustained rupture on that material interfaces, along with migration onto fault 3
and propagation there with the opposite preferred direction. In the investigated time-window,
no migration of rupture pulses that led to self-sustained propagation are observed for nucleation
locations on fault 1, fault 2, fault 8 and fault 9. The discussed features are summarized in

Figure 3.11c, along with the main results of many other cases.

Overview of Nine-fault System Simulations

Figure 3.11 summarizes the main results of 252 simulations with three elastic media and nine
Coulomb frictional faults. The figure consists of six phase-diagrams associated with different
values of initial shear stress, nucleation location, fault separation, and velocity contrast. Each
symbol (cross, arrow or double arrow) specifies the overall macroscopic behavior of rupture in
a simulation associated with a given parameters set. The main features and implications of the

simulated results are discussed in the next section.
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FIGURE 3.10: Results of nine simulations with fixed model parameters and nine different nucleation
locations. The maximum slip-velocities at equidistantly spaced points on the fault-profiles are shown
as color plots (note the different scales). The nucleation regions are marked by red rectangles and self-
sustained rupture pulses are produced for nucleation locations along faults 3-7. The self-sustained rup-
tures propagate in the positive directions associated with the material contrasts on the opposite sides of

the low velocity layer.
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FIGURE 3.11: Main properties of rupture behavior in 252 simulations with three elastic materials and
nine parallel faults governed by Coulomb friction. The diagrams show the initial shear stress on the x-
axes and the location of nucleation in terms of fault numbering on the y-axes. The result of each simula-
tion is reduced to four symbols: An arrow to the right means generation of a self-sustained pulse traveling
on fault number 3 (associated with the stronger material contrast v, /vs,) in the positive (right) direction.
An arrow to the left denotes a self-sustained pulse on fault number 7 (associated with the weaker material
contrast v, /vs,) travelling in the positive (left) direction. A double arrow means two self-sustained pulses
propagating on both material interfaces in the opposite positive directions (i.e., generation of apparent bi-
lateral rupture). A cross is shown when no self-sustained pulses were generated. The set of employed ve-
locity contrasts are: Avy = {vs, /vs,, Vs, /Vs, } = {0.85,0.94} and Av;y = {vs, /vs,, Vs, /vs, } = {0.75,0.90}.
Panels (a-f) correspond to the following parameter sets: (a) Avy, yis = 7 m; (b) Avo, ygs = 7 m; (¢) Avy,
yis = 14 m; (d) Avy, ygs = 14 m; (€) Avy, yis = 21 m; (f) Ava, yes =21 m
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3.5 Discussion and Conclusions

We performed a large numerical parameter-space study of two-dimensional in-plane ruptures
in a structure consisting of 3 media and possible simultaneous slip on multiple frictional faults,
two of which are material interfaces. Some cases with Kelvin-Voigt viscosity in the bulk and
Prakash-Clifton friction on the material interfaces were used to explore effects of those rhe-
ologies and choose parameters for a systematic study of tendencies of rupture migration in a
structure with purely elastic media and Coulomb frictional faults. Our model with two faults
(among several others) on the boundaries of a low velocity layer has two opposite positive
propagation directions of wrinkle-like pulses. With the employed right-lateral loading, the pos-
itive direction of rupture propagation on the fault between the low velocity layer and the faster
bounding block (fault 3) is to the right, while the positive direction on the fault (number 7)
between the low velocity layer and the slower bounding block is to the left.

The main results of our study are as follows:

Migration of dynamic ruptures: A general observation of this study is that ruptures that
are nucleated in the bulk tend to migrate spontaneously to the material interfaces associated
with faults number 3 and 7. The ruptures continue to propagate in the positive directions on
those faults in a self-sustained manner for a large number of parameter combinations (see
Figure 3.11). As might be expected, more cases of ruptures propagating to the right on the
stronger velocity contrast fault 3 are produced, compared to ruptures propagating to the left on
the weaker velocity contrast fault 7.

Apparent bilateral rupture due to low velocity layer: When the low velocity layer is not too
thin, many sets of parameters produce simultaneous propagation of unilateral rupture pulses on
faults 3 and 7 in the opposite positive directions (see e.g. Figure 3.10: nucleation location 5, and
Figure 3.11). From a distant low resolution perspective, such ruptures would look like bilateral
events. For a model with very thin or no low-velocity layer, the model produces only single
unilateral ruptures, in agreement with the analytical solution of Weertman (1980) and previous
numerical simulations (e.g., Ben-Zion and Huang, 2002; Shi and Ben-Zion, 2006).

In a structure with three media, the eventual rupture plane is not necessarily the one with the
largest material contrast: Depending on the nucleation location, ruptures can migrate onto ei-
ther material interface. Rupture migration to the fault with the weaker velocity contrast (fault 7
in our model), can lead to self-sustained pulses that propagate unilaterally in the positive direc-
tion of that interface. Such examples can be seen, e.g., in Figure 3.11c and e. Since this direction
is opposite to that associated with the overall velocity contrast across the bounding half-spaces,
a low resolution view would lead to the erroneous conclusion that the rupture propagated in the
opposite (negative) direction from that predicted for the wrinkle-like pulse.

Many parallel faults lead to "effective viscous" behavior: The existence of multiple faults
dissipates elastic strain energy and reduces the divergent behavior of the wrinkle-like pulses. As

the number of faults increases the deformation become more distributed and the model response
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becomes similar to that of a viscous material. In contrast, self-sustained rupture pulses, leading
to effective brittle behavior, are associated with localization of the energy change on a small

number of faults (in our case material interfaces).

Higher initial stress favors rupture migration and self-sustained pulses: Increasing initial
stress leads in general to a higher likelihood that nucleated ruptures will migrate to the two
material interfaces. With higher initial stress, such migrated ruptures have overall also a higher
likelihood of becoming self-sustained pulses. Nevertheless, in some cases the latter does not
hold. Specifically, when a relatively thin low velocity layer has a relatively large number of
faults (in our parameter-space 7 m fault separation, 28 m-wide layer), the effectiveness of mi-
gration and generation of self-sustained ruptures reduces for a range of increasing initial shear
stress (see Figure 3.11a). This is probably produced by higher dissipation of strain energy in
such cases due to simultaneous low-level slip on several faults. However, increasing the initial
shear stress further toward the shear strength always produces self-sustained ruptures on the

material interfaces.

Wider fault separation, easier generation of self-sustained pulses: When the faults separa-
tion increases, once a rupture can migrate onto one of the material interfaces it is more likely
to become self-sustained. This can be understood in terms of the features discussed above,
since larger fault separation makes it more difficult for the energy to be transferred to one of the

neighboring faults.

Nucleation on slower side leads to stronger migration onto the interface: Using always
the same nucleation procedure as described in section 3.2.2, we found that ruptures that were
initiated on the slower side of the material contrast could more often succeed in migrating onto
the material interface. This is intuitive since a slower wave propagation velocity leads to higher
wave amplitudes (e.g., as for fault-zone trapped waves or waves in sedimentary basins). This is
also manifested in Figure 3.11 where it is seen that more self-sustained ruptures are generated

by nucleation locations within the low-velocity layer than from outside the layer.

Nucleation closer to the material interface can lead to less migration: In some cases we
observe that ruptures nucleated close to a material interface could not migrate onto the material
interface, while ruptures nucleated at some larger distance could (see, e.g., Figure 3.11a for
initial shear stress of 68 MPa). This is related to the fact that the radiation pattern of the shear
waves has a nodal plane on the continuation of the rupture. Increasing the strength of the
nucleation procedure, e.g., by increasing the source size or stress drop, would produce migration

also in such cases.

The results may have important implications to a number of issues of earthquake and fault
physics associated with large structures that have well-developed material interfaces. The com-
mon spontaneous migration of ruptures to the material interfaces implies that the dynamic phe-
nomena associated with the wrinkle-like pulses are not limited to the set of hypocenters located

directly on the material interfaces. The migration of ruptures to material interfaces provides
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a mechanism for a positive feedback between structure and rupture properties that can lead to
progressive regularization of geometrical heterogeneities with cumulative slip and suppression
of dynamic branching from large fault zone structures (Ben-Zion and Andrews, 1998). The
dynamic reduction of normal stress at the tip propagating along a material interfaces in the pos-
itive direction (e.g., Figure 3.4) increases the mechanical efficiency of such ruptures, and has
fundamental implications for the effective constitutive laws and energy partition in structures

with material interfaces.

The simulations provide a simple explanation for recent observations and inferences on
rupture propagation directions along sections of the San Andreas fault (SAF). Rubin and Gillard
(2000) relocated earthquakes in the Bear Valley section of the SAF and found that the number
of immediate aftershocks near the edges of prior ruptures to the NW is more than double the
number to the SE. They interpreted this asymmetry as resulting from the dynamic changes
of normal stress associated with the material contrast across the SAF. Our results explain the
ability of ruptures to propagate in both directions, with an elevated probability for propagation
in the positive direction of the overall contrast across the fault (which is the same direction
associated with ruptures on the stronger velocity contrast between the fault zone layer and the
stiffer half space). McGuire (2004) inverted directly seismic data for rupture directivity of two
small (M 2.7) earthquakes on the Bear valley section of the SAF. One of these earthquakes
had clear unilateral rupture propagation to the SE, as predicted by the overall material contrast
across the SAF, while the other had overall bilateral "macroscopic" properties.

Dor et al. (2006b,a) performed multi-signal multi-scale geological mapping in the structure
of several faults of the San Andreas system in southern California. Their results show strong
asymmetry of rock damage across the faults, compatible with a preferred propagation direc-
tion and related generation of damage asymmetry across a bimaterial interface (Ben-Zion and
Shi, 2005). Similar asymmetric damage zones, which correlate with the velocity structure as
predicted for wrinkle-like ruptures, were observed in seismic imaging studies using fault zone
trapped and head waves at sections of the San Andreas and San Jacinto faults Lewis et al. (2005,
2007). The possible relation between the observed asymmetric rock damage and preferred prop-
agation direction of earthquake ruptures is supported by our general result that ruptures tend to
migrate to material interfaces and become self-sustained wrinkle like pulses for wide range of

conditions.

The Parkfield region of the SAF resembles overall the model configuration of Figure 3.1,
with two large faults - the main SAF and the Southwest Fracture Zone - separated by 1.5 km
wide deformation/damage zone (e.g., Rymer et al., 2006). As noted by Ben-Zion (2006b), both
faults are highly active on the scales of small to moderate events, and the M6 2004 Parkfield
event along with many of its aftershocks appear to be located on the Southwest Fracture Zone
rather than the main SAF. Rymer et al. (2006) found that the surface fractures generated by

the M6 2004 event are concentrated on the SW side of the Southwest Fracture Zone and on
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the NE side of the SAF. These observations and near-fault seismic data (Shakal et al., 2005)
suggest that the M6 2004 Parkfield event consisted of two separate pulses, one propagating on
the Southwest Fracture Zone to the SE and the other propagating on the SAF to the NW. In
that case, both pulses propagated (as occurred commonly in our simulations) in the two positive
directions associated with the SAF and Southwest Fracture Zone. This should be clarified in
future observational analysis of the structure and rupture properties associated with the M6 2004
Parkfield event.

Harris and Day (2005) concluded from inferred propagation directions of several earth-
quakes on the Parkfield sections of the SAF that the prediction of a preferred rupture propaga-
tion direction does not hold for natural faults. The simulated richness of propagation behavior
in our model with two blocks separated by a low velocity layer highlights the lack of decisive
information in the results considered by Harris and Day (2005). More generally, our results
emphasize the need to base tests of a preferred propagation direction along a material interface
(and other features of wrinkle-like pulses) on detailed high-resolution observations associated
with large data sets.

The calculations of this work were done for situations (in-plane strain, slip-independent
friction) chosen to focus on effects associated with the assumed structure (many possible faults
in a 3-media configuration) and dynamic changes of normal stress along material interfaces.
The generality of the results should be tested in future simulations incorporating additional
levels of realism in the assumed structure (e.g., dimensionality) and rheology (e.g., slip- and
rate-dependent friction).
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Motivation for Coming Chapter

The previous chapter 3 “Examining Tendencies of In-plane Rupture to Migrate to Material In-
terfaces” (after Brietzke and Ben-Zion, 2006) showed that for significant ranges of parameters,
bimaterial interfaces are efficient surfaces of failure in a velocity structure that is, in a sim-
plified form, characteristic for mature earthquake faults. Another open question is whether or
not a bimaterial specific unilateral propagation mode of rupture on a 2D in-plane fault model,
the Weertman pulse (or wrinkle like slip pulse), is persistent also in the 3D case where in-
plane and anti-plane propagation modes are mixed. There is no previous study analyzing the
wrinkle-mode of rupture in 3D in an appropriate way. In the following chapter 4 “Dynamic
Ruptures along Bimaterial Interfaces in 3D” (after Brietzke et al., 2007) it is demonstrated that

the wrinkle-like slip pulse can persist in the general 3D-case.
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Chapter 4

Dynamic Ruptures along Bimaterial
Interfaces in 3D

This chapter presents the work of Brietzke et al. (2007) in a slightly modified form.

Gilbert B. Brietzke!, Alain Cochard?, and Heiner Igell

1 Department fiir Geo- und Umweltwissenschaften, Sektion Geophysik, Ludwig-Maximilians-Universitit
Miinchen, Theresientrasse 41, 80333 Miinchen, Germany.

2 Ecole et Observatoire des Sciences de la Terre, 5 rue René Descartes, 67084 Strasbourg Cedex, France.

Abstract

We perform numerical simulations of dynamic rupture propagation on a plane in a model
consisting of two different elastic half spaces connected via a planar frictional interface
governed by regularized Coulomb friction. Therefore, ruptures in this study are purely driven
by the presence of a material contrast. Ruptures are nucleated on the fault using a circular
symmetric expanding increase of pore-pressure in a limited source region. We show how a
wrinkle-like rupture pulse can mature also in the 3D case where we have a mixing of in-plane
and anti-plane modes, the instability specific of a bimaterial interface acting only for the
in-plane mode. The pulse develops inside a cone-shaped region with its axis aligned with the
direction of displacement in the softer material, its tip being at the nucleation region.

Keywords: dynamic rupture, bimaterial interface, numerical simulation.
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4.1 Introduction

Geological faults with a long slip history are likely to bring into contact materials with different
elastic properties. Contrasts of elastic properties across large faults have been imaged by seis-
mic reflection and refraction studies (e.g., Lutter et al., 2004), body and coda wave tomography
(e.g., Eberhart-Phillips and Michael, 1998), modeling of geodetic data (e.g., Le Pichon et al.,
2005), geologic mapping (Dor et al., 2006a,b), and analysis of head waves that refract along
material interfaces in the fault zone structure (e.g., McGuire and Ben-Zion, 2005). The range
of the velocity contrast across the San Andreas and other large faults is estimated to be about
up to 30%, with values of 5-20% often reported. A fault surrounded by identical materials on
both sides cannot become unstable when the governing friction law has a single, constant coef-
ficient of friction. However, an interface separating materials of different elastic properties can
become unstable even under this condition (Weertman, 1980). How much earthquake ruptures
are influenced by such material contrasts has been under debate recently (Andrews and Harris,
2005; Harris and Day, 2005; Ben-Zion, 2006a,b). The model of rupture propagation along a
bimaterial interface with a single, constant friction coefficient evidently excludes the weaken-
ing behavior of friction during sliding and is unrealistic in this respect. Nevertheless, it is also
believed that simple weakening models of friction and their parameters do not have a clean
physical basis and additional physical knowledge has to be developed to come to physically
consistent models (Rice and Cocco, 2006). Destabilization of slip on a bimaterial interface is
only present in the 2D in-plane case and it is not present in the 2D anti-plane case. It has been
mentioned by Ben-Zion and Andrews (1998) that the results of bimaterial driven 2D in-plane
rupture simulations might be modified considerably in cases of 3D rupture propagation. Harris
and Day (2005) show results of dynamic rupture calculations in 3D with slip-weakening and
Kelvin-Voigt viscosity in the bulk. However, (1) it is not yet clear that the Kelvin-Voigt vis-
cosity does regularize ill-posedness, and (2) we wish to isolate the bimaterial instability from
that coming from the intrinsic frictional weakening. Therefore the problem of a rupture along a

bimaterial interface in 3D still needs examination.

4.2 Ill-posedness, and Numerical Convergence

The model consists of two elastic halfspaces of different elastic properties which are coupled
by a frictional interface (see Figure 4.1). A frictional interface governed by Coulomb friction
in a homogeneous medium with a uniform initial stress along the fault less than the frictional
strength never becomes unstable no matter how forcefully an event is initiated in the nucleation
zone. As mentioned above, in order to study unstable slip on a bimaterial interface indepen-
dently from other sources of instability (e.g., slip- or rate-dependent friction) one would there-

fore ideally wish to use Coulomb friction (constant friction coefficient). However, sliding along
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fault plane governed by
Prakash-Clifton Friction

FIGURE 4.1: Sketch of the model setup: a frictional interface embedded in-between two elastic half-

spaces with dissimilar elastic properties.

a planar bimaterial interface under Coulomb friction is often not well-posed (Adams, 1995;
Ranjith and Rice, 2001), and there is a connection between the ill-posedness of the problem
and the existence of the generalized Rayleigh wave (Ranjith and Rice, 2001). A summarizing
table is given in Cochard and Rice (2000). The source of ill-posedness has been studied by
Adams (1995) and is referred to as the Adams instability (Cochard and Rice, 2000). In this
study we use an experimentally based constitutive law in its simplified form (Cochard and Rice,
2000, and references therein) with its characteristic differential equation for the shear strength
7] given by:

o Vi+Vr

b L

with slip velocity V, characteristic slip velocity V*, characteristic length L, and friction coeffi-

(71 — fmax (0, —1)] 4.1

cient f letting the shear stress 7j to respond gradually rather than instantaneously to an abrupt
change of normal stress 7,. It has been shown by Ranjith and Rice (2001) to regularize the
previously discussed ill-posedness. Classical slip-weakening or rate- and state-dependent con-
stitutive laws with strength proportional to local normal stress do not provide a regularization
(Cochard and Rice, 2000).

