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Résumé

Les zones de faille naturelles présentent une complexité structurelle a différentes échelles.
Elles sont composées d’un réseau de failles majeures ou le glissement principal s’effectue,
lui-méme entouré d’un réseau méso- et microscopique de fractures. Cette complexité
géométrique impacte la dynamique de la rupture, la propagation des ondes sismiques ainsi
que le bilan énergétique lors des tremblements de terre. Les observations géologiques et
géophysiques des systemes de faille montrent une corrélation entre la distribution spa-
tiale de la densité de microfractures et la distance au plan principal de rupture. De leur
étude de terrain, Faulkner et al. (2011) ont déduit que cette structure particuliere des zones
de failles s’explique par les irrégularitiés géométriques et I’endommagement cosismique.
Les expériences en laboratoire sur la rupture dynamique montrent également un contenu
haute-fréquence enrichi, comme il est observé pour les séismes naturels. Ceci est consid-
éré comme la contribution de I’endommagement cosismique. Les outils de modélisation
numérique, qui prennent en compte I’endommagement cosismique, ont permis d’explorer
I’évolution des microfractures dans les zones de failles durant les séismes, et leur impact
en retour sur la rupture dynamique. En revanche, les modeles existants ne permettaient
pas la génération, dynamique, de fractures secondaires dans le milieu qui entourent les
failles majeures. Dans cette étude, afin de pouvoir modéliser des ruptures sismiques le
long de failles a géométrie réaliste, associées a la création de fractures secondaires, nous
proposons une approche qui allie la modélisation des milieux continus et discontinus, en
utilisant la méthode combinée des éléments finis et discrets (FDEM). Nous présentons
d’abord les résultats des modélisations de rupture dynamique avec génération de frac-
tures secondaires. Ces simulations illustrent les mécanismes de I’endommagement, une
diminution de la vitesse de rupture, et les radiations hautes fréquences en champ proche.
Le budget énergétique est également modifi€ en raison des radiations et de la dissipation
de I’énergie de fracture 1ié a I’endommagement. Nous avons par la suite réalisé des ex-
périences numériques afin de reproduire la rupture dynamique lors du séisme de Kaikoura
(magnitude 7.8), qui s’est produit en 2016, sur le systeme de failles de I’le sud de la
Nouvelle-Zélande. Nous avons pu démontrer qu’en comparant les observations de ter-
rain avec la nature de ’endommagement et les profils de déplacement générés par nos
modeles, il est possible de discriminer parmi les différents scénarios potentiels de rupture
cosismique. En conclusion, les travaux réalisés au cours de cette thése proposent une nou-
velle génération de modeles qui, grace a I’approche combinée des milieux continus et des
milieux discrets, permet ’activation et la génération de systemes de fractures secondaires
en lien avec les séismes sur les failles majeures. Ils démontrent les effets significatifs que
peut jouer ’endommagement généré lors des séismes.
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Abstract

Multiscale fault structures consist of macroscopic major fault networks surrounded by
mesoscopic and microscopic fracture networks, considered as off-fault damage. Such ge-
ometrical complexity of natural fault structure modifies the rupture dynamics, the seismic
wave radiation and the overall energy budget associated with earthquakes. Field observa-
tions have recorded a correlation of fracture density to the distance from the fault cores,
and also a strong link with the quantity of fault slip. In their geological study, Faulkner
et al. (2011) concluded that the observed scaling inside the fault zone is better explained
by the geometric irregularities and/or the coseismic damage. An enhanced high-frequency
content, expected to be caused by the coseismic damage, is also observed during labora-
tory experiments of dynamic ruptures. Past work has explored the evolution of secondary
coseismic off-fault damage caused by the dynamic earthquake ruptures within the con-
text of effective constitutive laws. However, the current existing models cannot allow
for the activation of individual secondary off-fault cracks due to limitations of model for-
mulations. Here we propose a continuum-discontinuum approach framework with com-
bined finite-discrete element method (FDEM) to model dynamic earthquake rupture with
the coseismic off-fault damage along natural fault networks. We firstly modeled the dy-
namic earthquake rupture with the coseismic off-fault damage on a single planar fault. We
showed the mechanism of dynamically generated off-fault fracture networks, the decrease
in rupture velocity and the enhancement of high-frequency radiation in near-field ground
motion. The overall energy budget is modified due to the additional radiation, and dissi-
pation of the energy, associated with the secondary off-fault cracks. We then conducted
a dynamic earthquake rupture modeling on the 2016 Kaikoura earthquake, which shows
a great potential to narrow down a subset of hypothetical rupture scenarios by comparing
the displacement field perturbed by the coseismic off-fault damage with the observations.
Overall, this work has opened an avenue to model the dynamic earthquake ruptures with
the continuum-discontinuum approach framework, which elucidates the effect of coseis-
mic off-fault damage on the earthquake rupture dynamics and has shown the potential of
further applications to natural fault systems.
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1. Introduction

Earthquakes are explained as sudden release of energy along faults, which is accumulated
in the Earth’s crust over the years (Scholz, 1998). A part of the released energy is consumed
to break the material on and off the fault, while the other part is converted to kinetic energy,
which is radiated as seismic waves, and heat (Sibson, 1977). The dynamic slip, or opening,
of discontinuities causes the destructive earthquakes with perceptible seismic waves. Slow
or quasi-static deformation, with imperceptible radiation, is classified as slow earthquakes
(e.g. Obara, 2002; Ide et al., 2007) or the creep (e.g. Rogers and Nason, 1971). In the
following discussions, the term “earthquake” indicates the dynamic earthquake events
with significant radiation.

At the present day, slip on fault is recognized as a common mechanism of earthquakes.
However, it has a long history before it was widely accepted. The initial motion of P wave
has been of interest to explain the earthquake source mechanics since the early 20th century
(Omori, 1912). Ishimoto (1932) showed the distribution of initial motion of P wave, which
can be now explained by the double couple earthquake focal mechanism (Figure 1.1).
There was also a great debate over whether the force equivalent problem associated with
dislocations on the discontinuity could be explained by single couple or double couple
model. Historically, Steketee (1958) first derived the static displacement field caused by
the dislocations, which leads to the double couple model. Maruyama (1963) and Burridge
and Knopoff (1964) then pointed out that the double couple is an exact equivalent body
force, which was subsequently reformulated with seismic moment tensor (Kostrov, 1974;
Backus and Mulcahy, 1976a,b).

Field observations of fault outcrop has brought us the representative fault model, where
the localized shear band that consists of cataclasite is surrounded by damaged host rock
(Figure 1.2). It is thus assumed that the fault zone is well-localized (Rattez et al., 2018),
even in depth, and slip occurs on the pre-existing faults (Scholz, 1998). From the dis-
cussion above, we deduce that the earthquake is caused by the localized slip on the pre-
existing faults, i.e., dynamic earthquake ruptures, which converts a part of the strain energy
accumulated in the medium to the seismic wave and the other energy components.

We then need to discuss the transition from stable (during interseismic period) to un-
stable (earthquakes) state of earthquake rupture processes, where the energy is stably ac-
cumulated during the stable loading and is released at critical point due to the dynamic
slip on the fault (Ohnaka, 2003). The time scale is usually years for stable loading, and
seconds to minutes for unstable release. Brace and Byerlee (1966) demonstrated the cycle
of this stable-to-unstable state, called stick-slip, in laboratory experiments as an analogy
with natural earthquakes. Then this stick-slip behavior of the fault was modeled by spe-
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cific friction laws applied on the fault surfaces. The major friction laws are generally
classified into the slip-dependent and the rate-dependent friction laws. Slip-weakening
law was proposed by Ida (1972) and Palmer and Rice (1973), who model the weakening
of frictional resistance due to the lubrication, and thus the slip is unstably accelerated when
the friction reaches its peak strength. This slip-weakening friction law has been widely
used for the dynamic earthquake rupture modeling because of the simplicity of its formu-
lation (e.g. Andrews, 1976, 1985; Dalguer et al.,2003; Aochi et al.,2000). It can model a
single stick-slip event by artificially nucleating rupture, which spontaneously propagates
on pre-existing faults.

Rate and state friction law was proposed by Dieterich (1978,1979a,b) based on a series
of experiments. This law represents the frictional change as a function of slip velocity,
and a history dependent valuable. Rice and Ruina (1983) and Ruina (1983) demonstrated
the potential of the rate and state friction law to model the periodic stick-slip instability,
which subsequently has a great potential of modeling the periodic sequence of earthquake
events (e.g. Tse and Rice, 1986; Rice, 1993; Rice and Ben-Zion, 1996; Lapusta et al.,2000;
Lapusta and Rice,2003; Kaneko et al.,2011; Thomas et al., 2014; Romanet et al.,2018).
Therefore, the mechanism of triggering dynamic earthquake ruptures on the fault can be
explained by the frictional instability, modeled by these friction laws.

As mentioned above, the dynamic earthquake rupture is triggered when the shear trac-
tion on the fault reaches the peak strength of friction. Thus the stress state in the medium
plays an important role to analyze the nucleation of ruptures. Okada (1985) and Okada
(1992) derived a set of formulations, which gives the theoretical solutions of surface and
internal deformations in half-space from the slip distribution on the pre-existing faults. It
has been used to estimate the stress change after main earthquake events, and to analyze
the sequence of aftershocks (e.g. King et al., 1994; Stein, 1999; Cocco and Rice, 2002).

Mohr-Coulomb yield criterion is a common failure criterion, proposed by Coulomb
(1773), where the peak strength of shear traction, 77, is given by

szc+fs(o-n_p)a (1.1)

where c is the cohesion, f is the static friction coefficient, o,, is the normal stress on the
fault and p is the pore fluid pressure in the fault zone (see also Beeler et al. (2000)). Then
the Coulomb failure stress change, Aoy, is defined as following

Aoy = AT+ f(Ao, + Ap), (1.2)

where AT is the shear traction change on the fault, Ao, is the normal stress change and
Ap is the pore pressure change (Stein, 1999). Thus the increase in Ao, simply indicates
that the failure is more likely to occur.

Figure 1.3 shows an example of a distribution of Coulomb failure stress change as-
sociated with the 1992 Landers, Big Bear, and Joshua Tree earthquakes. The location of
aftershocks after Landers main shock occurred is superimposed on the Coulomb failure
stress change. It shows a significant correlation between stress changes and aftershocks,
which implies that the earthquake ruptures are fairly characterized by the Mohr-Coulomb
yield criterion. It also highlights that the geometrical complexity of the faults plays a
crucial role in the stress changes, and the subsequent aftershocks.
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While the static analysis of the rupture nucleation using Coulomb failure stress change
has been attempted, the dynamics of earthquake ruptures has been also studied by theo-
retical and numerical approaches. Kostrov (1974), Rice (1980) and Freund (1990) sys-
tematically documented the dynamic fracture mechanics of earthquakes, which are the
basis of the other analysis of dynamic ruptures. Madariaga (1976) proposed the circular
fault model, which developed theoretical solutions of dynamic circular crack and the as-
sociated radiation. The numerical modeling of spontaneous dynamic earthquake rupture
was pioneered by Andrews (1976), which demonstrated the evolution of accumulated slip
and slip velocity associated with the dynamic rupture propagation with finite difference
method (FDM). Subsequently, many studies have been conducted in the FDM framework
to better understand the dynamic processes of spontaneous earthquake ruptures (e.g. Day,
1982; Okubo, 1989; Harris et al., 1991; Andrews, 1999; Yamashita,2000; Andrews,2005).
The dynamic photoelasticity in laboratory experiments has also elucidated the stress field
during the dynamic rupture propagation. (e.g. Rosakis et al., 1999, 2000).

As the research on the earthquake ruptures has been progressed, the importance of
geometrical complexity has come to the light. Many studies have pointed out the role of
geometrical complexity in the rupture dynamics (e.g. Segall and Pollard, 1980; King and
Nadbelek,1985; Sibson, 1985; Bhat,2007; Wei et al.,2011; Kobayashi et al.,2017; Hamling
et al.,2017). Here, let us extend the terminology of the “geometrical complexity” for the
coseismic off-fault damage as it is formed by an aggregation of smaller scale fracture
network. Based on this interpretation, we illustrate a schematic of hierarchical structure
of a fault system in a wide range of length scales (Figure 1.4), where the fault network
consists of macroscopic (in kilometric scale), mesoscopic (in metric) and microscopic (in
micrometric) geometrical complexities. As all these geometrical complexities should be
taken into account for the dynamic earthquake rupture modeling, it is no doubt important
to investigate the effect of coseismic off-fault damage.

The effect of coseismic off-fault damage has been widely studied by theoretical anal-
ysis (e.g. Poliakov et al.,2002; Rice et al.,2005; Ngo et al.,2012), field observations (e.g.
Manighetti et al.,2001,2004; Mitchell and Faulkner,2009,2012; Rempe et al.,2013; Per-
rin et al.,2016a), and numerical approaches (e.g. Andrews, 2005; Ben-Zion and Shi,2005;
Dunham et al., 2011a,b; Xu et al., 2012a.b; Bhat et al., 2012; Ma and Hirakawa, 2013;
Cappa et al.,2014; Xu et al., 2015; Thomas and Bhat,2018). Theoretical analysis illus-
trated the potential failure area and the orientation of secondary tensile and shear cracks
caused by the stress concentration around the tip of crack based on dynamic fracture me-
chanics (Poliakov et al.,2002; Rice et al.,2005; Ngo et al.,2012). The field observations
have demonstrated the existence of off-fault damage, and its implications for the elastic
modulus, permeability and the accumulated slip (e.g. Manighetti et al., 2001; Mitchell
and Faulkner, 2012; Rempe et al., 2013; Cappa et al., 2014). Mitchell and Faulkner
(2009) showed the distribution of microfracture density in the damage zone around a fault
core from field observations, which exponentially decreases with distance from the fault.
Thomas and Bhat (2018) then reproduced this characteristic damage pattern by dynamic
earthquake rupture modeling with coseismic off-fault damage using homogenized consti-
tutive laws. They also demonstrated the oscillation of slip velocity and enhanced high-
frequency radiation due to damage. The experimental results have also addressed the
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implications of coseismic off-fault damage for rupture dynamics and radiation (e.g. Pas-
selegue et al.,2016).

However, an important, and intuitive, physical phenomenon remains to be incorpo-
rated into the model formulations: the dynamic activation of secondary off-fault cracks.
The previous models involve only prescribed faults in the medium due to limitations of
model formulations, and thereby the effect of coseismic off-fault damage is homogenized
by constitutive formulations. Thus, the dynamic generation/activation of such secondary
off-fault fracture network, and its implications for rupture dynamics, is poorly understood.
This problem brings us to the motivation of the present thesis.

Let us list questions to be addressed in this thesis:

1. How is the secondary off-fault fracture network, where the length scale is much
smaller than the main faults, activated by the dynamic earthquake ruptures on pre-
scribed faults?

2. What is the effect of the feedback from secondary off-fault fracture network on the
main rupture?

3. Is the overall energy budget modified by the activation of secondary off-fault frac-
ture network, as a part of energy is dissipated by the secondary cracks?

4. How does the coseismic off-fault damage evolve in the natural fault system?

5. Is the modeled coseismic off-fault damage comparable to the observations?

To address these questions, we developed a continuum-discontinnuum approach
framework with the combined finite-discrete element method (FDEM) (Munjiza, 2004,
Munjiza et al., 2011, 2015), which allows for dynamic earthquake rupture modeling on
the prescribed faults with spontaneous activation of secondary off-fault fracture network.
The aim of Chapter 2 and 3 is to address the questions 1, 2, and 3 listed above. We
firstly describe systematic model formulations of a continuum-discontinnuum approach
framework. We then model dynamic earthquake ruptures with coseismic off-fault frac-
ture network, and its implications for the rupture dynamics, the radiations and the overall
energy budget.

Then the aim of Chapter 4 is to address the rest of questions. To demonstrate the appli-
cation for the natural fault system, we conducted the dynamic earthquake rupture modeling
associated with the 2016 Kaikoura earthquake. We traced the main fault geometry around
the Jordan-Kekerengu-Papatea triple junction from the surface rupture map. We then ex-
amined hypothetical earthquake rupture scenarios to investigate the rupture dynamics and
the coseismic damage pattern associated with each scenario. We compared the displace-
ment profiles across the faults to the observational results obtained by the optical image
correlations. It clearly shows a correlation with certain scenario, and thus demonstrates a
great potential to narrow dawn a subset of possible rupture scenarios.