Even in the well-posed regime it is numerically challenging to resolve a wrinkle-like rupture
pulse travelling along a bimaterial interface, because of the above mentioned intrinsic instability
of such an interface (Cochard and Rice, 2000; Ben-Zion and Huang, 2002). To test the numeri-
cal results for their physical plausibility we strive for converging results of grid-refined simula-
tions. In Figure 4.2 we show converging results achieved with the finite-difference method used
in this study (details in section 4.3) for three levels of grid refinement (Ax = 0.5,0.25,0.125 m).

Because of the huge computational expense we cannot accomplish further refinements or larger
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FIGURE 4.2: Slip velocity, shear-stress, friction, and normal stress at three stations at 100 m (top

left), 150 m (top right), and 200 m (bottom) propagation distance along the in-plane direction for the

parameter case shown in table 4.1. For the shown propagation distances, a resolution of Ax = 0.25 m

provides already good convergence, since the results of the next refinement with Ax = 0.125 m basically

shows the same solution.

propagation distances at the same time. The top panel shows slip velocity as a function of time
at three different points (xpg = 100 m, 150 m,200 m) along the in-plane direction on the fault.
At about 0.03 s we see a slip pulse that corresponds to what is labeled ‘supershear’ in Figure 4.3
— it has already totally disappeared at 150 m away from the nucleation. Thus, as in 2D, the main
feature is the so called Weertman pulse (e.g., Andrews and Ben-Zion, 1997), appearing in all
three stations. For the least refined grid (green curve) we can see numerical noise, especially
for the station at 200 m propagation distance. The corresponding features can also be seen in

the bottom panel which shows normal stress. We can see that suitable convergence is achieved
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for Ax =0.25 m.

4.3 Physical Model, Nucleation, Numerical Implementation

The model consists of two elastic halfspaces of different elastic properties which are coupled
by a frictional interface (see Figure 4.1). We use a standard 4th-order staggered-grid finite-
difference technique for solving the elastic wave equations inside the elastic medium which has
been described by various authors (e.g., Igel et al., 1995; Graves, 1996). Frictional sliding is
numerically included via the stress-glut method which has been introduced by Andrews (1999).
Following earlier studies (e.g., Andrews and Ben-Zion, 1997; Cochard and Rice, 2000) we do
not allow the fault to open while we set shear strength to zero when normal stress becomes
tensile. To keep the simulations clean from artificial reflections caused by the finiteness of the
numerical implementation of the model we use perfectly matched layers (Marcinkovich and
Olsen, 2003) of appropriate width on all sides of the modelspace. Although Ampuero and
Dahlen (2005) show that the elastic constants on a material discontinuity are ambiguous, we
found that we could achieve the best duplication of results of Cochard and Rice (2000) using
the harmonic mean for the elastic ¢,y = 2¢j¢2/(c1 + ¢2) constants and the arithmetic mean for
the density p,y = (p1 + p2)/2, as has been suggested elsewhere (e.g., Wu and Chen, 2003), for

points on the material boundary.

We nucleate each event in a circular symmetric way by increasing the fluid pressure in a
limited space-time region. We thus prevent a propagation direction that is privileged by the nu-
cleation procedure. Our procedure is similar to the one used by Brietzke and Ben-Zion (2006).
In 3D it is a spatially ring-shaped nucleation pulse with the spatial width a, expanding at the nu-

cleation velocity v, until the maximum radius b, which can be expressed using the geometric

variables
§ = (|7 = vnuet) /a,
4.2)
n = (Irl+vet) /b—(Va*+b%/b),
, with radius |r| = \/y? + z2. Within the source, the fluid pressure is given as
2
P=R(1-&-n%)", 4.3)

while outside this region it is zero. To make our study comparable to other numerical studies
(Cochard and Rice, 2000; Ben-Zion and Huang, 2002; Ben-Zion and Shi, 2005) we use param-
eters that are similar to the ones used in those studies. The range of the investigated parameters

is summarized in table 4.1.
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parameter value or value range
numerical method finite-differences
grid type staggered cartesian grid

grid-spacing Ax

maximum grid size n, X ny X n,
density material 1 p;

wave velocities material 1 vgy, vp
density material 2 p;

wave velocities material 2 vy, vp2
size of the fault model y X z

type of friction

0.5m,0.25m, 0.125 m
500 x 3200 x 3200

3333.3 kg/m>

3000.0, 5196.2 m/s

2777.7 kg/m?

2500.0, 4330.1 m/s

1580 x 1580 = 2496400 m?
simplified Prakash-Clifton

friction coefficient f 0.75
characteristic slip velocity V* 1 m/s
characteristic length L 4 mm
initial shear stress 7% 70 MPa
initial normal stress 0> 100 MPa
size of nucleation zone @pyc =2b 120 m
nucleation velocity vy 2475 m/s
nucleation pulse width a 10 m

TABLE 4.1: Range of simulation parameters

4.4 Results

Snapshots of slip velocity on the fault at three instances in time are shown in Figure 4.3 for
Ax = 0.25 m. The nucleation initiates rupture phases in the subshear as well as the supershear
range. The supershear part of the rupture dies out for the shown parameter set in all directions.
In the in-plane direction and some time-dependent angle the subshear rupture phase develops
towards a self-amplifying wrinkle-like pulse in the positive direction (direction of displacement
in the softer material), and it dies out in the opposite (negative) direction. This self-amplifying
wrinkle-like pulse travels at about the generalized Rayleigh velocity within a limited region of
slip that has the shape of a fraction of a circle. Therefore the propagation velocity of this pulse is
constant in all directions where it exists. In the anti-plane direction the pulse symmetrically dies
out for all propagation velocities. Although this might look trivial knowing the corresponding
2D cases, where we have the development of a unilateral rupture-pulse in the positive direction
of the in-plane case, and dying rupture pulses in the anti-plane case, we want to emphasize that

this result cannot be deduced trivially from the separate 2D cases.
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FIGURE 4.3: Snapshots of the slip velocity on the fault-plane at three instances in time for the same parameters as in Figure 4.2. The nucleation takes
place inside the pink circle (©nuc = 2b = 120 m). The left panel shows slip velocity shortly after the nucleation. Two supershear half-moon shaped rupture
phases, and a subshear rupture phase traveling at about the generalized Rayleigh velocity in all directions (see left panel) are initiated. The subshear rupture
phase develops towards a self-amplifying wrinkle-like pulse within a cone around the positive in-plane direction, it dies out in the negative in-plane as

well as in the anti-plane directions (see middle/right panel).
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The snapshots show how a self-amplifying, purely material-contrast driven wrinkle-like rup-
ture pulse can appear also in the 3D case. We found that the allowance of rake rotation in the 3D
case does not change the results qualitatively (in a few simulations, not shown here, we found
that the self-amplification is stronger for the cases for which we prohibited rake-rotation).

In order to investigate how the pulse evolves after some larger propagation distance we
performed a 3D simulation with a coarse numerical grid (Ax = 0.5 m) allowing us to enlarge
the propagation distance to x,q = 1 km. The resulting slip-distribution after 475 ms is shown in
Figure 4.4. The buldge of slip on the rightmost part shows a very small disturbance (< 4% of
the total slip) propagating ahead of the main pulse at the same velocity, and which originates
at a propagation distances of about 400 m. The non-circular rupture front in Figure 4.4 also
indicates a transition at the edge, the rupture propagation velocity being slightly smaller there.

Our results show that for adequate parameters a wrinkle-mode of rupture that is purely
driven by the decrease in normal stress during slip and its positive feedback (amplification)
can exist also in the 3D case. However, in 3D it appears that the wrinkle-like rupture pulse
degenerates possibly faster than in 2D towards a potentially unrealistic state with a huge slip-

acceleration and very small width of the pulse (sharpening).

4.5 Discussion

The problem of rupture on a bimaterial interface is numerically extremely challenging because
of the highly unstable physical mechanism associated with it (compared to, e.g., the classical
slip-weakening instability). Using finite-difference calculations we show that a self-sustained
pulse can exist under the simplified Prakash-Clifton law also in 3D. Such a pulse travels inside
a cone with a time-dependent angle on the fault plane around the positive in-plane direction.
How robust are the results of this study? Based on our experience in 2D and the very limited
experience in 3D, we found that there exists ranges of parameters, e.g., regarding the nucleation
procedure or a too low level of initial stress, for which self-sustained pulses have not been
observed. Nevertheless we are confident that self-sustained propagation occurs in at least some
significant neighborhood of the present parameters. However, a full parameter space study
remains to be done, even in 2D.

Based on very few numerical simulations of rupture propagation along a bimaterial interface
governed by slip-weakening friction (Andrews and Harris, 2005) state that this phenomenon of
the wrinkle-like pulse is not important for realistic earthquake rupture. In contrast, it has been
under debate recently what is a realistic and physically consistent earthquake model. Additional
physical knowledge has to be developed (Rice and Cocco, 2006) to narrow the involved uncer-
tainties and to evaluate physically more consistent, more realistic models of earthquake rupture;
off-fault energy dissipation due to plastic strain, visco-elasticity, melt lubrication, thermal pres-

surization are just examples of what could be taken into account. Also, in the presented simu-
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FIGURE 4.4: Distribution of slip after 475 ms simulation time. After passing the nucleation region at
rpd < 60 m the pulse travels through a transitional area of relatively stable pulse propagation (compare

with Figure 4.3) until it becomes clearly self-sustained.

lations of self-sustaining pulses, normal stress becomes strongly tensile after some propagation
distance. This suggests that the consequences of allowing fault opening should be investigated
in future studies of 2D and 3D dynamic rupture propagation along bimaterial interfaces. Our
study has the clearly defined conceptual limit of a purely material driven effect. The results
of recent studies on bimaterial interfaces bring in complementary insights (e.g., Rudnicki and
Rice, 2006; Shi and Ben-Zion, 2006; Brietzke and Ben-Zion, 2006; Rubin and Ampuero, 2007).
There are indeed good examples for which the bimaterial mechanism seems to be necessary to
properly interpret the observations: Rubin and Gillard (2000) observed asymmetric alongstrike
distribution of aftershocks on the San Andreas fault, and Dor et al. (2006b) observed asymmet-
ric rock damage across faults of the San Andreas system.

In order to address the question of whether or not the wrinkle-like slip pulse (or, more
generally, the bimaterial mechanism) is relevant in existing earthquake rupture mechanisms, a
much wider range of models and parameter combinations would need to be tested, owing to the
aforementioned uncertainties in our knowledge of source physics. The strong self-sharpening
behavior of the wrinkle-like rupture pulse suggests that, with increasing propagation distance,
it degenerates towards unrealistically large slip velocities (as already noted by Ben-Zion and
Huang (2002) in 2D), and perhaps vanishes as a consequence of pulse thinning, this latter aspect

obviously deserving a deeper investigation.
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Motivation for Coming Chapter

The preceding chapter contributed to the first question of what are the properties of the wrinkle-
like propagating Weertman pulse. Until recently only few studies (Harris and Day, 1997; An-
drews and Harris, 2005; Harris and Day, 2005) addressed the second question on whether or not
the bimaterial mechanism is important in realistic earthquake dynamics. Andrews and Harris
(2005) (AH) and Harris and Day (2005) provoked considerable debate (Ben-Zion, 2006a,b).
More recently other studies have contributed to the puzzling second question (e.g., Shi and
Ben-Zion, 2006; Rubin and Ampuero, 2007; Dunham and Rice, 2008; Ampuero and Ben-Zion,
2008; Brietzke et al., 2009) with the consensus that there is indication that for certain ranges
of parameters (type of friction, frictional parameters, heterogeneity of stress, asperities, poroe-
lastic parameters, level of average initial stress etc.) the material contrast across a frictional
interface can become significant for natural earthquakes. A shortcoming of AH is that their
study is very limited in several aspects. AH back their hypothesis “The wrinkle-like slip pulse
is not important in earthquake dynamics” with three simulations only, two of which are too
coarse to study the addressed phenomenon (Andrews and Harris, 2005, paragraph 20: “These
calculations are too coarse to resolve the wrinkle-like slip pulse well. If the calculations were
repeated with a smaller grid interval, we would expect to see a narrower slip pulse with a greater
tensile change of normal stress in the case of favored propagation direction. Achieving adequate
resolution in 3D would require a great deal of computing power, so a calculation with fine res-
olution is done in 2D.”), the third one being 2D only. Their model incorporate simultaneously
multiple ingredients, pretending to be "realistic", but the dimensionality of the parameter-space
is very high, the results are based on very small number of simulations, and the conclusion is
phrased in very strong and general terms. Therefore their conclusion is highly questionable at
best. The following chapter 5 “Importance of Bimaterial Interfaces for Earthquake Dynamics
and Strong Ground Motion” (after Brietzke et al., 2009) extends the limited parameter set of
AH with more than 300 parameter sets of a similar 3D model with a three-times finer numerical
resolution. The study shows that for many situations the bimaterial mechanism is significantly

altering rupture dynamics and strongly affecting the radiated ground motion at the surface.



Chapter 5

Importance of Bimaterial Interfaces for
Earthquake Dynamics and Strong Ground
Motion

This chapter presents the work of Brietzke et al. (2009) in a slightly modified form.

Gilbert B. Brietzke!, Alain Cochard?, and Heiner Igel1
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Miinchen, Theresientrasse 41, 80333 Miinchen, Germany.

2 Ecole et Observatoire des Sciences de la Terre, 5 rue René Descartes, 67084 Strasbourg Cedex, France.

Summary

We perform a numerical investigation of dynamic ruptures on a bimaterial interface in 3D with
regularized slip-weakening friction and a heterogeneous initial shear stress, and discuss the
resulting strong ground motion. To separate effects introduced by the material contrast we
perform pairs of simulations with opposite material orientations as it has been done by Andrews
and Harris (2005). We show that for many parameter sets the dynamics of rupture propagation
are significantly influenced by the broken symmetry due to the material discontinuity during
rupture propagation. The resulting slip histories of two events with reversed orientations of
the material contrast can deviate such that the emanating waves lead to large differences in
peak ground motion (PGV & PGA) even when slip-distribution of the individual events are
very similar and therefore their moment magnitudes are basically identical. We also show that
the wrinkle-like slip pulse specific to the bimaterial mechanism can be nucleated naturally
from an initially crack-like mode of rupture when the initial stress allows for large propagation

distances. Once such a pulse has been nucleated it travels at a dominant propagation speed
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close to the generalized Rayleigh velocity. The dynamic weakening of the fault due to the
normal stress alteration during slip allows nucleating ruptures to overcome asperities of low
initial shear stress in the preferred direction, which is the direction of slip on the seismically
slower side of the fault. In such situations the orientation of the material contrast determines

rupture extent and therefore the size of the earthquake, potentially by orders of magnitude.

Keywords: dynamic rupture, bimaterial interface, ground motion, numerical simulation.
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5.1 Introduction

Large faults with a long slip history often separate rocks of dissimilar elastic properties. It has
been reported that such bimaterial interfaces exhibit remarkable dynamic properties in the 2D
in-plane case that may be relevant to many issues of earthquake rupture dynamics (Ben-Zion
and Andrews, 1998). The existence of a pulse mode of rupture, travelling unilaterally along a
bimaterial interface at the generalized Rayleigh velocity v, into the direction of displacement
in the more compliant side, has been predicted by a theoretical analysis of Weertman (1980).
Andrews and Ben-Zion (1997) confirmed the existence of such wrinkle-like pulse-mode of rup-
ture in numerical calculations. Many aspects of the wrinkle-mode of rupture and sliding along
a bimaterial interface have been clarified by various studies (e.g., Adams, 1995; Cochard and
Rice, 2000; Ranjith and Rice, 2001). In the 2D in-plane case, slip along a bimaterial interface
generates dynamic changes of normal stress, modifying the local fault strength which, in prin-
ciple, can generate a unilateral wrinkle-like pulse. This mechanism is neither present in the
homogeneous case nor the 2D anti-plane case. It has been shown by Cochard and Rice (2000)
that there exists also a bimaterial driven pulse in the opposite direction (direction of displace-
ment in the stiffer side) travelling at the p-wave velocity of the softer side, vrs)low. A propagation
mode at the slower p-wave velocity has been identified by Harris and Day (1997) from a sim-
ple model of failure induced slip of a single-point asperity on a friction-free fault. Effects of a
low velocity fault-zone structure and multiple fault surfaces have been studied by others (e.g.
Harris and Day, 1997; Ben-Zion and Huang, 2002; Brietzke and Ben-Zion, 2006). Theoretical
and numerical calculations with rate-dependent friction indicate the bimaterial mechanism to
be important for earthquake rupture for ranges of parameters leading to macroscopic and sta-
tistical asymmetry of rupture properties while being suppressed for others (e.g., Ampuero and
Ben-Zion, 2008). It has been shown that the wrinkle-like rupture pulse can persist also in the
3D case where there is a mixing of the in-plane and anti-plane cases (Brietzke et al., 2007).