In Chapter 5, we discuss the preliminary results from modeling first-order geometri-
cal complexities, such as kinks, roughness and stepovers, as well as thrust earthquakes.
These results show the potential for fundamental analyses of these geometrical complex-
ities though a limited number of simulations have been conducted so far.
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Overall, in this thesis, we attempt to elucidate the effect of dynamically activated sec-
ondary fracture network around the faults as the multiscale geometrical complexity must
play an important role in the earthquake rupture dynamics. The continuum-discontinuum
approach framework with the FDEM allows for modeling the dynamic earthquake ruptures
with the dynamic activation of the coseismic off-fault fracture network, which provides
better understanding of the proposed questions.
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Figure 1.1: Distribution of the initial motion of P wave for an earthquake event on August 3rd,
1926 in the Kanto region, Japan. Filled circles indicate compressive motion, while unfilled circles
indicate extensional motion. The cross mark indicates epicenter. Reprinted from Ishimoto (1932).
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Internal Structure of Principal Faults of the
North Branch San Gabriel Fault
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Figure 1.2: Schematic of the internal structure of a simple fault zone. Reprinted from Chester et al.
(1993).
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Figure 1.3: Coulomb failure stress change at a depth of 6.25 km caused by the 1992 Landers, Big
Bear, and Joshua Tree earthquakes, and the location of aftershocks. Reprinted from King et al.
(1994)
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Figure 1.4: Hierarchical structure of fault systems in a wide range of length scales. Each inset
shows a part of a fault system at different length scales. (a) Fault map of the Big Bend domain or
the central domain of the Pacific-North American Plate Boundary (Fletcher et al., 2014). Black
and color lines indicate the fault trace and historic ruptures, respectively. (b) Fault traces (in black)
and the rupture trace (in red) of the 1992 Landers earthquake (Sowers et al., 1994). (c) Fault trace
around the Kickapoo fault (Sowers et al., 1994). (d) Schematic of strike-slip fault zone structure,
showing multiple fault cores surrounded by damage zones (Mitchell and Faulkner,2009). (e) The
variation in microfracture density within a fault damage zone as a function of distance from fault
core (Mitchell and Faulkner,2012).
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2. Continuum-discontinuum approach
framework for modeling dynamic
earthquake ruptures

Avant-propos

Il ait aujourd’hui notoirement reconnu que I’endommagement cosismique, autour des
failles majeures, est un facteur clé dans la compréhension des mécanismes de rupture
dynamique et dans le calcul du bilan énergétique li€ aux tremblements de terre (e.g.
Faulkner et al., 2011; Thomas and Bhat, 2018). En effet, les séismes alterent la réponse
mécanique du milieu en générant ou réactivant des fractures secondaires autour des failles
(e.g. Manighetti et al., 2004; Mitchell and Faulkner,2009). L endommagement modifie
les propriétés élastiques (e.g. Faulkner et al., 2006), ce qui impacte en retour la rupture,
le rayonnement sismique et le mouvement du sol proche de la faille. Sibson (1977) a
proposé un model conceptuel pour le calcul du bilan énergétique lors des tremblements
de terre. Dans ce modele, I’hypothese est fait qu'une partie de 1’énergie, accumulée au
cours de la période intersismique, est convertie en ondes sismiques, alors que le reste est
dissipé par fracturation dans la zone de la faille. Les contributions de I’endommagement
cosismique au bilan énergétique est donc primordiale pour I’étude des ondes sismiques
émises pendant les tremblements de terre. Cependant, les techniques numériques exis-
tantes ne permettaient pas de modéliser la génération dynamique de fractures secondaires
en tension et/ou de cisaillement (Mode I and Mode II) ; essentiellement en raison des lim-
ites numériques et de formulation du probléeme. Ainsi, dans ce chapitre, nous présentons
le modele développé qui permet la création et 1’activation d’un systeme de fractures sec-
ondaire pendant la rupture sismique. Le modele allie 1a modélisation des milieux continus
et discontinus, en utilisant la méthode combinée des éléments finis et discrets (FDEM).
Dans ces chapitres 2 et 3 sont développés : les mécanismes de génération d’un réseau de
fractures secondaires, le changement de vitesse de rupture associé, et les radiations haute
fréquences générées par I’endommagement cosismique. Nous détaillons ensuite le bilan
énergétique li€ a la rupture dynamique. Ce dernier suggere une diminution de I’efficacité
sismique si on consideére 1’équilibre énergétique entre les radiations additionnelles et la
dissipation de I’énergie de fracture dans le réseau de fractures secondaires. Les résul-
tats numériques tels que 1’optimisation du temps de calcul, I’impact de la résolution et
I’implémentation du model sont résumés en annexes.
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2.1 Introduction

Coseismic off-fault damage has been recognized as a key factor towards understanding
dynamic earthquake rupture mechanisms and the associated overall energy budget. Sib-
son (1977) conceptually proposed a formulation for the overall energy budget of dynamic
earthquake ruptures; a part of the energy released from accumulated strain energy by inter-
seismic deformation is converted to seismic wave radiation, whereas the rest is expended
in inelastic deformation processes within fault zone. His study is recognized as the first
attempt to describe the partition of energy associated with localized active fault ruptures.
Wallace and Morris (1986) characterized the structure of fault zones from the observation
of deep mines in North America, in which fault cores are surrounded by fractured rock.
Based on field observations of San Gabriel and Punchbowl faults in southern Califor-
nia, Chester et al. (1993) also proposed similar fault zone structures, where the fault core
is surrounded by a much thicker zone of damaged host rock. Field measurements of mi-
crofracture density as a function of distance in fault-normal direction at various scales have
also been conducted in order to understand the spatial distribution and geometric char-
acteristics of off-fault damage zones (Shipton and Cowie, 2001; Mitchell and Faulkner,
2009; Faulkner et al.,2011; Savage and Brodsky,2011). These analyses showed that mi-
crofracture density is significantly higher close to the fault and exponentially decreases
with distance from the fault core (Mitchell and Faulkner, 2009), evidencing the presence
of the off-fault damage.

Indeed, off-fault damage does not comprise only microscopic fractures concentrated
within fault cores, but also mesoscopic geometrical complexities of fault systems (Ando
and Yamashita, 2007; Perrin et al., 2016a), such as fault branches and step-overs. In
this sense, fault zones involve features ranging from well-localized fault cores filled by
cataclasites to mesoscopic secondary fractures, all of which should be taken into account
for the overall energy budget of earthquake ruptures. Mesoscopic off-fault damage also
results in the change of the characteristics of deformation on the main fault (Manighetti
et al.,2004; Cappa et al.,2014).

In summary, Figure 1.4 illustrates the schematic of a hierarchical fault structure in
multi length scales ranging from microfractures to the global fault system. All these ge-
ometrical complexities of fractures play a role in the energy balance during the earth-
quakes. Thus, the modeling of off-fault damage dynamically induced by earthquake rup-
tures is crucial to understand realistic faulting processes, radiation and the energy balance
of earthquakes.

To investigate the mechanisms of secondary cracks dynamically induced by rupture
propagation, numerous studies have been performed via theoretical approaches, exper-
imental investigations and numerical modeling. Poliakov et al. (2002) and Rice et al.
(2005) showed the potential failure area around rupture front with steady-state cracks
based on a theoretical formulation. The numerical modeling for spontaneous ruptures
with off-fault damage has been also conducted to demonstrate the evolution of coseismic
off-fault damage induced by dynamic ruptures and its implication for rupture dynamics
(Yamashita,2000; Dalguer et al.,2003; Andrews,2005; Ben-Zion and Shi,2005; Ando and
Yamashita, 2007; Templeton and Rice, 2008; Viesca et al., 2008; Ma and Andrews, 2010;
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Dunham et al., 2011a; Bhat et al., 2012; Gabriel et al., 2013; Thomas and Bhat, 2018).
They revealed that the complicated feedback from the off-fault damage has a significant
effect on the dynamic rupture itself and its consequent radiation patterns. Furthermore,
what is of interest here is the enhanced high-frequency radiation in the near-fault ground
motion (Hanks, 1982; Castro and Ben-Zion, 2013; Passelegue et al., 2016; Thomas and
Bhat, 2018), which is of practical importance for earthquake engineering (Aki, 1987).

Although previous studies have addressed the effect of coseismic off-fault damage
on earthquake dynamics, up to now state-of-the-art numerical techniques used for earth-
quake rupture modeling were not able to describe off-fault fracture processes as actual
tensile and shear (Mode I and Mode II) cracks mainly due to limitations of computation
and model formulation. Hence the role of secondary off-fault fracture networks formed by
the coalescence of secondary cracks in the rupture dynamics, the radiation and the over-
all energy budget remains to be fully understood. Therefore, our aim in this paper is to
model the activation of secondary off-fault fracture networks dynamically activated by
earthquake ruptures using a novel numerical tool based on the combined finite-discrete
element method (FDEM) that allows us to quantify its contribution to rupture dynamics,
radiations and energetics of earthquakes.

We demonstrate that FDEM performs well in modeling dynamic earthquake ruptures
with dynamically activated secondary fracture networks in the off-fault medium. The
strength of the off-fault medium is governed by prescribed cohesion and friction laws,
which allow for both tensile and shear cracks to be formed. In this paper, we firstly present
a cross-validation analysis of FDEM, for its application to earthquake rupture modeling.
We then highlight the secondary fracturing mechanisms activated in the off-fault medium
which are induced by earthquake ruptures and the consequent high-frequency radiation
generated by the secondary off-fault cracks. We finally investigate the evolution of the
damage zone size with depth by a systematic case study and discuss the energy contribu-
tions of off-fault damage to the overall energy budget. This analysis clearly demonstrates
the non-negligible contribution of off-fault damage to the earthquake rupture dynamics.

2.2 Continuum-discontinuum approach for dynamic
earthquake rupture modeling

Geological faults can be defined as discontinuities in a continuum medium, where the de-
formation can be described by appropriate constitutive law. From this perspective, we
consider both the faults and the off-fault damage in the same framework as an aggregation
of fractures at different length scales. The activation of new fractures in the medium is

represented as the loss of cohesive resistance. Frictional processes then take place at the
boundary of the fracture surfaces, and they have a significant contribution in the overall
energy budget of earthquakes. Therefore, we need a modeling scheme able to handle both
continuum (deformation) as well as discontinuum processes (fractures) within the same
framework. This model requires an efficient contact algorithm to compute contact, cohe-
sive and frictional forces, operating on every fracture surface and potential failure planes.
In this study, we use the combined Finite-Discrete Element Method (FDEM) (Munjiza
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et al., 1995) as the first-of-its-kind application to dynamic earthquake rupture modeling.
Here, we firstly describe the fundamentals of FDEM and then show the model description
of the dynamic earthquake rupture simulations with coseismic off-fault damage.

2.2.1 Formulation of FDEM

The application of FDEM, pioneered by Munjiza et al. (1995), has been expanded in the
last couple of decades to solve broad scientific problems associated with fracturing and
failure of solid media such as block caving, rock blasting, dam stability, rock slope stabil-
ity and hydraulic fracturing (e.g. Mahabadi et al.,2014; Lisjak et al.,2014; Lei et al.,2014;
Zhao et al.,2014; Lei and Ke, 2018). In the FDEM framework, a solid medium is firstly
discretized into finite elements, in which the deformation is governed by stress-strain con-
stitutive laws as in the conventional finite element method (FEM). The interaction among
individual elements is then computed based of prescribed cohesion and friction laws. The
governing equation follows the dynamic equilibrium given by

Kx + MX + Cx = b, 2.1)

where X is the vector of nodal displacements, x and X are the first and second time deriva-
tives of displacements, indicating the vector of velocity and acceleration respectively, K
is the stiffness matrix, M is a diagonal mass matrix, C is a damping matrix and b is an ex-
ternal static loading (Munjiza et al.,2015, eq. 3.41). Kx represents the equivalent internal
forces in the system. The external loading is caused by prescribed boundary conditions
or by contact interactions between discretized finite elements. In the FDEM framework,
the interaction is evaluated between any couple of elements, called contactor and target,
illustrated in Figure 2.1 (Lei et al., 2014). To enhance the computational efficiency, the
contact detection algorithm plays a key role to efficiently determine the location of inter-
sections between contactor and target, and compute the cohesion and the friction applied
on the interface. We thus employed MRCK (Munjiza-Rougier-Carney-Knight) contact
detection algorithm (Lei et al., 2014). In essence, it makes use of the concept of tempo-
ral coherence that the position of elements does not change so much at two consecutive
time intervals that the initial mapping of elements to detect contacts can be used with-
out large modification during simulations, especially suitable for our problem with small
strain assumption.

The penalty function method is widely used in FDEM framework (e.g. Munjiza et al.,
1999; Rougier et al., 2011; Lisjak et al.,2013; Mahabadi et al.,2014; Lei et al.,2014) to
derive the magnitude and the orientation of contact force vector fy when the target and
contactor collide into each other. The schematic of the opening and slip displacements,
Or /11, and the contact force between contactor and target are also illustrated in Figure 2.1.
The contactor is allowed a small penetration into target to evaluate the contact force. fy
is then determined by

Iy o< pPPg, (22)

where Py is the potential accounting for the penetration of contactor into target, p” is
a penalty term, which decides the local error in displacements (Munjiza, 2004; Munjiza
etal.,2011). The number of integral points per edge (e.g. two points per edge for the case
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in Figure 2.1) is chosen a priori, which also has an effect of integration error of fy. Note
that the cohesion and friction are added to the external loading separately from the contact
force fy derived from the penalty function.

Viscous damping is often applied to suppress artificial numerical errors. One of the
terms is called Munjiza Viscosity developed by Munjiza et al. (2015), which is essentially
strain rate-dependent viscous damping. The relationship between Munjiza viscosity and
the canonical dynamic viscosity,  (Pa - s), is derived as

1 - 1

My = S Mg = My, (2.3)

=3 2

where M, Mﬁ and Mw are Munjiza viscosity (Pa - s) defined by Munjiza et al. (2015,
eq. 17.133). In this study, we utilized the FDEM-based software tool, HOSSedu (Hybrid
Optimization Software Suite - Educational Version), developed by Los Alamos National
Laboratory (LANL) (Knight et al., 2015). More details of main algorithmic solutions
used within HOSSedu can be found in a series of monographs (Munjiza, 2004; Munjiza
et al.,2011, 2015). The computational efficiency for earthquake rupture modeling with
the FDEM is discussed in Appendix A.

2.3 Model description

In this section we describe the prestress condition and failure criteria used for dynamic
earthquake rupture modeling with coseismic off-fault damage. The sign convention used
in this work considers that tensile stresses and clockwise rotations are positive as shown
in Figure 2.2. The symbols used in the following sections are summarized in the list of
symbols.

2.3.1 [Initial stress state in depth

We follow a similar process to that proposed by Templeton and Rice (2008) and Xu et al.
(2012a) to make an assumption of initial stress state as a function of depth. For the sake of
simplicity, we assume the prestress state linearly increases in depth based on the lithostatic
and the hydrostatic conditions without any consideration of actual prestress state, which
is generally nonlinear in depth (e.g. Zoback and Healy, 1992). A main fault plane is set
parallel to the depth direction z while the zy - plane is perpendicular to z. The x-axis is
aligned with the main fault and the origin of the x-y coordinate system is located in the
middle of the main fault. The initial stress state is set for triggering a right-lateral strike-
slip on the main fault. We solve this problem assuming plane strain conditions. The initial
stress state is initially uniform in the homogeneous and isotropic elastic medium, and is
given by

)
ny Uyy

0 0

0 Opy O
a.:[ e Oy ] (24)
Let normal stress agy on the main fault be given by linear overburden effective stress

gradient such that

oy =—(p = pu)gz, (2.5)
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where p is the density of rock, p,, is the density of water, g is the gravitational accelera-
tion and z is the depth measured from the ground surface. The initial shear stress ogx is
estimated in terms of the seismic S ratio, defined by Andrews (1976), on the main fault
such as o o
g — fS(_Jyy) — Oyy
ng - fd(_az(/)y)7

where f, and f; are the static and dynamic friction coefficients respectively. The value

(2.6)

of the S ratio defines whether the rupture velocity is supershear (S < 1.77), or remains
sub-Rayleigh (S > 1.77) in 2-D. Thus the initial shear stress on the main fault can be

written as
00 _ fs + Sfd
vr 1+

The horizontal compressive stress 02, is then determined by the normal stress o

(—op,). 2.7)

0
yy°
stress 021 and the given orientation of the initial compressive principal stress to the main

fault ) (indicated in Figure 2.2b) as follows:

shear

209

0 _ (1w )0 28
Oza ( tan (2¢)00 ) 7 (2.8)

The relationship of the magnitude of ¢¥_ and ng depends on v in the following manner:

(~0%,) > (=0l),  0<¢<m/4

2.9)
(—02,) < (=0)), 74<i¢<m/2

Tx y

which is consistent with the condition of initial stress state defined by Poliakov et al.(2002)
and Rice et al. (2005).

2.3.2 Failure criteria

In the FDEM framework, cracks are represented as the loss of cohesion at the interfaces
of the finite elements in the model. The combined single and smeared discrete crack ap-
proach (Munjiza et al., 1999) is generally accepted as a crack model based on fracture
energy, where the cohesion and friction are prescribed following actual representations of
experimental stress-strain curves (Lei et al., 2014). It is worth noting that the cohesion
and the friction against the opening or sliding motion between contactor and target are a
function of displacements defined by the aperture ¢; and the slip d;; between the contactor
and the target.