There are good examples for which the bimaterial mechanism seems to be necessary to
properly interpret the observations: asymmetric along strike distribution of aftershocks (Rubin
and Gillard, 2000; Rubin and Ampuero, 2007), asymmetric rock damage across faults of the
San Andreas system (Dor et al., 2006a), and geomorphologic asymmetry across the rupture
zones of the North Anatolian fault (Dor et al., 2008) have been reported. The uncertainty in the
basic physical concepts involved and the constraints of their parameter ranges make it difficult
to come to definite conclusions, and indeed the relevance of this mechanism for natural faulting
has also been a subject of controversy recently (e.g., Andrews and Harris, 2005; Ben-Zion,
2006a).

Here we present results of a numerical investigation of dynamic ruptures with regularized
slip-weakening friction on a bimaterial interface with a heterogeneous initial shear stress load
in 3D with a free surface. A heterogeneous stress distribution on a bimaterial interface has

been used before by Andrews and Harris (2005) for the 3D-case and by Ampuero and Ben-Zion
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(2008) for the in-plane 2D-case.

5.2 Model Setup

We numerically simulate dynamic rupture propagation on a planar fault with regularized slip-
weakening friction separating two blocks of dissimilar elastic materials (20% contrast). A
sketch of the model is shown in Figure 5.1. We introduce A as a symbol for the Weertman
pulse since slip along a bimaterial interface can in principle generate unilateral wrinkle-like
Weertman pulses with a unidirectional propagation (Weertman, 1980). This direction is often
referred to as the preferred direction of a bimaterial interface, despite the possible existence
of an opposing pulse at vIS)IOW. We identify the orientation of the material contrast in our sim-
ulations by specifying the propagation direction of the mentioned Weertman pulse using Ar
and Ap, subscripts R and L. meaning propagation to the right-hand side and to left-hand side,

respectively.

5.2.1 Heterogeneous Stress and Nucleation

We use a heterogeneous initial shear stress with random phase and amplitude proportional to the
reciprocal wavenumber (1/k). Mai and Beroza (2002) find that slip on a fault plane satisfies D <
1/k'*Hp with an associated Hurst exponent Hp within the interval of Hp = [0.5,1.0]. For the
associated stress field 1y the corresponding interval for the Hurst exponent is H; = [—0.5,0.0].
We use Ty o 1/k!'*H= with H; = 0 which corresponds to the upper limit of the range proposed
by Mai and Beroza (2002). This value has also been used by Andrews and Harris (2005) and
therefore allows for a direct comparison with their results. The distribution is tapered towards
zero for wavenumbers close to the Nyquist wavenumber kny of our coarsest numerical grid with
Ax = 200 m. The resulting initial shear stress is arbitrarily scaled, and it is smoothly tapered
towards the free surface and the model boundaries. We nucleate each event by elevating the
initial stress by 15% in a circular patch of 1 km radius around the overall peak-stress of the

random distribution.

5.2.2 Friction and Regularization

Sliding along a planar bimaterial interface has been shown to be often ill-posed (Adams, 1995;
Ranjith and Rice, 2001; Cochard and Rice, 2000). Regularization is achieved using an ex-
perimentally based constitutive law (Prakash and Clifton, 1993; Prakash, 1998) in combination
with classical slip-weakening dependence of friction coefficient (note that slip-weakening alone
does not provide regularization — see Cochard and Rice (2000, page 25,897)). Shear stress T in

such a system responds gradually to changes in normal stress o;,. The characteristic differential
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FIGURE 5.1: Sketch of the physical model: bimaterial frictional interface with regularized slip-
weakening friction and heterogeneous stress. Each set of parameters is simulated twice, with the material

contrast orientation being switched for the second simulation.

equation for the shear strength 7° is given by:

Vi4+V*
= —% [7° — feswmax (0,—0y)] (5.1

with slip velocity V, characteristic slip velocity V*, characteristic length L, and friction co-
efficient fg. With this regularized friction law, results in principle converge with grid size
reduction (see Cochard and Rice (2000)). We use a slip-weakening friction coefficient given
by:

fs=(fs—fa)D/D., forD < D

fsw = (5-2)
S, forD > D, .

5.2.3 Numerical Method

We use a second-order finite-difference formulation in a staggered grid with traction-at-split-
nodes for the implementation of the frictional interface as it has been introduced by Dalguer
and Day (2007a). In order to suppress artificial reflection originated by the finiteness of the
numerical model, we use perfectly matched layers (PML) on all sides of the model except for
the side representing the free surface. The PML technique has been adapted to velocity-stress

formulations of the elastodynamic wave equations by Collino and Tsogka (2001) in 2D, and
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shown to work efficiently in the velocity-stress staggered-grid finite-difference scheme used in
this study by Marcinkovich and Olsen (2003). The free surface is implemented using a simple
stress-imaging technique at the free surface (Levander, 1988).

5.3 Results

It has been shown by Andrews and Harris (2005) that for a pair of simulations with reversed
material orientation (AR, Ar) the resulting slip distribution on the fault may be very similar.
Andrews and Harris (2005) also mentioned that the wrinkle-like pulse they observed in their
2D calculations might have an important effect on the radiated ground motion. Since they have
not been able to resolve the wrinkle-like pulse in their 3D calculations due to computational
limits, they could not evaluate its effect on the ground motion, which is the main goal of our
study.

We tested for more than 300 pairs of simulations the influence of the bimaterial mechanism
on rupture propagation and final slip as well as on the resulting ground motion. Within this set
of simulations we changed initial shear stress (7,) and frictional parameters (fq, fs, Dc, L).

We discuss our simulations by showing results of four representative examples in sec-
tions 5.3.1, 5.3.2, 5.3.3, 5.3.4. Each set of parameters is simulated once, and then once again
with the material contrast orientation being switched. Each such simulation pair of these four
sets of parameters features certain effects which can thus be related to the presence of the ma-
terial contrast. The more than 300 pairs of simulations exhibit mixtures of the effects presented
in the four representative examples, sometimes less, sometimes more pronounced; those are
summarized in section 5.3.6.

For characterization of the initial level of shear stress we use the strength excess parameter
S, which is defined as:

T, — T
§=3_0 5.3
. (5.3)

with 73" the average initial shear stress in the non-tapered region.
In order to evaluate differences of final slip we define values for the dissimilarity of final
slip and peak slip velocity (see equation B.2) on the fault:

N AR AL
i=1 ‘Dl - Di

A AL\’
%( NlDiR+Z§V:1D'L>

1= 4

N AR AL
Zi:] ‘Vmaxi - Vmaxi

1 N /A N A
2 ( i=1 Vmallzxi + Zi:l Vméfx,-)

oD =

5Vmax = 5 (5-4)

with N the number of fault elements.

We will look at seismograms and their amplitude spectra at the free surface. All seismo-

grams we will show are low-pass filtered at 2 Hz. Using a grid-spacing of Ax = 100 m this means



5.3. RESULTS 67

slow

that for the slowest wave-speed of vy °V = 2917 m/s we have a grid-resolution of 15 points per

smallest unfiltered wavelength of 1500 m.

In order to evaluate the effects on the radiated ground motion on the surface we show maps
of peak ground velocity (PGV) and peak ground acceleration (PGA) (see equations B.6) and
their relative differences with respect to both material orientations (8PGV and 6PGA) which
are normalized by the average of the value for both orientations PGV/® and PGVAL; they are

local parameters at point j of the surface:

)PGVJA.R — PGV

)PGAj.‘R —PGAM

SPGV; = , SPGA; = (5.5)

1 AR Ay 1 AR ALY’
5 (PGV/* -+ PGV]Y) } (PGAS +PGAT)
with superscript AR and Ap, labeling the ground motions of the simulations with its Weertman

pulse related preferred directions to the right and left, respectively.
The ranges of parameters of our simulations are summarized in table 5.1.

In order to identify robust features we decrease the numerical grid-spacing in selected pa-
rameter cases. In those cases we do not modify the original random realization but interpolate

the initial shear stress to the refined grid-spacing.

In the following we discuss stable features present in our 300 pairs of simulations (including
the four example cases). Ideally, one should quantify the results in a statistical sense, but we

have not enough individual realizations to do so.

In section 5.3.1 we discuss an example where final slip on the fault is very similar for both
orientations of a simulation pair (Ar, Ar), but the ground motion differs a lot. In section 5.3.2
we discuss an example where final slip on the fault and moment magnitude (definition given
in section B.3) differ a lot between both orientations of a simulation pair (Ar, AR), resulting
in huge differences in ground motion. In section 5.3.3 we discuss an example where at first
a superimposed, finally a distinct wrinkle-like pulse of slip is generated for one material con-
trast orientation (AR), letting the rupture front propagate essentially at the generalized Rayleigh
velocity, while no such pulse is generated for the reversed setup (Ar). Here the difference of
final slip and moment magnitude is moderate, while the difference in ground motion is large.
In section 5.3.4 we discuss an example where we have the generation of a supershear rupture
front propagating to one side, a subshear rupture front to the opposite direction for both ma-
terial contrast orientations (Ar, Ar). This example demonstrates how supershear propagation
can be supported or prevented depending on the orientation of the material contrast, and how
a secondary pulse of rupture can travel behind the supershear rupture front travelling at the

generalized Rayleigh velocity.
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TABLE 5.1: Range of Tested Parameters

parameter value or value range
numerical method finite-differences
grid type staggered Cartesian grid

grid-spacing Ax

size of physical domain
density fast material p™
wave velocities fast material v
density slow material p*1o%
wave velocities slow material v
size of the fault model y X z
type of friction

static friction coefficient f;
dynamic friction coefficient fy
characteristic slip velocity V*
characteristic length L

critical slip distance D,

initial shear stress 7,

fast _ fast
s Vp

S ’vp

inverse strength excess S~

initial normal stress oy,

size of nucleation zone @nyc

initial shear stress of nucleation patch
resulting moment magnitudes My

slow |,slow

100 m

20 km x 44 km x 20 km
2900.0 kg/m?

3500.0, 6000.0 m /s
2416.7 kg/m?

2916.7, 5000.0 m /s

44 km x 20 km = 880 km?
regularized slip-weakening
0.8 ...0.75

04..0.7

1 m/s
0.1,..,02m
0.1,..,03m

(20...80),(26...80),(40...80) MPa
(40...80),(53...80),(60...80) MPa
0...1.2

100 MPa

2 km

+15%

5.3-7.2
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5.3.1 Example 1

Here we discuss an example where final slip on the fault is very similar for both orientations of

the simulation pair (A, Ar), while the ground motion differs substantially.

The parameters are summarized in table 5.1. Here L=0.2m, D, =0.3 m, f, =0.8, f4=0.5,
initial shear stress varies randomly between 40 and 80 MPa (tapered to zero towards the edges),
inverse of strength excess S~1 =04, Ax =100 m.

In Figure 5.2 we show the distribution of initial shear stress for example 1. The initial shear
stress is the same for both simulations with reversed orientation of the material contrast. The
rupture is nucleated at about 11.5 km down dip and 24 km along strike by an instantaneously
overstressed patch (Onyc = 2 km around the peak value of initial stress) visible in dark-red color.

The distributions of final slip D for the pair of simulations with switched material orientation
(top, AL, & bottom, AR) are displayed in Figure 5.3. There is considerable visual similarity. We
calculate the correlation coefficient of final slip C DAR DAL = 0.99, the slip dissimilarity value
0D = 9% (equation (5.4)), and the moment magnitudes My for both events M{,\VR = M\’,\\,L =6.91,
which show that distributions of final slip in this example are indeed very similar. After 10 s
already 96% of total final slip in the Ar-case and 100% of total final slip in the Ay -case are
accumulated, so the duration of both events are also comparable.

Slip history on the fault is illustrated in Figure 5.4 with distributions of slip velocity at four
instances in time for both material contrast orientations (Ar, Ar). One can recognize that in
this specific example rupture propagates faster to its preferred direction in both cases (A, AR).
Also the amplitudes of slip velocity at the tip of the crack differ between the two simulations
with reversed material contrast orientations. Hence, despite the similarity of final slip (see
Figure 5.3) rupture history on the fault is significantly altered when switching materials. This
becomes more obvious in Figure 5.5 showing distributions of peak slip velocity Vipax on the
fault (top, Ar, & bottom, AR, equation. The correlation coefficient for both distributions of peak
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FIGURE 5.2: Initial shear stress for example 1. The shear stress distribution is identical for the two
simulations with reversed bimaterial orientations ’L'é\R = Té\L = T,. The overstressed patch is visible at

about 11.5 km down dip and 24 km along strike.
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FIGURE 5.3: Distributions of final slip for both material orientations (top, Ar & bottom, Agr) of exam-
ple 1. The correlation coefficient for both distributions of slip is Cpag pay = 0.99, slip dissimilarity value,

as defined in equation (5.4), 8D = 9%, and the moment magnitudes are identical: MAR — M{,\VL =6.91.

slip velocity is CVH/:% v = 0.72, the dissimilarity value of the peak slip velocity distributions
O0Vmax = 14% (equation (5.4)).

The results presented in Figures 5.2, 5.4, 5.5 show that the rupture history on the fault is
controlled both by the distribution of initial shear stress and the bimaterial mechanism. Since
the distribution of peak slip velocity of Aj and Ar (Figure 5.5) as well as the snapshots of slip
velocity for both cases (Figure 5.4) would be identical with no material contrast, we infer that

the bimaterial effect contributes significantly to the slip history on the fault.
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FIGURE 5.4: Time evolution of the rupture for example 1, showing snapshots of slip velocity for four
instances in time for both material orientations (left panel, A, and right panel, Ar). In order to better
identify differences between both panels, the red and back lines on each panel correspond to the other
panel (reversed orientation); the black contour marks the rupture front (of the reversed orientation), the
red one shows regions of high slip velocity (of the reversed orientation). In both cases the rupture is

enhanced (higher amplitude and larger propagation velocity) in the preferred direction.
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FIGURE 5.5: Distributions of peak slip velocity for both material orientations (top, A & bottom, Agr)
of example 1. A region with a peak slip velocity of about VAL = 20 m/s can be identified at around
17 km along strike and 2.5 km down dip in the Ay -case which corresponds to an initially high stressed
region. In the Agr-case mainly two patches of high peak slip velocity can be identified at around 25 km
along strike and 5 km down dip, its value being VAR = 14 m/s, and at around 40 km along strike and

5 km down dip, with a value of about VAR = 13 m/s.
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FIGURE 5.6: Peak ground motion maps of example 1 for both material contrast orientations (Ar, Ar). The epicenter is marked by the red star, the

location of a virtual seismometer S; is marked by a black triangle, its seismograms being shown in Figure 5.7. Note that for the Ar -case the fault-normal

axis is reversed for easier comparison, hence the slower side is always at the top for all six panels.
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FIGURE 5.7: Seismograms and velocity amplitude spectra of example 1 at stations S; for both material contrast orientations (Ar, Ar). The seismograms
are low-pass filtered at 2 Hz. One can see a considerable difference in ground motion when switching materials. The difference is especially large for the
fault normal component of velocity (factor of 3) and acceleration (factor of 6) at this station: max[v®] ~ 3max[v*t] and max[a’®] = 6max[a’], while the

difference in final displacement is negligible for all three components (d,, dy, d.).
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The resulting peak ground motion of example 1 is shown in Figure 5.6. While the Ay, case
shows a large directivity in PGV as well as in PGA, the directivity is less obvious and not simply
reversed for the AR case. In the Ay case the area of large PGV and PGA is left of the epicenter
at about 24 km along strike, while in the Ag-case the relevant ground motion is spread over
larger portions along the fault. The maximum peak value of ground motion appears in the Ap -
case and is about 2.3 m/s peak velocity. One can identify its origin with an area of high initial
shear traction just below this area (see Figure 5.2). This patch of the fault produces also large
ground motion in the Agr-case, but less pronounced due to its dynamically unfavored direction.
Additionally there is significant ground motion to the right of the epicenter in the Ar-case. The
area of highest relative difference of peak ground motion is close to the fault at 36 km along
strike with values of PGV ~ 110% and 0PGA ~ 140%.

In Figure 5.7 we show seismograms and velocity amplitude spectra at station Sy (see Fig-
ure 5.6) located at 36 km along strike, 2 km off fault on the slow sides, for both material contrast
orientations (AR, Ar). The seismograms are low-pass filtered at 2 Hz. As it can be seen in Fig-
ure 5.6 this station is located where 0PGV & 100% and 6PGA ~ 130%. For both orientations
the signals exhibit a duration of about 10 s where most shaking takes place within a time-
window of about 3-13 s. This time window resembles basically the duration time of the whole
event (= 10 s). However, a larger amplification of the signal can be seen in the Ar-case within
a time-window of 3-8 s than for the Ay -case. Therefore the seismograms exhibit a considerable
change in ground motion amplitudes for the reversed orientations of the material contrast. The
difference is especially large for the fault normal component of velocity (factor of 3) and accel-
eration (factor of 6) at station S;: max[veR] ~ 3max[vL] and max[atR] ~ 6max[as’], while the

difference in final displacement is negligible for all three components (dy,dy,d;).

Final slip of example 1 (D = D(y,z)) is not enough to characterize the wavefield
(v(x,y,z,t),0(x,y,z,t)) which emanates during the rupture propagation since it contains no in-
formation on the time-dependent evolution of the fault. A better fingerprint appears to be peak
slip velocity Vinax since it contains some information on the time-evolution of slip as a function
of the time-derivative of slip: Vinax = Vimax (D(y,7,1)). In Figure 5.5 distributions of peak slip
velocity for a pair of simulations with switched material contrast orientation (top, Ap & bottom,
AR) of example 1 were shown. The large differences in Viyax account for the large differences
in the resulting ground motion. In Figure 5.8 we show the propagation velocities, vy, calculated
from the smoothed gradient of peak arrival times (time when maximum slip velocity arrives) of
the rupture. For both cases (Ar, Ar) significant areas are blue. In these areas the propagation
velocity is close the generalized Rayleigh velocity (v, = [ver — 6%, vg(]). The differences in rup-
ture propagation velocity is another illustration that the slip history on the fault is significantly

altered when switching the material contrast orientation.