The cohesive and frictional resistances are applied on every interface between ele-
ments (i.e. at every edge), which is regarded as a potential failure plane. Both cohesion
and friction curves are divided into two parts, an elastic loading part and a displacement-
weakening part as shown in Figure 2.3. In the elastic loading part, the resistant forces
against displacements acting on the interface increase quadratically (for the case of cohe-
sion) or linearly (for the case of friction) with the stiffness of the elastic loading portions
being p°, p’ respectively. Since this elastic loading part ideally should be zero to repre-
sent the material continuity, the stiffnesses, p¢ and pf , are chosen to be much higher than
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the Young’s modulus of the material £ in order to minimize the displacements associ-
ated with the elastic loading. In this study, we chose p¢ = 1000E, and p/ is chosen in
the same order of p¢ as described in the following section. When the applied traction on
the interface reaches the peak tensile or shear cohesion strengths C% I the connection
starts to be weakened, and eventually it loses the cohesion (Figure 2.3b). When the shear
traction reaches to frictional strength 7,, it decreases down to the residual strength at crit-
ical displacements D, as shown in Figure 2.3c. The friction curve follows the linear slip-
weakening law, originally proposed by Ida (1972) and Palmer and Rice (1973), which has
been widely used for dynamic earthquake rupture modeling (e.g. Andrews, 1976; Aochi
and Fukuyama, 2002; De La Puente et al.,2009). Eventually, the shear strength is repre-
sented by Mohr-Coulomb failure criteria. Note that the friction law is operating both on
the main fault and the secondary cracks activated in the off-fault medium.

The mixed mode fracture is evaluated by a damage parameter, D, which is defined as
. 0; — (Sf o“

D=/D2+ D% (0<D<1) (2.11)

Dy [ 1, for purely tensile crack
- D { 0, for purely shear crack } ’
where D; (i = I, 1) is the components of damage for tensile and shear crack, ¢; is the
normal and the tangential displacement, ¢;"° is the initial critical displacement for elastic
loading, 6;"° — 47" is the maximum displacement during linear-softening where J; is the
initial critical displacement for linear-weakening part, D is the degree of damage and D”

D; 1=1,11 (2.10)

DT (2.12)

indicates the type of damage. Similar expressions can be found in Rougier et al. (2011)
and Lisjak et al. (2014).

Since we employed a linear softening law, the fracture energies related with cohesion
for tensile (mode I) and shear (mode II) (i.e., the energy required to completely break the
connection of the contact) are evaluated as

1
o= Ol (@ =67 i=111 (2.13)

where G¢. is the tensile and the shear fracture energy and C7 is the tensile and the shear
cohesive strength. The fracture energy for friction is, following Palmer and Rice (1973),
described as
f 1
Grie = §Dc (7o — 7) (2.14)
where G4, is the fracture energy for friction, D, = &7 is the critical slip distance for
friction and 7, and 7, are the peak strength and the residual strength for friction, defined

as
Tp = [s(=0n) (2.15)
T, = fa(—0on), (2.16)
where f; and f; are the static and dynamic friction coefficients and o,, is the normal stress
on the contact surface. Note that the elastic loading part 6{ *“ is much smaller than D,
so that the representation of fracture energy G}C 7o by equation (2.14) is acceptable even
without the consideration of elastic loading part.
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2.3.3 Closeness to failure

Here, we describe the parametrization of the failure criteria based on the fracture energy
estimated from the experiments and observations (Viesca and Garagash,2015; Passelégue
et al.,2016), and the closeness to failure, proposed by Templeton and Rice (2008) and
Viesca et al. (2008), which indicates the safety of the initial stress state to the failure of
the material represented by the ratio of the radius of the Mohr’s circle to the distance to
the Mohr-Coulomb criteria. Let o and 05 be the maximum and minimum compressive
principal stresses. Assume a Mohr-Coulomb friction criteria with shear peak strength C%;.
Then the closeness to failure, d,;¢, is derived from geometrical relationships such that

. 02 — 01
- 207, cos ¢ — (o1 + 02)

(2 _ 1)
)
= (2.17)
(ﬂ + 1) -2 <%COS¢>
g2 (o)

where ¢ is the friction angle as tan¢p = f; (Figure 2.4). Thus dj;c < 1 means no
failure and dj;c > 1 implies the initiation of failure in shear on the corresponding plane.
Note that d ;¢ locally changes due to perturbations of the stress field.

dye

To make the medium equally close to failure, regardless of the stress state, dy;¢ is kept
constant with depth. By assuming the constant angle of maximum compressive principal
stress ¥ and the seismic ratio .S, the ratio of principal stresses oy /09 is derived to be
constant with depth. Thus from equation (2.17), the ratio C7,; /o5 has to be kept constant
to obtain an equal closeness to failure with depth, implying that peak cohesion C7; must
increase linearly in depth. Therefore we first calculate a?j as described in previous section,
and then we then derive C7, as follows

o9 — 01 + dye(o1 + 09) sin g

cr =
i 2d e cOS &

, (2.18)

where dj¢ should be chosen carefully to avoid C7; being negative. C7 is chosen from
the experiments (Cho et al.,2003), and is kept constant with depth.

The dissipated fracture energy related with cohesion, G, 110 is defined by equations
(2.13) and (2.14). An acceptable range for C7 is between 1-10 MPa extracted from ex-
perimental results, and kept constant with depth. C%; is calculated using equation (2.18)
which varies in depth.

Let p° be the stiffness of the elastic loading curve for cohesion. Then the tensile and the
shear cohesion C;(6;) (i = I, 1) in elastic loading part is described as quadratic function

such as
20; 5 \?
Ci(6;) = C7 [5?; - (5—) ] , (2.19)
CY = 5—;55’€, (2.20)
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where p. is the penalty term for cohesion and 4 is the size of a particular finite element
(Munjiza et al., 1999, eq. (11)). Thus

2hCP
P 2.21)
Dc
;¢ is then derived from equation (2.13) as
C,C 2G’f C,e
5° = CPC + 69, (2.22)

0
ij
¢c» we can determine the rest of parameters relevant to cohesion law in a consistent way.

Hence with given initial stress state o;., closeness to failure d;- and the fracture energy

In this study, the initial stress state is firstly determined as described in section 2.3.1.
The closeness to failure is a priori chosen following previous studies (e.g. Templeton and
Rice, 2008). The shear fracture energy G, is approximated from observations and ex-
periments (Viesca and Garagash, 2015; Passelegue et al.,2016), and the tensile fracture
energy is then assumed from the relationship between fracture energy and fracture tough-
ness that is G;c/Gric = (Kjo/Kr1c)?, where Ko/ K¢ is estimated from the experi-
mental results by Rao et al. (2003).

2.34 Friction law

When the amount of slip exceeds the elastic slip distance for cohesion d7;, the cohesive
force starts weakening. We assume that the friction starts weakening at 67 = 6%¢ so that
the cohesion and the friction start weakening at the same amount of slip. We do this by
adjusting the stiffness of elastic loading for friction p/, as follows

f T})I c
= drrt (2.23)
11

The fracture energy related with friction, G{ 1c» 18 approximated from the equation (2.14).
One interesting question is, as pointed out by Rice et al. (2005), what parameters vary
with depth,. In our parametrization, normal stress on the fault lithostatically increases
with depth. Lachenbruch (1980) proposed a formula of frictional resistance similar with
the exponential slip-weakening law, where the slip-weakening distance D.. on the fault is
almost independent of depth because it is composed by physical parameters like the width
of fault gouge and other coefficients related with pore fluid or rock material, which are
assumed to be constant with depth (also referred in Rice et al. (2005)). In this case, G{ 10
on the fault derived by equation (2.14) increases with depth as the strength drop linearly
increases as 7, — 7, = (fs — fa) {—09,(2)} in our model description, described as

1
Glie(2) = 5D: (1 = 72), (224)

where D is a given constant critical slip distance with depth. This is the first scenario
that we consider. The second scenario is to assume that G{ ¢ on the fault is kept constant
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with depth. In this case, D, decreases with depth, as a function of a given constant G{}"C
on the fault, as follows

2Gic
(fs = fo) {—09,(2)}
For the sake of simplicity, we call the first scenario constant D, case, and the second
scenario constant G'j¢ case.

D.(z) = (2.25)

In both scenarios, as proposed by Palmer and Rice (1973), the process zone size Ry
for the quasi-stationary crack, over which the friction is weakened with ongoing slip to
the residual strength, is described as

9 D
Ro(z) = - , (2.26)
0 32(1 = v) (fs — fa) {09, (2)}
for the constant D, case. while
G*
Ro(2) = —" bl L5 (2.27)

16(1 o 1/) [(fs - fd) {_08y<2>}:|2’

for the constant GG;;¢ case. As shown by equations (2.26) and (2.27), R, decreases with
depth as {—o?, (2) }_1 for constant D, case and {—0) (2) }_2 for constant G ;¢ case.

Since the size of potential failure area is of the same order of magnitude as Ry(z) (e.g.
Poliakov et al.,2002), the damage zone is expected to decrease with depth, as mentioned
by Rice et al. (2005). To verify this hypothesis, we explore the two scenarios to understand
the evolution of off-fault damage in depth.
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/ Contactor triangle

Target points

Figure 2.1: Schematic of contactor and target. (a) tensile and (b) shear displacements and con-
tact forces are indicated. The number of target points drawn in black dots is properly chosen for
desirable numerical accuracy.
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Figure 2.2: Sign convention for stress and orientation. (a) Tensile and clockwise directions are pos-

0
vy

initial normal traction and shear traction applied on the fault along the x axis. —o is maximum

itive for stresses. (b) Sign convention for the stresses on the fault. —o,, and ng are respectively

compressive principal stress with the angle v to the fault.

Cohesion law - | Friction law
b ACr 11 (Or/11) Dynamically generated cracks C 4 (drp)
Pre-existing T, L
Cf/u r main fault P
JAVA L
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Gio/ric % §
Elastic loading part 51/11 gElastic loading part orr
c.e c,e s s "
007 Ory11 06f¢ 51 = D,

Figure 2.3: Schematic of contact algorithm. (a) Computational domain discretized using an un-
structured mesh. Every interface between elements is regarded as a potential failure plane, where
cohesion and friction stresses are operating as a function of displacements J7,;7. (b) Linear dis-
placement softening cohesion law. The area highlighted in gray under the softening part of the
curve indicates the fracture energy associated with cohesion in tension G~ and in shear G~
respectively. (¢) Linear slip-weakening law. The energy dissipated by frictional process is divided
into the fracture energy associated with friction, G{ 1¢» While the rest is considered as heat.
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1
dye = —
T2

02 — 01
2Crrcos ¢ — (01 + 02)

Figure 2.4: Mohr-Coulomb failure criteria and closeness to failure, dp;c.
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Table 2.1: Scaling Factors for Nondimensionalization.

Quantity Scale Unit

Length Ry m
Time Ro/cs s
Velocity cs m/s
Acceleration /Ry m/s?
Stress c?/R3 Pa
Energy 2]

2.3.5 Nondimensionalization

Since the size of the off-fault damage zone is assumed to be on the same order of the
process zone size, it is comprehensible to scale the in-plane field dimensions by dividing
them by the spatial factor R, (e.g. Templeton and Rice, 2008). In this study, the model
parameters are thus nondimensionalized in space and time by scaling factors such as the
process zone size Ry for the length and R /c, for the time. Subsequently, other variables
are also nondimensionalized by the combination of those two scaling factors. Since the
density of medium does not change during simulations, the nondimensionalization of mass
is not necessary in our problem. It is thus assumed to have a physical value through the
simulation. All scaling factors are summarized in Table 2.1.

2.4 Theory of Contact Algorithm for HOSS

In this section, we describe the contact algorithm between contactor and target cell. When
contactor has an intersection with target cell the cohesion and friction forces are calculated
based on the damage state and the normal and tangential displacements. The cohesive and
frictional force are then applied to each point on the edge of contactor as an external force
in the equation of motion. Both cohesion and friction have initial elastic loading part
where the resistive force increases linearly with friction and quadratically with cohesion,
as they are well represents the fracturing process in comparison with experiments. When
it reaches the given initial peak strength, the cohesion starts to be broken with linear-
softening law and friction decreases following the slip-weakening law. Damage value
then increases as the cohesion decreases, which makes the peak cohesive strength lower
than the initial peak strength as a function of damage. Subsequently the cohesion curve
dynamically changes with the increase of damage. In mixed mode failure, the change of
cohesion curve interacts with both tensile and shear cohesion, which results in complex
cohesive response during the failure even if the movement of point is simple as shown in
the validation of mixed mode failure discussed below. Here we show all formulations for
deriving the cohesion and friction, characteristic displacements associated with them and
damage quantity.
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24.1 Notation system for contact Algorithm

Since a variety of parameters need to be described, we first define the notation system for
the variables. The components of tensile and shear are represented by / and /] respec-
tively, denoted by subscript. Attributes of parameters are denoted by superscript. Star in
superscript, *, denotes the initial value. The symbols used in this section are summarized
in the list of symbols. We assume unit out-of-plane thickness for the following formula-
tions.

2.4.2 Cohesion for tensile and shear crack

The degree of damage on a contact is evaluated by a quantity D defined as

*C,e
61_51 ’

mazx
6i

D; = 1=1,11 (2.28)
where D; shows components of damage for tensile and shear crack, d; is normal and tan-
gential displacement, 0; “° is the initial critical displacement for elastic loading, §7*** =
6,9 — 0;“° is the maximum displacement during linear-softening where 4;“ is the ini-
tial critical displacement for linear-softening part. This equation is identical to equation
(2.10).

The peak strength is modified by the damage as following
Cr(D) = (1 - D)C”

7 0

(2.29)

where C? is the peak strength for tensile and shear cohesion, C;” is the initial value of the
peak strength written as

CP = C?(0). (2.30)
Then the tensile and shear cohesion is derived as
| C:a (2 B 56> SRR L
Ci(6;) = o ll (6 (s_mi)] LS < by < 5ot (0 (2.31)
0 07¢ <4, )

where C;(0;) is the cohesive stress [Pa]. 67 does not change during the breaking process
of cohesion, thus
67 = 67" (2.32)

Then the cohesive force is derived as

where A, is an area of point & on the edge of contactor. If the displacements of all point
are same such that 5f = ¢; the cohesive stress in [Pa] is described as following

ao) =2 @34
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Where £ is length of edge of the contactor and f{ = Zszl feF, fo% is cohesion force
applied at point £ on edge and NN is the number of points par face. The boundary condition
of C; is set by stiffness for cohesion p° as

dCZ b=0 pc
=—. 2.35
doj |s_g D (2.39)
Thus WO
2hCT
6,7 = —. (2.36)
pC
Then the §;“ is derived as the crosspoint of the first and second curve of equation (2.31)
written as
c,e C’f) max *C,e
6¢ = <1 — C’fkp) 0" 40, (2.37)
= D" 4 ;. (2.38)

For the derivation flow of cohesion we firstly start with the damage in previous step to de-
rive C*(D) in equation (2.29).Then we derive §; by equation (2.38), which gives C;(0;)
by equation (2.31). It is noteworthy that this formulation can deal with unloading by pre-
serving the damage D. It is shown in the following section for the validation of unloading
and reloading. The cohesion curve is illustrated in Figure 2.5.

2.4.3 Friction for shear crack

The friction for shear cracks is decomposed into initial elastic loading and slip-dependent
law, which is described as
AP .
pt—0r, O < 5{}

i (6m) = h , (2.39)

w(6rr) fr, Orr > 5{}6

where f If ;(077) is shear friction force, 6{’[6 is critical tangential displacement for elastic
loading of shear friction, pf is stiffness for friction, x(d;;) is slip-dependent friction coef-
ficient and f, is normal force. In friction 87 is constant such that 67 = §+7°. u(6;;) is
described depending on the tangential displacement d;; as following

( d e c )
_<,us - ﬂd) 5;,10 + Hs, 5{7[ S 5[[ < 5{’]
II

51p) = . .\ 240
#(011) Ld 07 < o < 6% (240)

| k(00 — 03)) + pay 077 < O,

/

where Ju,, 14 and 11 are static and dynamic friction coefficient and characteristic slip dis-
tance in conventional slip-weakening law, 5}0}5 is critical tangential displacement for slip-
strengthening of shear friction and k* is stiffness for slip-strengthening of shear friction .
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5{}0 is usually denoted by D, in the framework. Slip-strengthening part is introduced to
avoid too much slip on the prescribed fault due to limitations of the model formulations on
the penalty functions. The first formulation of equation (2.40) shows the slip-weakening
part, then the second shows residual part and the third shows slip-strengthening part, re-
spectively. The magnitude of rate of change for y(d;7) is same with slip-weakening and
slip-strengthening is adjusted as same by choosing k" as

M — (MS;—““{)' (2.41)
orr
If we assume the equivalent displacements and normal forces on the all points of the edge,

the shear traction 77; can be written as

f
TIr = &, (242)
h
where ff, = ST f1;F. Then
711 = (1(011) 0, (243)

where o0, is normal stress on the edge. When we assume the initial critical tangential
displacement for elastic loading of shear cohesion is same as that of shear friction, i.e.,
67%¢ = 57/ the stiffness for friction is derived by the stiffness for cohesion and initial
peak strength as following

o T e (2.44)
LYo ‘

where 777 = pf;™/h shows peak strength for friction. In summary, the friction curve is
illustrated in Figure 2.6.

244 Dissipated energy by cohesion and friction

Dissipated energy by the cohesive and frictional process on an edge, £ and E{ 7, are

obtained by
N 55
Ef=Y / R (€)de, (2.45)
k=10
for the cohesion and
N s
Bl =), / Hi©)de, (2.46)
k=170
for the friction. The integration error at point £ is estimated by
1
err < §ML (2.47)
where )
dfet )
max i , for cohesion
dt
M = (2.48)
dff
max ﬂ , for friction
\ dt Vs
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L = max |AdF] (2.49)

where Ad¥ is change of displacement during one time step. Since small time step is chosen
in our problem (Ad¥ /particle velocity ~ 107°), the accumulated error is much smaller
than the total dissipated energy.