We ascertain that the seismic radiation differs substantially between both orientations of the

material contrast even though slip on the fault is in general very similar. This possibility was
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FIGURE 5.8: Rupture propagation velocity calculated from the smoothed gradient of peak arrival times
for both material orientations (top, Ap, & bottom, Ar) of example 1. Blue shading highlights areas with
a propagation velocity that is close the generalized Rayleigh velocity (v; = [vgr — 6%, Vgr]).
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mentioned previously by Andrews and Harris (2005). The large differences in strong ground
motion are due to very different slip histories on the fault. Since in our model those can only
be different due to the presence of the material discontinuity, this suggests the bimaterial effect
to be important for earthquake hazard.

5.3.2 Example 2

We proceed to an example in which final slip on the fault and moment magnitude differ con-
siderably between both orientations of the simulation pair (Ap, Ar), resulting in very large
differences in ground motion.

The parameters are summarized in table 5.1, with specific parameters of L = 0.2 m, D, =
0.3 m, f; =0.8, fg =0.56, Ax = 100 m, the range of initial shear stress 7, = 40...80 MPa
(tapered to zero towards the edges), with a resulting inverse strength excess S~! = 0.39.

In Figure 5.9 we show the distribution of initial shear stress for example 2. The initial shear
stress 1s the same for both simulations with reversed orientation of the material contrast. The
rupture is nucleated at about 7 km down dip and 31.5 km along strike by an instantaneously
overstressed patch (@nyc = 2 km around the peak value of initial stress) visible in dark-red
color.

In Figure 5.10 we show the distribution of final slip D for the pair of simulations with
switched material orientation (top, Ar, & bottom, Ag).

The correlation coefficient of final slip C DR DAL = 0.38, the slip dissimilarity value 6D =
139% (equation (5.4)), and the moment magnitudes for both events are MR =6.32 and M\’,\vL =
6.82. The distributions of final slip in this example are thus very different.

In Figure 5.11 we compare the evolution of slip velocity on the fault for the Aj - and Ag-

case at four instances in time. On can see that at # = 2 s rupture has a slightly higher amplitude
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FIGURE 5.9: Initial shear stress for example 2. The shear stress distribution is identical for the two
simulations with reversed bimaterial orientations ’L'é\R = Té\L = T,. The overstressed patch is visible at

about 7 km down dip and 31.5 km along strike.
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FIGURE 5.10: Distributions of final slip for both material orientations (top, Ar & bottom, Agr) of
example 2. The correlation coefficient for both distributions of slip Cpag pa. = 0.38, the slip dissimilarity
is 6D = 139%, and the moment magnitudes differ by half a unit: M{,\VR =6.32, M()\VL =6.82.

and larger propagation velocity in its preferred direction for the Ar-case when comparing to
the Ap-case. At? =8 s and t = 14 s there are only tiny slipping patches remaining for the
ARr-case while in the Ay -case considerable slipping patches can be recognized. In the Ar-case
rupture dies out and no slip is remaining at ¢t = 20 5. Figure 5.12 shows a detail of slip velocity
at the moment of minimal slip velocity of the A -case with additional contours showing the
propagation velocity as contour lines. The snapshot is taken at the moment when in the Aj -case
rupture slowly overcomes a region of relatively low initial shear stress around 5-10 km down
dip and 24-28 km along strike and then speeds up and amplifies in the region of large initial
shear stress around 14-24 km along strike (see Figure 5.9), and it finally ruptures the entire fault
in its preferred direction (Ar).

Thus, the bimaterial mechanism helps to overcome an asperity of low initial shear stress
initiating a secondary event along the fault in its preferred direction, while in the case of reversed
material contrast orientation (Ag-case) it cannot. In Figure 5.13 we show distributions of peak
slip velocity Vinax on the fault of example 2 (top, Ap, & bottom, Ar). The correlation coefficient
for both distributions of peak slip velocity C. g

A
Vmamvmz%(
peak slip velocity distributions 8Viax = 41% (equation (5.4)). A region with a comparatively

= 0.07, and the dissimilarity value of the

small peak slip velocity (Vnﬂ\aLX < 1 m/s) can be identified at around 25-26 km along strike in the

Ay -case. This region has low initial shear stress (see Figure 5.9). As mentioned before, rupture

stops at this obstacle in the Agr-case. In the Aj -case the region with low initial shear stress can
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FIGURE 5.11: Time evolution of the rupture for example 2, showing snapshots of slip velocity for four
instances in time for both material orientations (left panel, A, and right panel, Ag). The black contour
marks the rupture front of the reversed orientation, the red one shows regions of high slip velocity of the

reversed orientation.
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FIGURE 5.12: Slip velocity (color-coded) and propagation velocity calculated from first arrival times
(contour) of example 2 at ¢ = 14 s (detail of Figure 5.11 Ay -case, 3rd panel from top).
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FIGURE 5.13: Distributions of peak slip velocity for both material orientations (top, A, & bottom, Agr)
of example 2. A region with a comparatively small peak slip velocity (VAL < 1 m/s) can be identified at
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around 25-26 km along strike, which corresponds to the asperity of low initial shear stress mentioned in

the text. The event for the Agr-case stops at this obstacle.
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be overcome although slip velocity is less than 1 m/s and propagation velocity (calculated from

arrival times) reaches a minimum value of v?lin ~ 315 m/s (see Figure 5.12).
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FIGURE 5.14: Peak ground motion maps of example 2 for both material contrast orientations (Ar, Ar). The epicenter is marked by the red star, the
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Obviously the resulting peak ground motion shows huge differences between the two ma-
terial contrast orientations (Ap, Ar). In Figure 5.14 we show PGVAL and PGAM (left side),
PGV”A®R and PGA/® (right side), and 6PGV, 8PGA (center). The maximum relative difference
in PGV and PGA is almost 190%, the highest possible values being 200% (see equation (5.5)).
One can recognize a slight directivity effect to the right in the Ar-case (Figure 5.14 left side).
As mentioned earlier, in the Ay -case we discovered the initiation of a secondary event. This
secondary event makes the peak ground motion an order of magnitude of amplitude different
(remember the difference in moment magnitude Myy is half a magnitude). The secondary event
propagates only in the Ap -direction and hence has a very strong directivity to the A -direction.

We show in Figures 5.15 and 5.16 the waveforms generated at stations S7 and S3, respec-
tively (see their locations in Figure 5.14). S; is located within a region of large difference in
peak ground motion while S, is in a region of moderate difference in PGA, but already large
differences in PGV.
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FIGURE 5.15: Seismograms and velocity amplitude spectra of example 2 at station S; for a pair of simulations with reversed bimaterial orientations (see
also Figure 5.14 for station location). The seismograms are low-pass filtered at 2 Hz. As it can be seen in Figure 5.14 this is a station located within a
region of very large difference in peak ground motion (both PGV and 6PGA > 160%). The difference is huge for all components (vy, vy, v, ay, ay, a,
dy, dy, d) for the entire frequency band of all Fourier components (Vy, Vj, V;). The early phase in the seismograms are similar.
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FIGURE 5.16: Seismograms and velocity amplitude spectra of example 2 at station S, for a pair of simulations with reversed bimaterial orientations (see
also Figure 5.14 for station location). The seismograms are low-pass filtered at 2 Hz. As it can be seen in Figure 5.14 this is a station with a large difference
in peak ground velocity (0PGV = 150%) but moderate difference in peak ground acceleration (0PGA ~ 100%). For the fault normal component one can

see a difference of peak amplitude of velocity of about a factor of 2, while the peak acceleration is very similar. The early phase in the seismograms are
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Since we already investigated the large differences of the fault rupture and peak ground
motion, it is not surprising we also see large differences in the individual seismograms. One
can easily identify an early phase which belongs to the initial event in both cases (Ar, and AR)
and a clearly separated signal which stems from a secondary event, present only in the Ap -
case. The signals of the early phase (f < 12 s) have a large similarity (shape and amplitudes)
at stations S and S,. Consistent with the slip history on the fault shown before, the secondary
event, which is present only in the Ay -case, produces the much larger ground motion, with a
difference of up to a factor of 9 for PGV as well as for PGA. This is due to much larger slip
velocities (factor of 2, see Figure 5.13) on the fault area which ruptures only in the Ap -case,
especially those areas close to the free surface.

A characteristic of a Weertman pulse travelling along a bimaterial interface is its propagation
velocity vy & vgr, the generalized Rayleigh velocity. Figure 5.17 shows the rupture propagation
velocity for example 2. For the Ar case (top panel of Figure 5.17) the rupture propagation
velocity vy is, in 9% of the total slipping area, close to the generalized Rayleigh velocity (v; =
[Ver —6%,vgr]). These areas show up in blue color shading and are an indicator for the Weertman
pulse significantly contributing to the rupture dynamics. In both cases most of the fault ruptured
with a velocity slower than the generalized Rayleigh velocity, as indicated by the gray shaded
regions (94% for Ar and 83% for A ). We find there is indication for a superimposed Weertman
pulse in example 2 for the A -case.

The shown example demonstrates the bimaterial effect to be important in the entire subshear
velocity range. First, the bimaterial mechanism being efficient in a range of very slow propaga-
tion velocities, giving the ability to overcome asperities of low initial shear stress. Second, there
is indication that for an appropriate state of initial shear stress, as in the the Ay -case of the given
example, and after a sufficiently large propagation distance, features typical for the Weertman
pulse (e.g. sharpening behavior at the rupture front with large slip velocities, and a propagation
velocity close to the generalized Rayleigh velocity), nucleate naturally from the initially slow
event as a superimposed part of the rupture. The large macroscopic difference in this example
suggests that the fault is close to a critical state at key parts of the fault where rupture prop-
agation is on the verge of dying or propagating, the bimaterial mechanism being the incident
that tips the scale. The resulting peak ground motion is orders of magnitude different for the
AR and AR cases. Thus we can infer that the bimaterial mechanism is important for earthquake

dynamics, strong ground motion and earthquake hazard.

5.3.3 Example 3

In this example we show that even a distinct Weertman pulse can nucleate naturally in the
presence of heterogeneous stress and slip-weakening friction. Once such a pulse is generated
it can more efficiently overcome low-stress regions while propagating more or less constantly

close to the generalized Rayleigh velocity. The pulse is generating large amplitudes in the
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FIGURE 5.17: Rupture propagation velocity calculated from the smoothed gradient of peak arrival times

for both material orientations of example 2. For the Ar case (bottom panel) the rupture propagation

velocity v, is, within 9% of the total slipping area, close to the generalized Rayleigh velocity (v; = [vgr —

6%,vgr|). These areas show up in blue color shading and are an indicator for the bimaterial mechanism

significantly contributing to the rupture dynamics. The instantaneous nucleation patch shows up as a

dark red region.
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emanated wavefield at relatively high frequencies.

The parameters are summarized in table 5.1, with specific parameters of L = 0.2 m, D, =
0.3 m, f; =0.8, fg = 0.48, initial shear stress varies randomly between 26 and 80 MPa (tapered
to zero towards the edges), inverse of strength excess S~! = 0.27, Ax = 100 m. In Figure 5.18
the initial distribution of shear stress on the fault plane is shown for example 3. The nucleation
patch with 2 km diameter can be seen at about 5 km down dip and 12.5 km along strike. The
resulting distributions of final slip are shown in Figure 5.19. The largest differences between
DM and D*® can be seen by the additional area of slip of D} on the right side at 35-42 km
along strike which is absent in the Ay -case. In comparison with the total slip on the fault the
additional slip in the Ar-case is small.

In Figure 5.20 we compare the evolution of slip velocity on the fault for the Ar - and Ar-case
at four instances in time. In the early stage of the rupture (+ = 2 s) the rupture propagates in a
crack-like manner. Then, stopping phases are initiated at the tapered regions at the boundaries
(top side first, then bottom and left side) (r = 4.5 s). After that, rupture propagates in both
cases (AR, Ar) to the right side, essentially as a pulse (t > 7 s). The rupture front of the A -
case propagates much slower than in the Agr-case. At time-stepst =7 s and t = 9.5 s rupture
develops towards a distinct pulse in the Ar-case with large slip velocity, while in the Ag-case it

is slowly getting smaller.

The resulting distributions of peak slip velocity are shown in Figure 5.21. The distributions
of peak slip velocity are very different. The correlation coefficient for both distributions of peak
slip velocity is C_a; A, = 0.47, the dissimilarity value of the peak slip velocity distributions
OViax = 27% (eqlr;;xt’igﬁx(SA)). One can see that in the Ay -case peak slip velocity stays below
10 m/s over most of the slipping fault, with two exceptions which can be related to highly
stressed regions close the lower boundary of the fault (see Figure 5.18). In the Ar-case peak
slip velocity looks very different. Here a large portion of the fault (approximately at 22-42 km

along strike and 4-12 km down dip) ruptures at high slip velocities (Vlﬁéfx ~ 12...19 m/s). Most
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FIGURE 5.18: Initial shear stress for example 3. The overstressed patch is clearly visible at about 5 km

down dip and 12.5 km along strike. The shear stress distribution is identical for the two simulations with
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FIGURE 5.19: Distributions of final slip for both material orientations (top, Ar, & bottom, Ar) of exam-
ple 3. The correlation coefficient for both distributions of slip is Cpag pay = 0.94, the slip dissimilarity
is 8D = 28%, and the moment magnitudes differ slightly: M4R = 6.90, M\’,\vL =6.82.

of this area is not in a very highly prestressed condition (see Figure 5.18). In Figure 5.22 the
rupture propagation velocity is shown for both material contrast orientations.

In the Ar-case (bottom panel of Figure 5.22) the rupture propagation velocity v; is, within
23% of the total slipping area, close to the generalized rayleigh velocity (v; = [vgr — 6%, ver|).
The colormap is constructed such that these areas show up in blue. The predominantly blue-
shaded portion of the fault suggests that the Weertman-type of slip pulse is part of the solution.
In the Ar-case we gather the evidence that there is a superimposed wrinkle-like pulse between
18-30 km distance along strike and a more or less distinct wrinkle-like pulse from 30-41 km
distance along strike. In the Ay -case the rupture propagation velocity reaches intershear velocity
but stays sub-Rayleigh in 91% of the slipping fault area.

The large differences in peak slip velocity distributions in Figure 5.21 suggest a large dif-
ference in ground motion at the surface for example 3. Maps of peak ground motion and their
differences of example 3 are displayed in Figure 5.23.
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FIGURE 5.20: Time evolution of the rupture for example 3, showing snapshots of slip velocity for four
instances in time for both material orientations (left panel, A, and right panel, Agr). The black contour
marks the rupture front of the reversed orientation, the red one shows regions of high slip velocity of the

reversed orientation. The Ag-case features a sharp and distinct pulse.
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FIGURE 5.21: Distributions of peak slip velocity of example 3, a pair of simulation with switched
material orientation (top, AL & bottom, AgR).
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FIGURE 5.22: Rupture propagation velocity of example 3 calculated from the smoothed gradient of
peak arrival times of the rupture. The instantaneous nucleation patch shows up as a dark red region with
an unrealistically high propagation velocity. For the Ar case (bottom panel) the rupture propagation
velocity, vy, is, within 23% of the total slipping area, close to the generalized Rayleigh velocity (v, =
[Ver — 6%, Vvgr]). These areas show up in blue color shading and are an indicator that the Weertman-type
of slip pulse is part of the solution.
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The relative difference values of ground motion (as defined in equations (5.5)) are slightly
above 140% for PGV as well as for PGA. The setup of initial shear stress of example 3 lets the
rupture propagate mainly to the right for both material contrast orientations (Ar, Ar). Therefore
a setup induced directivity might be expected in the maps of peak ground motion (Figure 5.23)
for both cases. In fact in the Ar-case we can notice a huge directivity. For the Ay -case, on the
contrary, the potential directivity does not really show up. Here the preferred direction of the
bimaterial interface (Ar ) is opposing the favoring due to the setup, and the ground motion looks
much more symmetric than in the Ag-case.

We show seismograms and spectra at two stations (S and S;) for example 3 in Figure 5.24.
The location of the two stations can be seen in Figure 5.23. Station S is located on the slow
sides 4 km off fault and 26 km distance along strike, which is a point with PGV =~ 50% and
OPGV = 90%. Station S, is located directly on the fault at 34 km along strike distance which
is a point with larger relative differences: 6PGV ~ 110% and 0PGV = 125%.



Fault Normal Velocity V(%) Fault Normal Acceleration dy(?) Fault Normal Displacement () Amp. Spec. [Vi(f)| = [DFT(vy(2))|
] & — A Al Ar| [ _|jyAL
- 1 —® e FE —a® --ar E 06 —dR -yt 00 HW | HW ’
E = 2 © QR
I é £ 04 E T — B
5 < |9} = - .
2 5 g 02 g L -
- ;3 2 0 < 1074 o< f ]"fLPZ_ZHZ/;\}
05775 10 15 oS 10 15 0.2 10 20 10! 10°
Time [s] Time [s] Time [s] Frequency [Hz]
Along Strike Velocity vy(t) Along Strike Acceleration ay(t ) Along Strike Displacement dy<t ) Amp. Spec. [Vy(f)| = [DFT(vy(1))|
T — A A - AR| AL -
— % = h Jd RO —dy* =10 V3 ¥ B|VY, |
©n =) =il = - S -
g = E commame e 3 TN oy
- 9 Q 3 ) - R AT A
3 El g 210 R
S 3 2 &
2 3 e 2 T e
2 i) 1074 fh - fip=2Hz~"|
2 A - . Y
10 15 5 10 15 0.5, 10 20 10! 10°
Time [s] Time [s] Time [s] Frequency [Hz]
Down Dip Velocity vz(t ) Down Dip Acceleration az(t ) Down Dip Displacement dz(l ) 2(f)| = [DFT(v:(t))]
AR AL T AR AL —_ A A ] AR __ AL
— 04 —1Vz j_"z Né 15 taz i E 04 Fdzk - - —d;*" g 10% ’ “V ‘ |V ’
E g 1 5 02 3 R,
z g= £ £ 1072 ;
s 5 ® g o 5 L S
© ° = o mE e R
= g 0 2 02 < ot f U fp=2Hz |
04 < 05 8 = = :
5 10 15 5 10 15 045 10 30 10! 10°
Time [s] Time [s] Frequency [Hz]

Time [s]

FIGURE 5.24: Seismograms and velocity amplitude spectra station S; of example 3 at station S; for a pair of simulations with reversed bimaterial
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FIGURE 5.25: Seismograms and velocity amplitude spectra at station S of example 3 which is located directly on the fault for the Ar and Ay, case. The
seismograms are low-pass filtered at 2 Hz. As can be seen in Figure 5.23, this is a station with relative differences: 6PGV ~ 110% and PGV = 125%.
The seismograms show a similar shaking duration of about 5 s, but the signals in the Ar-case are more concentrated in a small time-window around ¢t =8 s

than in the Ap -case. The decay of the amplitudes are less close to a V(f) o f~! relation, especially for the y-component (strike component).
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Although not in the region of highest relative differences, both stations exhibit considerable
differences in the wavefied generated by the two reversed material configurations. The wrinkle-
like slip pulse generates large peak velocities and accelerations with a strong directivity. The
large accelerations of the fault normal components are especially remarkable (see Figure 5.25).
The example demonstrates that the phenomenon of the Weertman pulse can become important

in earthquake dynamics as well as strong ground motion.

5.3.4 Example 4

Under the conditions of relatively high initial shear stress, hence cases where inverse of strength
excess S~ is relatively large, we have some cases where rupture becomes supershear. In some
cases the bimaterial inhibits the development of supershear rupture in the preferred direction,
while it supports supershear rupture in the opposite propagation direction. Here we discuss an
example in which the rupture propagation velocity becomes supershear over a large portion of
the fault.

The parameters are summarized in table 5.1, with specific frictional parameters of L =0.2 m,
D.=02m, fy =0.8, fy =0.52, S~! = 0.62, initial shear stress varies randomly between 26
and 80 MPa, Ax = 100 m. The initial distribution of shear stress on the fault plane for example 4
is shown in Figure 5.26. The overstressed nucleation patch can be seen at about 7 km down dip
and 32 km along strike distance.

In Figure 5.27 distributions of final slip of example 4 for both material orientations are
shown. For both cases (AR and Ap) rupture breaks the entire fault. The correlation coefficient
of final slip Cpag DAL = 0.98, the slip dissimilarity value 8D = 11% (equation (5.4)) and the
moment magnitudes My for both events are M(,},R =6.99 and M(,},L = 7.01. The distributions of
final slip in this example are thus very similar although one can recognize that there is more slip
in the tapered region at the edge of the fault on the left side in the A -case.

As we did in the previous examples, we illustrate slip history on the fault with distributions
of slip velocity at four instances in time for both material contrast orientations (Ap, Ar) of
example 4 in Figure 5.28 .

For this case as well, rupture initially propagates as an enlarging crack-like rupture mostly
slower than the generalized Rayleigh velocity. One can recognize that in each case rupture prop-
agates slightly faster to their preferred direction in the early phase of the rupture (until t ~ 4 s).
Afterwards, the rupture front heading to the left quickly becomes supershear in both cases. The
region where supershear propagation is triggered can be related to a large region of relatively
high initial shear stress (at about 14-25 km along strike distance, see Figure 5.26). Although
rupture becomes supershear in the Ay -case, the propagation phase that holds the peak value of
slip velocity (VQ&X) remains mostly at the generalized Rayleigh velocity or the intershear-range.
In the Ar-case peak slip velocity travels essentially just behind the first arrival of the rupture.

The distribution of peak slip velocity is shown in Figure 5.29. The correlation coefficient for
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FIGURE 5.26: Initial shear stress for example 4. The overstressed nucleation patch is clearly visible
at about 7 km down dip and 32 km along strike. The shear stress distribution is identical for the two

simulations with reversed bimaterial orientations T)® = 1) = 1.
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instances in time for both material orientations (left panel, A, and right panel, Ag). The black contour
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reversed orientation. Both cases (Ar, and LR) become supershear. But unlike the Ag-case, in the Ay -case

the peak amplitude travels far behind the supershear first arrival (left panel).
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both distributions of peak slip velocity is CV,Q;& v = 0.56, the dissimilarity value of the peak
slip velocity distributions 6Vinax = 17% (equation (5.4)).

Figures 5.26, 5.29, 5.28 demonstrate that the rupture history on the fault can be considerably
influenced by the bimaterial mechanism also under high-stress condition (small strength excess
parameter S). In the previous examples (1-3) we noted that the bimaterial mechanism poten-
tially speeds up rupture propagation in the preferred direction. Here we can remark that when
the conditions on the fault are such that rupture can become supershear, the bimaterial mech-
anism may delay the arrival of peak slip velocity such that a secondary rupture propagation
phase behind a supershear rupture tip holds the peak values, or it can even suppress supershear
propagation. In Figure 5.30 we show rupture propagation velocities of example 4 calculated

from peak arrival times as well as propagation velocity calculated from first arrival times.
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FIGURE 5.29: Distributions of peak slip velocity for both material orientations (top, A, & bottom, Agr)
of example 4. In the Ar-case the area of large peak slip velocity with values up to 15 m/s is related to
the area of supershear propagation velocity and close to the surface (around 6-19 km along strike and
2-6 km down dip). In the Aj -case peak slip velocity becomes very high (up to 29 m/s) in a zone with a
propagation velocity predominantly in the range of the generalized Rayleigh and intershear velocity and

no fast supershear propagation (around 4-15 km along strike and 9-12 km down dip).
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The slip history on the fault discussed earlier and shown in Figure 5.28 also becomes evident
in the plots of the rupture propagation velocity. In the Ap -case the peak travels close to the gen-
eralized Rayleigh velocity over 27% of the fault (Figure 5.30 bottom left), while also supershear
propagation is initiated for 7% of the fault area (Figure 5.30 top left). However, the difference
in the propagation velocities from first arrivals and from peak arrivals (compare Figure 5.30
top left with bottom left) show that despite the supershear propagation at the rupture tip a sec-
ondary rupture phase with higher slip velocity propagates behind the rupture tip. In the Ag-case
the propagation velocities calculated from first arrival times and from peak arrival times agree
much more than in the Aj -case, which reveals the fact that no considerable secondary rupture
phase travels behind the rupture front. In the Ar-case more than 20% of the fault rupture at a
propagation velocity in the supershear range (see Figure 5.30 right side). However there is only
little indication (red color) for a rupture phase travelling at the velocity of the slower p-wave
velocity VIS,IOW.

In Figure 5.31 peak ground motion on the surface for example 4 is shown. The peak am-
plitudes of velocity and acceleration are unrealistically high in this example (PGV%X ~ 5 m/s,
PGAQ{QX > 30 m/s?). However, this is mostly due to a small patch with very high slip velocities

just below the surface at about 18-19 km along strike distance in both cases (Ar, AR).
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In Figure 5.32 we plot the seismograms and spectra at station S; (see location in Fig-

ure 5.31). The differences between the simulations with reversed orientation are remarkable.

5.3.5 General Stable Features

Just after triggering the instantaneous nucleation patch, rupture starts propagating as essentially
classical crack-like ruptures in the the sub-Rayleigh velocity range. In many cases with a small
inverse strength excess S~ the initial shear stress does not allow for large propagation distances
and large propagation velocity. In these cases rupture stays in the sub-Rayleigh propagation
mode over the entire event duration. In other cases the inverse of strength excess S~ ! is larger
and initial shear stress allows for larger propagation velocities. In those cases the rupture often
develops superimposed wrinkle-like pulses as part of the rupture or, after larger propagation
distances, even exhibit predominant wrinkle-like pulses of slip. Although slip can be very
similar when comparing the simulations with reversed material contrast orientation, ground
motion differ substantially even when both cases (A and Agr) are sub-Rayleigh. On average, the
differences in peak ground motion within a pair of simulations with reversed material contrast
are larger in the cases when a superimposed or distinct wrinkle-like pulse of slip is present.
For very large S~ we find cases where propagation velocity becomes supershear. We find that
the material contrast supports supershear propagation in the unfavored propagation direction,
while it shows the tendency of preventing ruptures from becoming supershear in the preferred
direction. This may be related to the existence of an additionally favored mode, that is antipodal
to the preferred direction of the Weertman pulse (A-direction) and travelling at the velocity of
the slower p-wave (see Cochard and Rice (2000) for details). However, only a few cases exist
within the tested parameter range for which the supershear propagation is in a significant area
percentage (> 5%) close to the velocity of the slower p-wave v;k’w. In our simulations we have
cases with differences of moment magnitudes of up to AMy = 1 within one pair of simulations

with reversed material contrast orientation but same parameters.

5.3.6 Results of 300 Simulation Pairs

The four examples in sections 5.3.1, 5.3.2, 5.3.3, and 5.3.4 show that a heterogeneous initial
shear stress on a bimaterial frictional interface governed by regularized slip-weakening friction
can produce a wide range of rupture propagation modes within the tested parameter space. We
first visually inspected more than 300 simulation pairs, then defined objective criterion for the
occurrence of the following modes of rupture propagation:

i sub-Rayleigh propagation,
ii superimposed wrinkle-like slip pulse propagating into the preferred direction,

iii predominant or distinct wrinkle-like pulse of slip propagating into the preferred direction,
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iv intershear propagation,
v supershear propagation,

vi supershear propagation close to the p-wave velocity of the slower medium propagating to
the non-preferred direction.

We summarize the results of all simulations in the diagrams shown in Figure 5.33. The aim
is to show that the features presented in sections 5.3.1, 5.3.2, 5.3.3, 5.3.4, and 5.3.5 are stable
over ranges of parameters and random realizations. In the left panels of Figure 5.33 the x-axis
is the inverse of strength excess 1/S, which is representative of the state of shear stress load of
the fault, with large 1/S values meaning high relative stress. The x-axis of the right panels is
the dissimilarity of peak slip velocity distributions 8Vi,ax (equation (5.4)) as a measure of the
difference in slip history introduced by the material contrast. The y-axis of the top panels shows
the relative difference in PGV, which is the anologous measure concerning the ground motion,
while the y-axis for the bottom panels, the moment magnitude My, shows the total slip for each
event for each pair of simulations. Each colored triangle represents the occurrence of one of
the six modes listed above. The direction of the triangles point into the preferred direction of
each simulation. Hence, each triangle pointing to the left represents the occurrence of a specific
propagation mode for a Ay -simulation, while each triangle pointing to the right represents the
occurrence of this specific propagation mode for a Ag-simulation. The simulations for a given
pair with reversed orientations (Ar, Ar) have in general different moment magnitudes, hence
the symbols for the two orientations split up spatially and a simulation pair is connected with a
gray line. Otherwise, the symbols appear on top of each other. Since for all of our simulated
cases rupture starts propagating spontaneously in the sub-Rayleigh range (mode 1) we do not
display the corresponding symbol (black triangle) when at least one of the other modes (ii-vi)
shows up in addition.

The examples discussed in sections 5.3.1, 5.3.2, 5.3.3, 5.3.4 are highlighted and isolated by
the magenta circles in Figure 5.33. Of course the rest of the 300 simulation pairs also comprise
other combinations of effects and/or propagation modes than the ones in the four examples,
hence there are symbol combinations which we do not explicitly discuss as for the examples in
the previous sections. Yet, all propagation modes are nicely shown in those four examples. The
only exception is the mode which is represented by a red triangle, which stands for propagation
close to the p-wave velocity of the softer medium in the non-preferred direction. In example 4
(section 5.3.4) there is actually some small area (red shaded area in Figure 5.30) which indicates
such propagation, though it is below our chosen threshold. Simulations which showed slightly
larger area percentage with v, = vIS)IOW + 3% existed only in very few cases. When supershear
propagation occurred it stayed mostly below the velocity of the slow p-wave vls)low.

The plots in Figure 5.33 provide several tendencies in the results of our parameter space

study, though clear systematic trends remain difficult to retrieve. Here we discuss some general
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findings that exist within the tested model and parameter limits.

Superimposed wrinkle-like slip pulses travelling in the preferred direction close to the gener-
alized Rayleigh velocity nucleate naturally for a large number of events. Very often the ruptures
become even predominant wrinkle-like pulses. There are events which become supershear for
one orientation, while staying sub-Rayleigh in the reversed configuration. Also there are sev-
eral cases similar to example 4 (section 5.3.4), where two rupture phases, a supershear and a
wrinkle-like pulse, propagate for one material contrast orientation, while there is mainly super-

shear propagation in the simulation with reversed situation.

Inside the parameter-space tested here, small events (Mw ~ 5.3 — 6.5) never develop
wrinkle-like pulses (no blue triangle in the lower half of the plots, see Figure 5.33 bottom pan-
els). We think that this has its origin in too small propagation distances from the instantaneous
nucleation patch. In other words, we believe that those events which developed a wrinkle-pulse
are not large because of the wrinkle-like pulse, but that they could develop the wrinkle-like
phenomenon because of a large enough propagation distance. The situation might change if the

nucleation procedure would include dynamic bimaterial effects, which would be more realistic.

Supershear rupture occurs only in cases of relatively large moment magnitude Mw £ 6.7
(see Figure 5.33 bottom panels, yellow triangles). In contrast to the wrinkle-like propagation
mode, supershear often occurs in the early stage of a rupture (which can thus be used as a pre-
diction for a large event in our model). Whether supershear rupture is initiated around the nu-
cleation zone or further away, it generally involves an area where initial shear stress is relatively

high even though its average might be rather low (inverse of strength excess small: 1/S ~0.25).

In Figure 5.33 one can notice that for the majority of simulation pairs which have not devel-
oped wrinkle-like propagation modes for at least one of the orientations (A, ARr), the relative
difference in ground motion is, on average, smaller than for the couples for which at least one
orientation developed the wrinkle-pulse (see top panels: more points with two black triangles
— which appear as a star — are in the lower half with PGV px < 110% than in the upper
half 6PGV.x > 110%). Nevertheless Figure 5.33 exhibits many examples with no wrinkle-
mode or supershear-mode of propagation throughout the entire range of PGV, and there are
also many examples which exhibit a large difference in propagation mode (e.g. superimposed
and/or distinct Weertman pulse for Aj, and sub-Rayleigh for Agr) but a medium difference in
ground motion (70% < PGV < 110%). Even very large differences in peak-ground mo-
tion (6PGYV, 6PGA) are possible when the dominant propagation mode is sub-Rayleigh (cases
with two black triangles in the range of high SPGV > 150%).

In most of the simulation pairs with a large dissimilarity of peak slip velocity, 6 Vimax < 20%,
a wrinkle-like pulse of slip is involved for one orientation of the material contrast, while it is not
in the reversed configuration (see Figure 5.33 right panels, the cases with a blue triangle in one
direction only). There are few cases with large dissimilarity of peak slip velocity although both

simulations of a pair are essentially in the sub-Rayleigh range of propagation velocity (see Fig-



110 CHAPTER 5. BIMATERIAL DYNAMICS AND GROUND MOTION

ure 5.33 right bottom panel, simulation pairs represented by two black triangles). However, in
those cases the difference in moment magnitudes is also large and hence these are cases where
rupture could slowly overcome asperities of low initial shear stress and renucleate large addi-
tional portions of the fault in one material configuration only, like in example 2 (section 5.3.2),
but staying sub-Rayleigh here.

As mentioned earlier, our model has a lower limit of event size due to the nucleation patch
(Mvr{}i“ ~ 5.3) and an upper limit (My** ~ 7.2) due to the size of the fault. We demonstrated
in example 3 that the wrinkle-mode can be very efficient in overcoming larger distances of
relatively low initial shear stress once such a mode of propagation is initiated. Contrary to
the usual modes of ruptures, these wrinkle pulses are not easily stopped by the artificially low
initial stresses of the tapering regions near the boundaries; often such still well developed pulses
reached the unbreakable barrier. Hence those ruptures appear to be potential candidates for large
earthquakes (Mw > 7.2) in a spatially extended fault model of the same kind. However, we do
not accomplish such an extension in the study presented here.

5.3.7 Summary of Results

We found a range of realistic parameters for which nucleated earthquakes essentially develop
as classical cracks with no development of a superimposed or distinct wrinkle-like pulse
Weertman pulse or supershear rupture propagation and with no large differences in final slip,
as in Andrews and Harris (2005). Nevertheless the seismic radiation differs substantially
for many of those cases between the bimaterial orientations, leading to differences in strong
ground motion due to different slip histories (this possibility has been mentioned by Andrews
and Harris (2005)).

For another range of realistic parameters we found a transformation of rupture during
propagation from an initially crack-like propagation into an enlarging crack with a super-
imposed wrinkle-like pulse. Although seismic radiation differs for the switched bimaterial
orientations, final slip does not change significantly in this case. On average these cases show

larger differences in ground motion than the previous cases.