2.4.5 Validation of contact force algorithm

In this section, we show the validation of the response of contact force and associated
parameters by two-block test. The schematic of test model is shown in Figure 2.7, where
the motion of top block is imposed on the fixed base block to obtain the ideal response of
contact force. Firstly we show purely sliding test which provides the slip-weakening and
slip-strengthening response as shown in Figure 2.8. The top block is initially overlapped
with base block. Then the top block moves in tangential direction. The comparison be-
tween theoretical and output results of frictional stress and the dissipated energy by friction
E{}h is shown in Figure 2.9.

We then show the response of mixed mode failure in Figure 2.10 and comparisons
to theoretical solutions in Figures 2.11 and 2.12. Here the top block is overlapped with
base block in the beginning. The top block then moves in shear direction until the damage
reaches to 0.5. Subsequently the top block is immediately pulled up until the cohesion is
totally broken. It shows that the responses of cohesion and friction behave in a nonlinear
way with mixed mode failure even if the motion of top block is relatively simple such as
this case.

Finally, we show the unloading and reloading test with pure tensile failure in Figures
2.13,2.14,2.15 and 2.16. Here the top block is pulled up until the damage reaches 0.5.
Then we put it back to the initial position and pull it up again until the cohesion is broken.
The cohesion is no longer reach to the initial peak strength in the reloading part due to the
accumulation of damage. These results verify the response of cohesion and friction, and
the output of damage, damage type and the dissipated energy.
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Figure 2.5: Cohesion curve (z = I, 11).
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Figure 2.6: Friction curve.
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Figure 2.7: Schematic of the geometry of cell and displacement for two block test. Note that 6; = 0
when a point is on the edge.
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Figure 2.8: Response of friction and associated parameters for the purely sliding test. First vertical
line indicates the time when the friction is fully weakening and the second vertical line indicates

the initiation of slip-strengthening.

31



CHAPTER 2. CONTINUUM-DISCONTINUUM APPROACH FRAMEWORK

4+ Theoretical
O Output

0 0.2 04 0.6 0.8 1
drr (m) %107
800 + Theoretical
O Output
@@ utpu
600 a7 -
G;GB
(3]
— (2)
=) e@@
g\: 400 r @ee |
Lﬂ M
D
200 | 0% f
GBGB
(43
GBGD
Oqﬁe | | | |
0 0.2 0.4 0.6 0.8 1
6rr (m) %107

Figure 2.9: Comparison of friction and dissipated energy by frictional process between theoretical
results and outputs .
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Figure 2.10: Response of tensile cohesion and associated parameters for the mixed mode failure
test. The first vertical line indicates the initiation of softening with shear cohesion, the second
indicates the change of motion of the top block from tangential direction to tensile, the third indi-
cates the initiation of tensile cohesion (0; = 0), the fourth indicates the initiation of softening with
tensile cohesion and the fifth indicates the time when the cohesion is completely broken.
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Figure 2.13: Response of tensile cohesion and associated parameters for the unloading and reload-
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tion of reloading and the third indicates the time when the cohesion is totally broken.
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2.5 Cross-validation of 2-D FDEM for earthquake rup-
ture modeling

2.5.1 Validation of 2-D in-plane problem

In this section, we perform cross-validation of the FDEM to assess the achievable ac-
curacy of earthquake rupture modeling by comparing the results against other numerical
schemes. In our analysis we chose the finite different method (FDM), the spectral ele-
ment method (SEM) and the boundary integral equation method (BIEM) as comparison
basis, which have been verified in previous studies (e.g. Koller et al., 1992; Day et al.,
2005; Kaneko et al., 2008). The cross-validation effort follows a similar process as the
one proposed by Kaneko et al. (2008). The first arrival time of the rupture is a suitable
benchmark to evaluate the numerical precision of the rupture solution (Day et al., 2005),
because it characterizes the behavior of earthquake rupture propagation and subsequently
the radiated wave field in the surrounding elastic medium. In this study, the rupture ar-
rival time is defined at the time when the shear traction reaches the peak strength 7,,, which
corresponds to the slip at the initiation of slip-weakening.

We follow the version 3 of the benchmark problem proposed by the Southern Califor-
nia Earthquake Center/U.S. Geological Survey (SCEC/USGS) dynamic earthquake rup-
ture code verification exercise (Harris et al., 2009), commonly used for cross-validating
numerical schemes (Day et al.,2005; Kaneko et al.,2008; Rojas et al.,2008; De La Puente
et al.,2009). The model is originally described in 3-D so that the 2-D analog model was
used in this study, similar to Rojas et al. (2008), Kaneko et al. (2008), and De La Puente
et al. (2009).

Figure 2.17 illustrates the model setup for the cross-validation, which has a single
planar fault in the middle of a homogeneous and isotropic elastic medium. The linear slip-
weakening law with zero cohesion is operating along the fault. Since the outer boundary
edges are fixed, the model domain size is set large enough to avoid the interference from
waves originating reflected boundaries. The domain is discretized by spatially adaptive
unstructured triangular mesh, where the element size is smallest on and around the fault
and increases in proportion to the distance from the main fault. The grid spacing is a
priori defined uniformly on the fault itself. For the sake of cross-validation, the off-fault
cracking is not allowed so that the off-fault medium behaves as a purely elastic material.

Material constants and frictional properties are listed in Table 2.2. A slippery zone
where frictional resistance is lower than outside is set in the middle of the fault to nucleate
the earthquake rupture from the patch. The length of the slippery zone is slightly greater
than the critical nucleation length at instability, L., derived by Palmer and Rice (1973)

such as
. QMDC<TP —7)

m(0l, — )%

L. (2.50)

Since the shear traction and the slip rate vary significantly within the process zone
around the rupture front, the resolution of the grid, often defined by the number of grid
points within the process zone, is considered as a useful indication of the numerical accu-
racy in earthquake rupture modeling (Day et al., 2005). The dynamic process zone size,
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Ry(v,),is generally inversely proportional to the rupture velocity v,, given by Rice (1980,
eq. (6.16)) and Freund (1990, eq. (6.2.35)) such as

Ry (v,) = Arr(vr) ™' Ry, (2.51)
An(v,) = v, (2.52)
M = 1= v)eR '
where
R = 4da,a, — (1+a?)*, (2.53)

ar=1-v*/c
(2.54)

2 _ 2/ 2
az=1—v%/c.

It is notable that the function A;;(v,) has the properties that A;; — 1 as v, — 0" and
Ajr — oo as v, — cg, where cg is the Rayleigh wave speed as the limiting speed in
the context of sub-Rayleigh rupture. Thus the process zone size gradually shrinks and
asymptotically converges to zero as the rupture velocity approaches cr, which is typically
known as Lorentz contraction. The process zone resolution is defined with the median
value of Ry(v,) in previous studies (Day et al., 2005; Kaneko et al., 2008), providing
the effective grid resolution of the process zone through the simulation. However, for
the sake of simplicity, we use the quasi-stationary process zone size R, for evaluating
the grid resolution. Thus the process zone resolution in this study implies an indication
of numerical accuracy related with grid size rather than the actual number of grid points
within the actual process zone size during rupture propagation.

Figure 2.18 shows the the comparison of slip velocity history at x = 9 km from the
center of the main fault. The results of HOSS are compared with other results by FDM,
SEM and BIEM, where the grid spacing on the fault is chosen for the highest resolution as
Az = 8 m (Az/Ry = 116) for HOSS, FDM and BIEM and Az = 10 m (Az/Ry = 93)
for SEM. Note that in the framework of SEM, to effectively enhance the numerical ac-
curacy, Lagrange polynomials are chosen as a basis function for the Galerkin method
and an element is then discretized by the Gauss-Lobatto-Legendre (GLL) points for the
numerical integration, which is not spatially uniform. Thus the grid spacing of SEM is
evaluated by average spacing, which implies the minimum grid spacing of SEM is equiv-
alent to Az = 8. The oscillation of slip velocity observed in FDM, SEM and the BIEM
results is related to artificial viscous damping. There is no viscous damping in the BIEM
and the FDM, whereas the SEM utilizes the Kelvin-Voigt viscous damping. The value of
viscosity for the SEM is carefully chosen to avoid over damping of rupture propagation.
For HOSS, we applied the Munjiza viscosity described in equation (2.3), which is high
enough to removes the high-frequency numerical noise. It is notable that the comparison
of HOSS results to BIEM is no longer fair due to the artificial viscous damping, so that
the evaluation of the effect of viscous damping on the rupture propagation is worthwhile,
and is discussed in section 2.5.2. The slip velocity of HOSS is globally in accordance with
the other methods except for the peak slip velocity. The peak slip velocity of HOSS is 4.1
percent smaller than that of BIEM and the rupture arrival time is slightly faster than the
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others. Both of the small discrepancies are explained by the artificial viscous damping ap-
plied on the whole medium by the Munjiza viscosities such that the strain rate-dependent
viscosity smooths the rise of slip velocity, which causes the reduction of the peak velocity
and accelerates the rupture arrival time.