For yet other sets of realistic parameters we found that ruptures start like classical cracks,
then slowly break stress barriers (areas of lower stress) only in the preferred direction (A), then
trigger a secondary event at an area of high stress. This leads to differences of earthquake
magnitudes and a strong directivity. In these cases only early phases of the ground motion are
comparable between the two bimaterial orientations. The secondary events have the potential
to develop wrinkle-like propagation modes since they start already unilaterally in the preferred
direction, although a limiting factor is the size of the fault. Peak ground motions are orders

of magnitude different. We therefore presume that the bimaterial mechanism is important for
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earthquake dynamics as well as for earthquake hazard and damage.

We also found sets of realistic parameters where rupture transforms to a mainly wrinkle-like
pulse. Seismic radiation can be very different in these cases when switching materials. These
pulses often overcome additional areas of low initial shear stress. Thus it provides a potential
mechanism to trigger additional ruptures further along strike in the preferred direction beyond
the limited fault size used in this study, where these ruptures are always stopped ultimately at

the model boundary.

We finally found situations where supershear propagation occurred. In many cases the
bimaterial mechanism prevents rupture from becoming supershear in the preferred direction,
while supporting it in the opposite direction. Also, there are cases with a supershear propaga-
tion at the rupture tip and a superimposed wrinkle-like slip pulse travelling behind the rupture
tip at the generalized Rayleigh velocity in the favored direction. In these cases peak amplitudes
of ground motion can split up in time, thus feigning effects which might be misinterpreted as

shear wave splitting originated by anisotropy in the surrounding medium.

5.4 Discussion

Geological fault zone structures are thought to be complex systems on all scales, and realistic
models of earthquake rupture are thought to involve a large number of physical mechanisms,
e.g. off-fault energy dissipation due to plastic strain (Andrews, 2005), visco-elasticity, melt
lubrication (Di Toro et al., 2006), thermal pressurization (Bizzarri and Cocco, 2006a,b), flash
heating (Rice, 2006), poroelasticity (Dunham and Rice, 2008), and others. We exclude all
those effects and use a simple planar frictional interface governed by slip-weakening friction
and a heterogeneous initial shear stress. In such a model all physical processes on the fault
are projected into the friction laws and/or into the heterogeneous stress, which together might
mimic realistic macroscopic behavior of the fault. Therefore, there is the possibility that many
different effects, not considered in this work, may counterbalance (or enhance) the bimaterial
mechanism and therefore hinder (or support) the generation of propagation modes we found.
For instance, Rudnicki and Rice (2006) developed a poroelastic fault-zone model which has
been explored by Dunham and Rice (2008). A mismatch in poroelastic properties across faults
may lead to a similar response as a mismatch of elastic parameters across the fault (normal
stress reductions/increases). The elastic and the poroelastic effects enhance each other for the
case that the compliant side is more permeable, while they oppose each other for the case that
the stiff side is more permeable. In the range of representative contrasts of natural faults (10%

contrast of elastic parameters, and a factor-of-ten contrast of permeability) both effects have
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comparable magnitudes (Dunham and Rice, 2008).

Rice (2006) argues that there should exist some additional weakening mechanism(s). Oth-
erwise, in view of the small thickness of the shear zone, melting would essentially always occur
for typical slip velocities and rise times, which is not observed on exhumed faults. But note that

most earthquake simulations performed so far fall into this unrealistic category.

However, in the context of modeling earthquake scenarios with dynamic source models
and a simple weakening mechanism of the frictional interface (e.g., slip-weakening friction)
between elastic half-spaces, our study shows that the presence of a material contrast can sig-
nificantly alter slip history on the fault, hence can diversify resulting wave-effects at the free
surface. These should be taken into account in estimates of peak ground motion. In fact, kine-
matic features specific of bimaterial dynamics (like strong directivity related to the Weertman
pulse preferred direction, as shown here) might need to be incorporated into earthquake scenario
simulations with kinematic source models.

In all our simulations we found that the rupture had to propagate a certain distance before
it could develop characteristics of the Weertman pulse (e.g., v; = vy, self-sharpening, self-
amplifying behavior). This suggests that the wrinkle-modes of rupture on bimaterial interfaces
is more significant for large earthquakes after large propagation distances. However, in our
instantaneous nucleation procedure, dynamic bimaterial effects are not accounted for. This
introduces a lower limit for earthquake sizes which are affected by the bimaterial mechanism.

Hence its contribution might be underestimated for small earthquakes in our study.

We noted that in cases where the rupture propagation velocity is not close to the generalized
Rayleigh velocity, the slip history is altered significantly, leading to large differences in ground
motion, when switching materials. Thus it is not necessary to nucleate Weertman-like pulses to

alter the dynamic behavior on the fault.

Once a Weertman pulse is nucleated, it shows self-sharpening and self-amplifying behavior.
This makes it difficult to come to grid-independent solutions for all involved field variables on
a detailed scale. However, the goal of this study is not a detailed investigation of the wrinkle-
like pulse itself, but to qualitatively estimate rupture histories on a bimaterial strike-slip fault
and the resulting ground motion. Higher numerical resolutions are of course desirable, but
we are nevertheless confident that the various tendencies showing up in our limited parameter
sets would also be present in simulations with higher resolutions, leaving the overall picture of

results unchanged.

The tapering of shear stress to the fault edges and the unbreakable boundary at the fault edge
cause every rupture to ultimately stop. As for real ruptures this results in a very strong seismic
radiation at the fault edges for the case of a rupture front with large amplitude hitting the tapered
region (or even the unbreakable boundary). This enhances peak ground motion at the vicinities
of the fault. However, the tapering region can be seen as another stress heterogeneity present in
both material configurations (Ar, AR).
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A common feature for many individual model realizations tested in this study is a non-
symmetric propagation velocity, with generalized Rayleigh velocity into the preferred direction
and supershear propagation in the unfavored direction. Such propagation is also observed in
laboratory experiments by Xia et al. (2005), as well as in other numerical studies (e.g. Shi
and Ben-Zion, 2006). In the case of a constant friction coefficient (Coulomb friction) the non-
symmetric propagation is restricted to the two explicit propagation modes: (1) the Weertman
pulse in the preferred direction with v, = v, and (2) the slow-p pulse associated v, = vf,low
(Cochard and Rice, 2000). It has been discussed by Xia et al. (2005) that the 1999 My = 7.4
Izmit earthquake and the 1999 My = 7.2 Diizce earthquake are potential candidates for such
a bimaterial-typical propagation behavior, with supershear propagation in one direction only,
that is towards the east (Bouchon et al., 2001). Both these events happened along the northern
branch of the North Anatolian Fault (NNAF). In order to explain the asymmetric propagation
of the two events with the bimaterial favoring, the southern side of the NNAF must have slower
seismic velocities than the northern side of the NNAF. We are not aware of any detailed model
of seismic velocities in that region, but there is evidence that the south side of the NNAF has
slower seismic velocities: deformation inferred from coseismic and early postseismic SAR
interferometry (Cakir et al., 2003) as well as from GPS data (Flerit et al., 2003) both indicate
larger deformation on the south side. Therefore, a velocity contrast across the NNAF, its slower
side being the south side, is very likely. And our results are consistent with the laboratory
experiments of Xia et al. (2005) and with the observations of asymmetric rupture propagation at
the Izmit and Diizce earthquakes. However, a refracted arrival recorded close to the eastern edge
of the 1999 Izmit rupture gives evidence the material on the northern side might be the slower
side, and the supershear propagation to the east has been misinterpreted by Bouchon et al.
(2001) assuming that a material contrast with smaller seismic velocities on the northern side
promotes supershear rupture to the east. This misinterpretation has been clarified by Andrews
(2002).

Another fault that has often been mentioned in connection with bimaterial rupture propa-
gation is the Parkfield section of the San Andreas fault. There, the velocity structure is well
known to have a moderate velocity contrast across the fault, its slow side being the continental
side. Hence the preferred rupture direction in the subshear range at Parkfield is to the southeast.
Nevertheless, while the 1966 earthquake indeed propagated to the southeast, the recent 2004
My = 6 event ruptured mainly in the dynamically unpreferred northwest direction. Some au-
thors take this as evidence that material contrast is not relevant for earthquake source dynamics,
and that the propagation direction cannot be predicted (e.g. Andrews and Harris, 2005; Harris
and Day, 2005). However, it seems clear that material contrast is not the only factor that influ-
ences rupture dynamics, and we agree with Ben-Zion (2006a,b) that the propagation direction
can only be predicted in a statistical sense. For example, if the nucleation zone is close to a

barrier, there is only one direction for the earthquake to rupture, whether it be the favored or the
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unfavored direction!

Custédio and Archuleta (2007) compare the 1966 and 2004 Parkfield earthquakes. The
hypocenters of both events are in different locations; also, the large difference in aftershock
locations of the 1966 (Eaton et al., 1970) and the 2004 (Thurber et al., 2006) Parkfield events
show that the events did not only rupture in different directions, but ruptured different areas of
the fault. Such variability is to be expected within an area of heterogeneous stress, which is
thought to be the rule rather than the exception, and we would need to know the state of stress
more precisely in order to be able to quantitatively estimate the relative contribution of the
various factors. The results of our simulations also show considerable variability, all of which
being due to the heterogeneity in the initial stress field, and they are certainly consistent with
the two Parkfield events.

Besides, even if the rupture extent and direction of the 2004 event is not controlled by the
material contrast, the radiated ground motion may still have been considerably influenced by the
bimaterial dynamics, similar to what we show in our study (e.g., example 1, Figure 5.6). Also,
even though the 2004 rupture mainly propagated to the northwest, there were some propagation
to the southeast; there were accelerometer stations close to the south eastern edge of the fault
which recorded large amplitudes in ground motion, especially for the fault normal component
(see for example Shakal et al. (2006); Liu et al. (2006)), which is a characteristic feature of

bimaterial rupture.

Earthquakes on a bimaterial interface are also suspect of causing non-symmetric aftershock
distributions. Rubin and Ampuero (2007) simulated bimaterial 2D in-plane ruptures with reg-
ularized slip-weakening friction and force them to stop at stress barriers after some propaga-
tion distance along the fault. They find different behaviors of stopping for the dynamically
favored and unfavored directions that can explain asymmetric aftershock distributions of bi-
material faults as has been observed by Rubin and Gillard (2000); Rubin (2002). As in our
simulations, Rubin and Ampuero (2007) observe that under certain conditions bimaterial slip
pulses propagate into stress barriers much further than regular rupture modes. This is due to
the tensile perturbation of normal stress which carries the bimaterial pulse of slip. Rubin and
Ampuero (2007) showed that this effect smoothes the stress concentrations at the edge of the
fault in the dynamically preferred direction. Our results verify the estimation that generation
of pulses is not inhibited in the 3D case with a heterogeneous stress distribution (Rubin and
Ampuero, 2007). We found that also in our 3D-model with heterogeneous shear stress, pulses
of slip are generated and travel far into stress barriers, smoothing out and significantly reducing

amplitudes of stress concentration at the fault edges.

Ampuero and Ben-Zion (2008) studied in-plane ruptures on a bimaterial fault governed
by a regularized strongly velocity-weakening friction. They showed that for a wide range of
parameters large scale pulses travelling into the preferred direction are also possible, and small

scale pulses (scale of the process zone) can detach from the rupture front also travelling into
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the preferred direction, the latter being dependent on the relaxation scale of the regularization.
They also found asymmetric bilateral crack-like propagation within another range of parameters
and tried to analyze the asymmetry in seismic potency of their events in a statistical sense. In
our study, we do not have a velocity-weakening model and no large scale pulses are generated
(aside from ruptures becoming pulse-like events due to stopping phases radiating from the fault
boundaries in our 3D model setup). However, all our results are consistent with the results
of Ampuero and Ben-Zion (2008). We agree with Ampuero and Ben-Zion (2008) that it is
important to clarify effects of the bimaterial mechanism on earthquake rupture propagation
with additional theoretical studies, and test the associated predictions with detailed field and

laboratory observations.

5.5 Conclusion

We performed a numerical investigation of dynamic ruptures on a bimaterial interface in 3D
with regularized slip-weakening friction and a heterogeneous initial shear stress and discussed
the resulting strong ground motion. We showed that for many parameter sets the dynamics of
rupture propagation are significantly influenced by the broken symmetry due to the material dis-
continuity during rupture propagation. Large differences in peak ground motion (PGV & PGA)
are possible when changing the orientation of the material contrast even when slip-distribution
of the individual events are very similar.

Wrinkle-like slip pulse specific to the bimaterial mechanism nucleates naturally from ini-
tially crack-like propagation of rupture when the involved parameters allowed for large propa-
gation distances. Once such a pulse is generated it appears to have high potential to overcome
large distances within areas of relatively low initial shear stress. It also appears that the existence
of a wrinkle-like slip pulse impedes the initiation of supershear propagation in the preferred di-
rection. For those cases where supershear is nevertheless initiated, a secondary superimposed
wrinkle pulse propagating at the generalized Rayleigh velocity is often nucleated behind the
rupture front. By contrast, supershear propagation seems to be promoted in the unfavored di-
rection.

The dynamic weakening of the fault due to the normal stress alteration during slip is also
efficient in the range of small propagation velocities. In such cases, secondary events are trig-
gered and the orientation of the material contrast determines rupture extent and the size of the
earthquake, potentially by orders of magnitude.

The variety of propagation modes investigated in this study is consistent with laboratory

experiments, thorough numerical investigation, as well as with crustal earthquake observations.
Therefore our main conclusions are:

1. The influence of a material contrast on final slip may be small, nevertheless — as shown
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in this study and envisioned by Andrews and Harris (2005) — the effect on the surface ground

motion and earthquake hazard can be substantial.

2. Our simulations contradict the conclusion of previous studies (‘The wrinkle-like slip pulse
is not important in earthquake dynamics’ Andrews and Harris, 2005). We find that for a broad
range of realistic parameters the wrinkle-mode of propagation is an attractive propagation mode
of rupture. When such pulses are generated, earthquake rupture dynamics is strongly influenced
by the wrinkle-like slip pulse characteristic of bimaterial interfaces. The resulting effect on
ground motion may be very large.

3. It is not necessary that a wrinkle-like pulse (or Weertman pulse) be generated to signifi-
cantly alter slip history. The bimaterial mechanism can affect rupture dynamics throughout the
entire range of seismic propagation velocity (from sub-Rayleigh to supershear) and might even
support very slow modes of propagation, the latter obviously needing deeper investigation.



Chapter 6

Discussion, Conclusion and Future Work

6.1 Discussion and Conclusion

The results presented here may have important implications to a number of issues of earthquake
and fault physics and ground motion associated with large geological structures that have well-
developed material interfaces.

Plate boundaries and other major faults, the sites of the large earthquakes, often have promi-
nent bimaterial interfaces that separate different media. Such media contrasts are generated
progressively by the creation of damage during the faulting process and the juxtaposition of
different rocks across large displacement faults. Large faults also tend to nucleate and grow
along pre-existing geological sutures that separate different blocks.

The numerical investigations of dynamic ruptures on bimaterial interfaces in this study
demonstrate, that in the presence of material discontinuity over significant ranges of parameter
sets, the dynamics of rupture propagation on individual faults, and rupture migration patters in
systems of multiple faults are significantly influenced by the broken symmetry of stress during
rupture propagation. The bimaterial interfaces are mechanically favored surfaces for rupture
propagation, introducing directionality of dynamic fault rupture propagation and seismic radia-
tion. Changing the orientation of shearing on a heterogenously loaded bimaterial fault can lead
to large differences in peak values of ground motion even when the distribution of slip remains
essentially unaffected.

The findings presented in chapters 3, 4, and 5 and other complementary studies (e.g., Shi and
Ben-Zion, 2006; Dalguer and Day, 2007b; Ampuero and Ben-Zion, 2008) show that ruptures
on a bimaterial interface tend to evolve during propagation from initial symmetric cracks with
relatively low mechanical efficiency to slip pulses with preferred propagation direction and
high mechanical efficiency, for significant ranges of parameters. Such pulses can overcome
large areas of relatively low initial shear stress, or (at high stress level) impede supershear
propagation in the favored direction, support supershear propagation in the unfavored direction.

The generality of bimaterial specific modes of rupture propagation (chapter 4), the large variety

117



118 CHAPTER 6. DISCUSSION, CONCLUSION AND FUTURE WORK

of propagation modes emerging (chapter 5), as well as the patterns of localization of fault slip
in structures with velocity contrasts (chapter 3) is consistent with laboratory experiments (e.g.,
Xia et al., 2005), with thorough numerical investigation (e.g., Ampuero and Ben-Zion, 2008;
Dunham and Rice, 2008), with crustal earthquake observations (e.g., Lewis et al., 2005, 2007;
Rubin and Ampuero, 2007), as well as with geological studies (e.g., Dor et al., 2006b, 2008).

Main Conclusions The results provided in chapter 3, chapter 4, and chapter 5 and the fore-

going discussion supports the following as the main conclusions of this study:

1 For comparatively broad ranges of realistic parameters the wrinkle-mode of propagation is
an attractive propagation mode of rupture, the earthquake rupture dynamics is strongly influ-

enced by the wrinkle-like slip pulse characteristic of bimaterial interfaces.

2 The bimaterial mechanism can affect rupture dynamics throughout the entire range of seismic

propagation velocity (from very slow, over sub-Rayleigh, to supershear).

3 Spontaneous migration of ruptures to the material interfaces implies that the dynamic phe-
nomena associated with the wrinkle-like pulses are not limited to the set of hypocenters lo-
cated directly on the material interfaces. Hence, material interfaces provide a mechanism for
a positive feedback between structure and rupture properties that can lead to progressive reg-
ularization of geometrical heterogeneities with cumulative slip and potentially suppression

of dynamic branching from large fault zone structures.

4 The influence of a material contrast across a fault on the ground motion and its directivity

and earthquake hazard can be substantial.

Contradictory but fragile conclusions exist in the literature (“The wrinkle-like slip pulse is
not important in earthquake dynamics’ Andrews and Harris, 2005), (‘Material contrast does not
predict earthquake rupture propagation direction’ Harris and Day, 2005). Placing such rigorous
statements may be a catalyzing style of research since they provoked a considerable debate
recently. Yet they hold the risk of loosing unbiasedness and are likely misleading since those
studies involve models that incorporate simultaneously multiple ingredients letting the models
appear “realistic”’. However, the number of simulations provided by Andrews and Harris (2005)
and Harris and Day (2005) does not suit the high dimensionality (less than 5 simulations in both
studies altogether). By contrast, the parameter studies presented here (chapters 3 and 5) contain
several hundreds of simulations for comparatively few degrees of freedom (in the sense of few
parameters specific to dynamic rupture). Different potential key ingredients should be the target
of separate detailed parameter-space studies. Published results on the problem at hand indicate
that properties of ruptures on material interfaces in cases incorporating slip-weakening friction
(e.g., chapter 5) and mixed-mode rupture (e.g., chapter 4) evolve for wide ranges of conditions

toward results of cases without these ingredients (e.g., Andrews and Ben-Zion, 1997; Harris
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and Day, 1997; Shi and Ben-Zion, 2006; Brietzke and Ben-Zion, 2006; Brietzke et al., 2007;
Rubin and Ampuero, 2007; Ampuero and Ben-Zion, 2008; Brietzke et al., 2009).

However, the physical basis for many additional observed phenomena remain to be explored
in future times, making it challenging to coming to definitive conclusions (compare chapter 2).
Therefore discussions on the problems at hand should be conducted in an unprepossessed candid

way.

6.2 Future Work

Theoretical studies on earthquake source dynamics are a challenging task. The essence of such
studies is the effort to clarify the possible effects of a small number of ingredients (e.g., material
contrast, fluid pressurization, melting, gel formation, plastic deformation, etc.) on the process
of spontaneous rupture propagation. Simulations that incorporate many ingredients simultane-
ously may appear superficially better, but are often not useful because it is not possible to obtain
clear quantitative knowledge (i.e., specific ranges of parameters that lead to different dynamic
regimes) from such simulations as long as the multi-dimensional parameter-space associated
with a more realistic model becomes essentially too large to be efficiently explored.

Due to the high complexity and multi-dimensionality of the non-linear physical processes
involved in earthquake source dynamics (as discussed in chapter 2) and the large diversity of
propagation phenomena associated with even relatively simple models (e.g., Coulomb or slip-
weakening friction on a planar bimaterial fault) with relatively small degrees of freedom (as
discussed in chapters 3 & 5) additional new and intensified measurements need to be accom-
plished in the laboratory, as well as in the field, to better constrain parameters of existing phys-
ical models. Besides, new theoretical concepts need to be developed in the long run, aiming a
better understanding of what controls earthquake fault rupture.

In matters of the study presented, several future lines of investigations are arising.

For instance, the generality of the tendencies of rupture migration in fault zone typical struc-
tures (as studied in chapter 3) should be tested in future simulations incorporating additional
levels of realism in the assumed structure (e.g., dimensionality) and rheology (e.g., slip- and
rate-dependent friction). The observed localization of slip at material discontinuities (Chester
and Chester, 1998) are certainly compatible with the simulations performed in chapter 3 of this
study.

The example in section 5.3.2 of chapter 5 demonstrated the potential of relatively slow rup-
ture propagation phases being supported in the dynamically favored direction. Hence, the role
of material contrasts on the nucleation phase, which was neglected here using an instantaneous
overstressed patch on the fault, is a potentially fruitful line of future research. Yamashita (2007)
showed that postseismic quasi-static fault slip due to pore pressure change on a bimaterial inter-

face can advance postseismic slip. This suggests that the influence of the bimaterial mechanism
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on the nucleation might be significant. Therefore it may also become interesting to study how
much the behavior of earthquake cycles is diversified assuming bimaterial faults. Is the switch-
ing between seismologically quiet and active times different in bimaterial fault systems?

As mentioned before, local permeability contrast across the fault can also produce asym-
metric rupture (Rudnicki and Rice, 2006) as well as asymmetry of aseismic slip (Yamashita,
2007). The effect of poroelastic material can principally enhance or inhibit elastic bimaterial
effects. More precisely, the two effects enhance each other if the compliant side is more perme-
able, and oppose each other if the stiff side is more permeable. The two effects have comparable
magnitudes for parameters representative of natural faults (a wave-speed contrast of about 5 —
10% and a factor-of-ten permeability contrast)(Dunham and Rice, 2008). Certainly such results
should be accounted for when interpreting observations as well as synthetics.

Wrinkle-like pulses generate high off-fault yielding stresses that should trigger anelastic
deformation close to the source (Andrews, 2005). Such off-fault yielding reduces the amplitudes
of the emenating wavefield. Pure elasticity maximizes the impact of the wrinkle-like pulse. In
order to upgrade the robustness of the results presented in this study, additional non-elastic
off-fault rheology should be incorporated for the cases of very high off-fault stress.

Another issue that arises is the possibility of fault opening, the implied loss of shear resis-
tance to slip, and its quantification for events with large rupture propagation distances. Which
mechanisms prevents opening (e.g., plastic deformation)? How likely is tensile crack propaga-
tion and which are the geological indications (e.g., pulverization of rocks (Dor et al., 2006a))?

The robustness of the mechanism generating wrinkle-like pulses with respect to regular-
ization parameters should also be addressed in future studies. The values of regularization
parameters for natural faulting remain uncertain. In chapter 5 the regularization parameter L is
of the same order as the range of critical slip distances D.. A raising L reduces the instability
assiociated with the material contrast (bimaterial effect), while raising D, reduces frictional in-
stability. A more thorough exploration of L/Dc-ratio in future studies needs to be done. Since
the L and D, are rather empirical parameters, physical constraints on theses parameters or even
a physical replacement of these parameters are desired.

For large earthquakes there exists deviations from the approximate scale-invariant scaling
relations associated with relatively small earthquakes (Ben-Zion, 2008). A potential future
investigation could also reveal the contribution of bimaterial faults on such deviations from

scale invariant scaling relations.

The study presented here has the aim of highlighting the importance of material discontinuities
and its diversifying effect on comparatively simple physical models. For this the widely exem-
plary approach of this study is suitable. However, efforts on trying to make parameters studies
more systematic need to be done. Possibly this requires the incorporation of scaling relations
and discussions on the basis of non-dimensional characteristic values instead of potentially scale
dependent values.
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Appendix A

Finite Difference Approximations

A.1 Elastic Wave Propagation

The system of elastodynamic equations (equations 2.4, 2.6) can be approximated numeri-
cally using finite-differences schemes as described by various authors (e.g., Levander, 1988;
Igel et al., 1995; Graves, 1996). The finite-difference approximation scheme for the wave-

propagation part is briefly recapitulated in this section.

A.1.1 Time Derivatives

The finite-difference approximations of the time derivatives are second-order central differ-

ences,
() A /Z)A—tv(t ~/2) e

t+At)—o(t)
At '
The evolution of velocities and stresses is staggered in time.

00 (t+At)2) o (A.2)

A.1.2 Space Derivatives

The staggering of field variables of the elastic wave-equation in the velocity-stress formula-

tion is illustrated in Figure A.1. We introduce Déz)

differences (2"%-order approximation), and Df;) for the centered four-point finite-difference

for the discrete centered two-point finite-

(4M_order approximation) with & = x,y,z. Using the indexing as shown in Figure A.1, and

letting @ represent an arbitrary stress or velocity component, the spatial finite-differences can
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be written as follows:

FIGURE A.1: Staggered velocity-stress grid.
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A.1.3 Wave Equations

(D ik — Di1.jk) — 35 (D1 jk —
(Biv1jk — B jk) — 27 (Piva,jk
(01— B jm1k) — 25 (B i1k
(91 1k — B jk) — 2q (Di ik —
(01— Bijk—1) — 35 (Pij st —
(011 — B jk) — 25 (Dijora —

Oi i1k
)

Oi.j k-1
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(A.4)

Using the approximations introduced in the previous sections (A.1.1,A.1.3) the 2"4-order and

4™_order approximate versions of the wave-equations (equations 2.4, 2.6) can be written as:

Ou(t+A1) = o) + A
On(t+a1) = o) + £
Ot +A1) = o,(t) + &
Cult+A1) = Gy(t) +
Oy (t + Ar) oy (t) +
Oy (1 +Ar) = oy(f) +
for the stress, and
v(t+At/2) = v(t—At/)2)
wit+A1/2) = wvy(t—At)2)
v (t+At)2) = v (t—At)2)

(A +20)D vy + A (D vy + D" )
(A 42D vy + 2(DY v+ DY v,)
(A + 2H)D§0) v+ A (D)(c0)+Vx +D§0)+vy) AS)
B8 (D) v+ DY v)
uhrplory 4+ D )
B (DL vy 4D v,),
+ MDY 6+ DY 6y + DY o)
+ A2 6y +DY 6, +D o) (A.6)
+ A DY o+ D\ 6,.+ D 6..),

for the velocities, with o denoting the order (o = {2,4}), the sign in the index (+) denoting the

orientation of the operator with respect to the indexing (see Figure A.1 and equation A.3 & A.4)

of the finite-difference operators D £

(0):!:.

The 4-point operator can be used for any point located at a distance of at least 2Ax away

from a frictional interface with some of the field variables being potentially discontinuous. The

position of the fault inside a staggered-grid cell depends on the implementations of the fault

(e.g., traction-at-split-node as in section A.2, or stress-glut method as in section A.3).
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A.2 Traction-at-Split-Nodes (TSN) Implementation of a
Fault in Staggered-Grid Finite-Differences

A.2.1 Fault Plane Slip Velocity and Shear Traction

At points on the fault plane second-order difference approximations to equations 2.4, 2.6 have
to be used, and a partitioning into new, separate equations for the plus- and minus-side values
of the split-node variables has to be introduced. In Figure A.2 one can see, that of the nine
independent velocity and stress components, six have their grid locations on the fault-plane,
which are, in the case of a fault-normal that is parallel to the x-direction, the tangential velocities
vy and v; and the stress components Oy; , Oxy, Oyy , and 0. While 0y, stays continuous, the
other five components become discontinuous across the fault plane when slip-velocity is non-
zero. On the fault-plane, these five variables are therefore split into plus-side and minus-side
+ j: +

» Oyz> ny’

fault plane (note that the index igp also involves grid points located at +Ax/2-distance from the

parts (v, and o; ) The index ipp is used to specify the grid cell containing the

actual splitting fault plane). As mentioned in section A.1.3, finite-difference operators located
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FIGURE A.2: Traction-at-split-node implementation in a staggered finite-difference grid.

at 2Ax-distance or more away from a frictional interface remain untouched also in the case of
discontinuity of velocity (slip). At any point located at a distance of exactly 3Ax/2 from the fault
plane, each spatial derivative can be approximated with the same fourth-order spatial difference
operator as before, but now the difference approximation to the derivative with respect to the
x-coordinate involves a value of the field variable on the fault plane. For that fault plane value,
the corresponding half o(f )the fault plane split node for that variable has to be used. That is,
4

x-difference operators Dy’ centered on the plus sides of the fault at xpp + 3Ax/2 use the plus-
side split-node variable, x-difference operators D)(C4) centered on the minus sides of the fault
at xpp — 3Ax/2 use the plus-side split-node variable. At points xpp + Ax and xpp + Ax/2, ond_
order operators have to be used, with using the corresponding sides of split-node components

at prﬂ:Ax/z.
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A Special treatment is introduced at points on the fault plane in the following. The finite-

difference operators Déo) = Déo)

(equation A.3) introduced in section A.1.3 are used with
the orientation index of the centered operators (4) being dropped here for reasons of simplic-
ity. The appropriate operator centered at the desired point has to be chosen accordingly (see
equations A.5 & A.6). Introducing one-sided difference approximations for axcxy and 0,0,

applicable to the plus and minus sides of the fault as

loy], . — 50 -1],

[any:Iji s :i: y FP7]7k Ax/; Yy j7k7 (A7)
o.l. ., —[t@)—10].

[anz]ﬁ%i[ i Ax[/;() it (A8)

the velocity components on the plus and minus sides can be written as

V(e 4+ Atf2)] 4 = VE(E— At /2)] 5 + Aﬁ—% ({Rﬂ L OFAC[5(1) ) Lk) . (A9
Js

At
VE(t+A/2)] = [V (t—At/2)]jx + o <[Rzﬂ i OF A 7 (t) — 7] M) . (A.10)
J.k
where ;
Ax
Mj = =P (A.1D)
Ax? 2 2
B = 5 (j:Z (O] i T [D§ %;j;] T [Dg )"yﬂ j’k) (A.12)
AXZ
R =5 (iz ()i it |PY0] [D§2>G;Lk) (A.13)

Slip velocity components V), and V; can be calculated as the differential velocity of the split-
nodes:
Vit +A1/2) = v (14 At /2) — vy (14 At /2), (A.14)
Vo(t+At)2) =vi(t+At)2) — v, (t+At)2). (A.15)

Slip can be obtained by simple integration:

Dy (t+At) =Dy(t) + AtV (t +At/2), (A.16)
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D,(t+At) =D,(t) + AtV (t + At /2). (A.17)

To evaluate slip and slip velocity, the traction at split-nodes has to be evaluated first. Defining a
trial value for the traction 7 the required shear traction vector to enforce continuity of tangential

velocity is:

_ At IMTMTVy (1 — At/2)+ MR} (1) — MR} (1)

0
7,(t) A(MT M) +1, (A.18)
E () = ATIMYIM TV, (t — At/2) + MRS (1) — MR (1) 0 (A.19)
S A M+ +M™) : '
T, for T<7° T, for T<1°
Oyy = z, , Ox; = % (A.20)
’CS? for 7>1° ‘ES? for T>1°

where 7 is the magnitude of the trial traction vector defined in (19) T = , /%yz + ’I'Zz. Since
the y- and z-components of the velocity vy, v, and therefore of the trial traction 7, and 7,, are

defined at different grid points, the evaluation of 7 requires interpolation.

A.2.2 Split Stress Components

Three of the stresses components that lie on the fault plane are discontinuous (0y,, Oyy, and G;;)
(see Figure A.2), and are therefore partitioned into plus-side and minus-side stresses. Incre-
ments to the oy, stress component involve only differentiations of velocity components taken
in the y- and z-directions, i.e., parallel to the fault plane, so the plus- and minus-side values
of this stress component can be calculated from the regular (second-order) formulas, applied

separately to the plus- and minus-side velocities.

=+
Hjk
+1 _ Tk [ p2) £, p2) +
[05] ;= A [DZ VDV (A21)

which can be time-integrated to obtain o,.(¢). The normal stresses oy, and o involve also
the fault-normal derivative dyv,. To overcome this problem plus- and minus-side fault-normal
velocities are introduced v at grid-points where normal stress is defined. The finite-difference

approximation becomes:

AP Y o
CRRpES [V’C]’F”’"Ax /[va [78E: (A22)
[axVx];k ~ [vx ]in.,j,k B [vx]ippfl,j,k (A23)
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assuming continuous normal traction (0, = 0,) and allowing no opening (v;” = v}) the split-
node fault-normal velocity v can be obtained:

AT kT A Vi1 — B+ BT
rilfe= = —— (A24)
with,
2
At = = (M 2w (A.25)
A
B= =I5 (P +D§2)v§t>jk. (A.26)

For the split-node normal-stress components follows:

2
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(A.30)
A characteristic of low-order difference approximations is the generation of short-wavelength
oscillations (e.g., Day, 1982b; Day et al., 2005). In order suppress theses oscillations, an
artificial viscous damping of Kelvin-Voigt type can in principle introduced into the equations of
motion. Such a damping is artificial, and is intended to stabilize the numerical solution of the
elasto-dynamic problem, rather than to represent a physical damping.
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A.2.3 Verification of TSN-implementation

Accuracy tests for the TSN-method in a staggered-grid finite-difference scheme have been per-
formed by Dalguer and Day (2007a) and are not duplicated in this work. In order to demonstrate

the functionality of the implementation used in this study a few tests were undertaken.

SCEC 2D In-Plane Slip-Weakening Testcase

In this test for the in-plane case described by Otilio et al. (2008) solutions obtained by using
a finite-difference code with triangular mesh (Andrews, 1973) is compared with the solutions
of a TSN implementation assembled into a 3D finite-difference code developed in this study
(see sections A.2, A.1.1, A.1.3 for details). A sketch of the model setup is shown in Figure A.3
The parameters for the model are as follows: initial shear stress 7o = 81.6 MPa inside the

Fault (30 km)
e et »
i Y 7
1
Along Strike Distance ! e-—. 11km ———p
(DI »

Nucleation Patch (3 km)

FIGURE A.3: Model setup for the in-plane SCEC test with slip-weakening friction on the fault (modified
after Otilio et al. (2008)). Seismograms are compared at point P, situated at 11 km distance from the
nucleation region. The seismograms for a specific set of parameters (see values given in the text) are

shown in Figure A .4.

nucleation region, and 7y = 70 MPa outside the nucleation region on the fault, the initial normal
stress op, = 120 MPa, the static friction coefficient f; = 0.677, the dynamic friction coefficient
Jfa = 0.525, critical slip distance D, = 0.4 m. In Figure A.4 the retrieved seismograms at a point
P on the fault (as it is described by Otilio et al. (2008), see Figure A.3) are shown. We find
that within this graphical comparison both implementations converge essentially to the same
numerical solution. A more systematic test aiming to obtain quantitative accuracy values and

convergence rate is not part of this study.

A Bimaterial Slip-Weakening Testcase

Results of a simple testcase with a bimaterial slip-weakening setup is presented here. The
model and its parameters is described in Figure A.5. The model parameters are as specified
in Figure A.5. The elastic constants are vf,low = 5000 m/s vf)a“ = 6000 m/s VY = 2917 m/s
Vit = 3500 m/s pslo% = 2417 m/s p™t = 2900 m/s. In Figure A.6 two profiles centered around
the hypocenter along the in- & anti-plane direction on the fault for a bimaterial slip-weakening

testcase are presented. Solutions of two different methods are compared here: (1) an implemen-
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FIGURE A.4: Seismograms at a point on the fault for the SCEC testcase as described by Otilio et al.
(2008), model setup displayed in Figure A.3, retrieved from two independent finite-differences TSN
implementations, one with a triangular grid, the other with a cubed grid.

tation of TSN for staggered-grid finite-differences as introduced by Dalguer and Day (2007a) as-
sembled into a 3D finite-difference code developed in this study (see sections A.2, A.1.1, A.1.3
for details), and (2) a spectral boundary integral method (Dunham, 2007). Like in the previous
testcase, this test has to be seen as a qualitative rather than quantitative test of our implementa-
tion. A more explicit test of the numerical scheme has been accomplished by Dalguer and Day
(2007a).
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FIGURE A.5: Model setup and parameters for a bimaterial testcase with regularized slip-weakening on
the fault.
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FIGURE A.6: Solutions of two different methods are compared here: (1) an implementation of TSN
for staggered-grid finite-difference (Dalguer and Day, 2007a) assembled into a 3D-FD code developed
in this study (see sections A.2, A.1.1, A.1.3 for details), and (2) a spectral boundary integral method
(Dunham, 2007). The plots show snapshots of slip velocity and shear traction of two profiles centered
around the hypocenter along the in-plane direction (left side) and the anti-plane direction (right side) on

the fault for a bimaterial slip-weakening testcase.
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A.3 The Stress Glut Method (SGM) Implementation of a
Fault in Staggered-Grid Finite-Differences

A.3.1 Description of the Stress Glut Method & Implementation

A fault in a finite-difference grid can be represented either as a surface with an explicit dis-
placement discontinuity (e.g., TSN (section A.2)) or as an inelastic zone that may be only one
grid interval thick. This section describes an implementation after Andrews (1999) of the latter
choice, which is the stress glut method. Backus and Mulcahy (1976) show that any offset from
linear elastic behavior is a source of the elastodynamic field. Inelastic strain is the density of
seismic potency, and the offset in stress, termed stress glut by Backus and Mulcahy, is seismic
moment density. A finite-difference formulation in terms of velocity and stress, in which stress
gradients are used to update velocity and velocity gradients are used to update stress, can eas-
ily accommodate inelastic strain. All that is required is that stress is changed in accordance
with any constitutive law. An element with stress altered from its elastic value will affect its
neighbors as an Eshelby inclusion.

The calculation can proceed as follows. In each time step at each point in the fault zone,
stress is first incremented by the ordinary equations, as if the current inelastic strain rate was
zero. Then shear stress is compared to frictional shear strength. If it is larger, it is reduced to be

equal to frictional shear strength. The adjustment is an increment of seismic moment density.
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(irp =2, J,k) (irp—1,j,k) \(iFP,j,k) /! (irp 41, 4,k) (irp+2,j,k)
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FIGURE A.7: Stress-glut method implementation in a staggered finite-difference grid.

In the following description the fault-normal direction is assumed to be the x-direction. The
fault zone is therefore a slab of one grid interval thickness, centered on a y-z-plane containing
points where oy, and oy, are defined. The shear strength of the fault is 7° = fmax(0, —0y),
with f the coefficient of friction. In the fault zone, shear stress components o,y and oy, may

be altered. Trial values of these components, found by adding elastic increments to previous
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values, are denoted by 7, and 7,. The trial magnitude of shear traction is 7 = , /%yz + 72

T, for T<71° T, for T<1°
Oyy = %, ) , Ox; = %, ) (A.31)
= for T>1° = for T>71°
T T

Each component is reduced by the same factor so that the adjustment is collinear with the
traction vector. Since the shear stresses 0,y and 0y, and normal stress Oy, are defined at different
grid locations, interpolations for the stress-adjustment is necessary. The stress adjustment is
equivalent to an increment of the seismic moment tensor in the finite-difference cell centered
on the stress point,

AMyy (1) = (%,(1) — 0y (1)) (Ax)? (A.32)

AM,..(t) = (%,(t) — 0x:(t)) (Ax)? (A.33)

the inelastic strain is principally distributed through a thickness of one grid interval. However,
the seismic moment increment can be reinterpreted as an increment of slip AvAf on the midplane

of the inelastic zone (the plane going through the adjusted stress points),

AM,(t) = HAv, (1) At (Ax)? (A.34)

AM,. (1) = pAv,(1)Ar(Ax)? (A.35)
therefore the slip velocity V; = Av;, can be obtained from:

%,(1) — 0y (1) Ax

Vi(t) = Avy(t) = m v (A.36)

T,(1) — o (1) Ax

Ve(t) = Ave(t) = A (A.37)

The stress-glut method does not need any further feedback of adjustment of velocities at
neighboring grid-points, the adjustment of stress has already accomplished the coupling to the
rest of the calculation. There is no inertia in this procedure, and stopping of slip needs no special
consideration. Slip velocity is defined at the same space-time point as the stress component that
was adjusted, and are therefore displaced by half a time step and a half spatial step from the
points where ordinary grid velocity is defined. If the coefficient of friction is dependent only
on slip, then slip from a half time step earlier may be used to evaluate shear strength to get an
updated slip value with first-order accuracy. The first-order midstep value of slip may be used

to repeat the procedure and achieve second-order accuracy. However, if friction depends on slip
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velocity, a pair of simultaneous equations for the current value of slip velocity and frictional
stress has to be solved. The solution of the pair of equations must be coded explicitly for each
particular friction law.

When allowing no rake rotation there is only one component of slip, and the antiplane
component of traction is zero (pure strike-slip case, 7, = 0). As mentioned before, if one wants
to incorporate rake rotation, then the traction components must be interpolated at common
points, and any adjustment has to be redistributed to the staggered-grid. In this case yielding
is nonlocal, and slip velocity is slightly diffused. This smoothing can be interpreted as a small
artificial viscosity. For the implementation of the stress-glut method in a fourth-order finite-
difference scheme, all 4-point differences have to replaced by 2-point operators where the 4-
point operator would cross the fault. Spatial derivatives located directly on the fault also have
to be 2-point operators. In the case that the fault is a bimaterial interface, the density p for
the evaluation of the fault-normal velocity (here v,) on the fault-plane is best taken to be the
arithmetic mean of both sides pgp = (p™ + p~)/2 while the elastic constants g & A for the
evaluation of the shear traction on the fault (here 7, & 7,) and the slip velocity V are best taken
to be the harmonic mean, e.g. upp = (2u ™) /(U + 1) (Moczo et al., 2007).

A.3.2 Verification of the SGM-Implementation

The implementation of the stress glut Method in the 3D finite-difference code with staggered
grid has been tested by Brietzke (2003) for a prescribed rupture at constant velocity as explained
and performed before by Andrews (1999).

Circular Expanding Crack Testcase

A circular crack prescribed to grow from a point at a constant rupture velocity v,
that is less than the Rayleigh velocity has a radially symmetric slip function, V(rt) =
C(ve)(vs/ve)(AT/u)/(vt)2 — 12 (Dahlen, 1974, equations 27, 28, and 44). For v;/vs = 0.8
the coefficient is C(vy)(vs/vy) = 0.938. To remove the singularity in the solution the analyti-
cal solution can be smeared out in time. In a realistic earthquake simulation, At/u is small.
Then the elastodynamic problem is linear apart from the fault boundary condition, and ampli-
tudes can be scaled arbitrarily. In the following non-dimensional units are chosen identical to
the ones of Andrews (1999). With shear modulus u = 1, vg = 1, rupture propagation velocity
vy = 0.8, and stress drop AT = 0.2, dynamic friction level 74. Time histories are examined at
r = 20. Results are calculated for discretization intervals Ax = 1, Ax = 0.5, and Ax = 0.25,
corresponding to propagation distances of 20, 40, and 80 elements, respectively. Boundaries of
the finite-difference grid are located far enough away that there are no reflections in the plotted
results. The calculation is constrained to have only one component of slip. The rupture prop-

agation is prescribed using a frictional shear strength that is prescribed as a function of space
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and time, T° = max[1tq, To + (70 — Tk ) (r — vs¢) /D]. No fixed upper shear strength is defined, and
slip starts wherever elastic stress first meets the function 7°, which will be at some radius larger
than r = v,¢. The distance in which 7° falls from 7 to 7y is chosen to be D = 1.2. The solution
in a continuum with the prescribed 7° used here, assuming D = 0 would be a sharp-tipped crack
solution. Since finite-difference methods converge only for smooth solutions, D is chose some-
what larger than the largest grid-spacing of Ax = 1 used for this test. Therefore the crack tip
is smeared out over a cohesive zone extending from r = vt — D to some radius greater than v,z
where stress first equals 7°. The analytical solution for the slip velocity (shown in Figure A.8) is
smeared out with D = 1.2 as well: V(r,t) = (Va(r,t +D/vy) — Va(r,t —D/vy)) /(2D /vy). Inside
the cohesive zone this is very approximate. Figure A.8 shows the results calculated at two points
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FIGURE A.8: Test for the frictional boundary response of the SGM-method for a circularly expanding
rupture at constant rupture propagation velocity. Top panels show the slip velocity for three grid-spacings
in comparison with the smeared out analytical solution for a point along the in-plane direction (mode
II) and anti-plane direction (mode III). Bottom panels show the corresponding evolutions of the shear

traction.
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(in-plane direction and anti-plane direction). The top panels show slip velocity calculated with
three different discretizations compared with the smeared-out analytic solution. The bottom
panels show the shear traction calculated with the three discretizations. Shear traction is uncon-
strained while slip velocity remains zero, and then it follows the prescribed function of 7°. The
results in Figure A.8 demonstrate that the numerical method converges with grid-refinement to

the analytical solution.

Bimaterial Wrinkle Pulse Testcase

In this study the stress glut method has been applied in order to study the wrinkle-like slip pulse
specific to bimaterial interfaces. Therefore we tested the convergence of the method in a bima-
terial setup with regularized Coulomb friction with a spontaneously propagating rupture with
grid-refinements. As discussed in section 2.3.3, in the case that the frictional interface separates
dissimilar elastic materials, the problem of frictional sliding is mathematically ill-posed under
certain circumstances due to the Adams instability (Adams, 1995). The ill-posedness can be
regularized, but even in the regularized case a fine numerical mesh can become necessary to
resolve the feature of the wrinkle-like slip pulse, or the Weertman pulse (Weertman, 1980), due
to the highly instable divergent behavior of the such a pulse. Therefore the parameter case stud-
ied by Cochard and Rice (2000) can be seen as a useful benchmark of the numerical method.
In Figure A.9 the results of this setup are shown as seismograms of slip velocity, shear stress,
friction, and normal stress at two points on the fault. The parameters used are as follows: elastic
parameters p™ = 3333.3 kg/m?, v = 3000.0 m/s, vi*' = 5196.2 m/s, p*'°% = 2777.7 kg/m’,
vilow = 2500.0 m/s, and vf,low = 4330.1 m/s, friction coefficient f. = 0.75, characteristic slip
velocity V* = 1 m/s, characteristic length L = 8.5 mm, initial shear stress 7p = 70 MPa, initial
normal stress 6g = 100 MPa. The nucleation procedure and parameters are the same as used
by Cochard and Rice (2000). Figure A.9 provides that with a grid-spacing of Ax =0.25 m a
sufficient convergence is achieved at a propagation distance of up to 300 m.

Like in the case of TSN, the graphical verifications of SGM performed here have to be
seen as a qualitative rather than quantitative test of our implementation. More explicit tests
of the numerical scheme have been accomplished by various authors, (e.g, Dalguer and Day,
2006, , and references therein). Those studies provide indication that the stress glut method
fails to provide good convergence for several testcases in comparison to other methods, e.g. the
traction-at-split-node (TSN) scheme. However, as can be seen in Figure A.9, in the specific
case of a bimaterial interface with regularized Coulomb friction we get satisfyingly converging

results for the study presented in chapter 4.
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FIGURE A.9: Testcase for the bimaterial wrinkle-like pulse of slip with regularized Coulomb friction.
Slip velocity, shear stress, friction, and normal stress at two stations at 200 m and 300 m propagation
distance in-plane direction for the parameter case of Cochard and Rice (2000). For the shown propagation
distances a resolution of Ax = 0.25 m appears to be sufficient since the results of Ax = 0.25 m, Ax =

0.125 m, and Ax = 0.0625 m basically collapse to the same solution.



Appendix B

Definitions

B.1 Slip, Slip Velocity, Peak Slip Velocity

The definition of slip velocity V in this study is the differential velocity across the fault,

+
SO0 -

its absolute value V = |V/|. Its peak slip velocity (or maximum slip velocity) is the maximum

N e

over time of the absolute value of slip velocity:
Vinax = max; ([V (,2,1)]). (B.2)

and slip is then the integral of slip velocity over time:

T
D= [ Vd:. (B.3)

To

B.2 Rupture Propagation Velocity

The rupture propagation velocity is normally referred to as the propagation velocity of the tip of
the advancing rupture (propagation velocity calculated from first arrival times, see figure B.1).
However, in this study we use the term rupture propagation velocity also for propagation veloc-
ity values inferred from the arrival times of peak slip velocity, which mostly is nearby the crack

tip (see Figure B.1).

141
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FIGURE B.1: The velocity with which a rupture spreads across the fault (rupture propagation velocity)

can be infered from first arrivals (onset of slip) or the peak arrivals (maximum slip velocity).

B.3 Seismic Moment and Moment Magnitude

Assuming the existence of discontinuous differential displacement on a fault plane, the scalar
seismic moment of a slipping patch (see Figure B.2) is defined as:

Mo = UAD (B.4)

The moment magnitude as a dimensionless number Myy is then defined by:

medium: 4, i, p

FIGURE B.2: A patch of slip invokes a scalar seismic moment M.

2 My 2 My
My =-1(1 —91)==1(1 —16.1 B.5
W 3<0g10N-m ? ) 3(0g]0dyn-cm > (B.5)

with 1dyn-cm = IN-m- 1077,
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B.4 Peak Ground Velocity and Peak Ground Acceleration

The definition of peak ground velocity (PGV) and peak ground acceleration (PGA), as used in
this study, is the maximum over time of the absolute value of velocity |v| and absolute value of

acceleration |a| at a point on the surface (x,y,z9)

PGV (x,y) = max;(|[v(x,y,20,7)|), PGA(x,y) = max;(|a(x,y,z0,t)|), (B.6)

|v|:,/v§+v§—|—v§, la| = a)%—i—a%—ka% (B.7)

with;

unless stated otherwise.

B.S Weertman Pulse or Adams’ Steady State Pulse

In the case of a constant friction coefficient and an existing generalized Rayleigh wave speed,
there exists a steady state propagating slip pulse solution (Adams, 1998). The existence of
such a pulse has been suggested before by Weertman (1980), who didn’t work out the exact
solution. The solution of Adams (1998) can easily be deduced from Weertman’s developments
(Weertman, 1980) as it has been mentioned by Rice (1997). In that solution the shear stress
is uniform and equal to the initial stress, i.e. smaller than the shear strength 79 < foy,. The
compressive normal stress is equal to initial normal stress |0p| everywhere except within the
pulse zone, in which it is uniform and equal to |7g| / f. Therefore the reduction in normal stress
is the driving mechanism. The apparent coefficient of friction (which would be measured in a
friction experiment) is f* = |1p| /|| < f. In particular, one can have f* = 0, corresponding
to a complete drop in normal stress. Hence, one can have sliding with an arbitrarily low initial
shear stress and an arbitrarily high coefficient of friction but, e.g., without any generation of
heat. This pulse travels at the generalized Rayleigh velocity into the direction of slip of the

softer side of the bimaterial configuration. The slip velocity is uniform and given by:

(f|6n0’ —Tp) Ver

V= ;
fu

(B.8)

p*(vs,vp) being a complicated function of the wave speeds v, and vy and material properties
(Weertman, 1980) (misprint corrected by Cochard and Rice (2000)):

. 2
“:“1“2

A [ (nBr—af) (BB—3) — 2 (B — &) (1B — af) ] (B.9)
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A= i (1=nB) (nBr—of) + 15 (1-1p) (rh— &) (B.10)
| .

e [(1—of) (1—03) (nBa+1B1) +2 (B — of) (1282 — 03]

o= /1—v/23, Bi=\/1—w/v2, Yi=\/1-w/v} (B.11)

B.6 Generalized Rayleigh Velocity

The generalized Rayleigh velocity is the root of it in the subshear velocity range, ft being a
complicated function of the propagation velocity v, and material properties:

fi(ver) =0 (B.12)

2
= —“iuz [ (1—03) (1B —of) + 1o (1-0of) (nh—03)] (B.13)

with A as defined in equation B.10, and «, 8, v as defined in equations B.11.
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