Figure 2.19 shows the grid convergence of HOSS and other results. The numerical
accuracy as a function of grid resolution is evaluated by the root-mean-square (RMS)
difference, interpolated with the spacing of 100 m over the right side of the fault region
given by 3.0 km < x < 9.0 km in the same manner proposed by Kaneko et al. (2008).
The RMS error of the rupture arrival time is defined by the comparison to the benchmark
solution provided by the solution of BIEM with highest resolution. The convergence rate
of HOSS is similar with the BIEM following the power law with the scaling exponent of
1.6 for HOSS and 1.4 for BIEM though the RMS error is slightly higher than the FDM and
SEM due to the viscosity. Thus the numerical accuracy is assured with proper grid size
As small enough to satisfy the required error range of the earthquake rupture modeling.

2.5.2 Error assessment with various artificial viscous damping

As mentioned above, the high-frequency numerical oscillation is suppressed by the vis-
cous damping, whereas the smoothed velocity field causes the reduction of the peak veloc-
ity and the acceleration of rupture arrival time as shown in Figure 2.18. Thus the evalua-
tion of the effect of artificial viscous damping is required to assess the numerical precision
of the earthquake rupture modeling. Figure 2.20 shows the RMS error of the rupture ar-
rival time with various viscosity values and grid resolutions with the highest resolution
of BIEM as reference. The number of points per edge is defined as that of target points
within the edge of elements at which the contact force is evaluated by equation (2.2) (Lei
et al.,2014), which plays a significant role on the integration accuracy of the distributed
contact forces. We performed the analysis of the RMS error with one point and two points
per edge. Grid size is defined by the spacing of the grids on the fault, while the process
zone resolution is evaluated by Ry/Axz, same as Figure 2.19. The viscous damping is con-
trolled by the dynamic viscosity 7, input into the FDEM framework in the form of Munjiza
viscosity defined by equation (2.3). The dynamic viscosity is then nondimensionalized by
the volumetric Munjiza elastic constant, ), in plane strain, defined by

vE
(1+v)(1—2v)

M, = (2.55)
and the time step At in calculation. Note that the time step is constant during the sim-
ulation. The derivation of the Munjiza elastic constants is documented in Munjiza et al.
(2015, Chapter 17). In Figure 2.20, the circles indicate the tested combinations of the
viscosity values and the grid resolutions, where the size of circles with monochromatic
gradation represents the proportion of the viscous values to the theoretically derived ref-
erence viscosity, called the critical viscosity (M = 2hmin/pM,,, where h,,;, is the length
of minimum edge among all elements). The RMS error is desirable with proper combi-
nation of the viscous damping and grid resolution. The saddle of the RMS error along
n/M,At ~ 10? is explained by the competition between the numerical oscillation and the
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Table 2.2: Stress and Frictional Parameters used for 2-D Cross-validation.

Valuables (units) Nucleation Area Outside Nucleation
ng (MPa) 70.0 70.0
—agy (MPa) 120.0 120.0
fs 0.554 0.677
fa 0.430 0.525
D, (m) 04 04

cp (m/s) 6000.0 6000.0
cs (m/s) 3464.0 3464 .0
E (GPa) 854 854

1 (GPa) 320 320

v 0.33 0.33
7, (MPa) 66.5 81.2

7, (MPa) 51.6 63.0
Ao =1 — 1. (MPa) 184 7.0

Note: Ao is the stress drop, where 7 is initial shear traction on the fault.

overdamped system. In addition, it is clearly shown that the convergence of the RMS error
is better with the two integral points per edge. Hence the grid resolution, viscosity values
and the number of points per face should be carefully chosen for the required numerical
accuracy. Since the number of points per edge should be more than two to allow for the
secondary cracks in off-fault medium due to numerical reasons, we chose the proper grid
size and viscosity based on Figure 2.20b in the following section.
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Figure 2.18: Slip velocity histories at z = 9.0 km (z/Ry = 9.7). The grid size on the fault is 8
m (Az/Ry = 116) for HOSS, FDM and BIEM and 10 m (Axz/Ry = 93) for SEM. The HOSS
simulation is performed with one point per edge. The inset shows the focused window around the
peak velocity at ¢ = 2.9s.
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Figure 2.19: Grid convergence as a function of process zone resolution. The RMS error is calcu-
lated by the comparison of rupture arrival time to the benchmark result provided by the highest-
resolution solution of BIEM at linear interpolated points with the spacing of 100 m over the fault
region given by 3.0 km < z < 9.0 km. The HOSS simulations are performed with two points per
edge.
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Figure 2.20: RMS error of the rupture arrival time with viscous values and grid resolutions. (a)
shows the error with one point per edge of element, while (b) with two points per edge. The circles
show the tested combinations of the viscous values and grid resolutions, where the size of circles
with monochromatic gradation represents the proportion of viscous values to the critical viscosity
(the viscosity is higher with white and large circles). The color contour is interpolated with the
tested combinations. Viscosity is nondimensionalized by the Munjiza constant M, and the time

step At.
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3. Dynamics, radiation and overall
energy budget of earthquake rupture
with coseismic off-fault damage

3.1 Dynamic earthquake rupture modeling with coseis-
mic off-fault damage

3.1.1 Model description

We next perform the dynamic earthquake rupture modeling allowing for the activation of
secondary cracks in the off-fault medium. As described in section 2.3.1, the initial stress
state is uniformly set as a function of depth z. We conducted a set of 2-D simulations; two
different S ratios, S = 1.0 and 0.7, with two different assumptions of frictional property
on the main fault, in which D, or G{IC is kept constant in depth, each of which was
performed at depth between 2km and 10km with 1km interval. In the following section,
we define the term “constant D.. case” as keeping D.(z) = D}, and “constant G ;¢ case”
as keeping G}c 1o0(z) = Gﬁc in depth. Furthermore, we examined the models with and
without coseismic off-fault damage to investigate the effect of the latter on the rupture
dynamics. We denote these cases as “with damage” and “no damage” cases. In the no
damage case, both tensile and shear cohesion are large in the off-fault medium to prevent
the off-fault damage. We conducted 72 simulations in total.

Figure 3.1 shows the case study in depth and the initial stress state in depth. Every
simulation is conducted in plane strain. Since the boundaries are fixed, the domain size is
set large enough to avoid the effects of reflection from the boundaries. The magnitude of
the initial stress linearly increases in depth, whereas the quasi-static process zone size R
0 (z) for constant D, case, and decreases with

vy
the square of —a7y, (z) for constant G, case. Figure 3.1b shows Ry(z) for constant G4,

decreases inversely of the normal stress —o

case. The properties associated with the contact algorithm, such as (5;’/61 ; and 5{/61 ;»are also
chosen following the section 2.3.1. The fracture energy in off-fault medium G{}kgﬁ'fa"h i

kept constant in depth with both constant D, and constant G{ 1o cases. Viesca and Gara-
gash (2015) and Passelegue et al. (2016) show the scaling law between the amount of slip
and the fracture energy G, . Since the amount of slip of off-fault cracks is estimated to be
much smaller than that of main fault, we chose 0.01 MJ/m~2 and 3 MJ/m~2 for G/} 55" "

and G{;C, respectively. We also explored various dj;¢c to evaluate the off-fault damage
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pattern. The rupture is not successfully nucleated with higher dy;¢, such as dy;c > 0.6
examined in Templeton and Rice (2008), within a framework of FDEM because the wing
cracks immediately nucleate at both ends of nucleation patch, causing numerous shear
cracks around the wing cracks, which eventually arrest rupture propagation on the main
fault. Note that there is initially no damage in the off-fault medium, interpreted as cohesive
intact rock at 7' = 0. The parameters used in the case study are summarized in Table 3.1.
Procedure of modeling dynamic earthquake rupture modeling with FDEM framework is
described in Appendix B.

3.1.2 Snapshots of dynamic earthquake ruptures with coseismic off-
fault damage

Figure 3.2 is a snapshot of dynamic rupture with dynamically activated off-fault cracks.
We plot the particle velocity field with dynamically activated cracks around the main fault
induced by the dynamic earthquake rupture. The off-fault cracks are plotted when the
degree of damage D exceeds 0.01, that is, when the stress state on the potential failure
plane reaches its cohesive strength and the cohesion starts weakening. We see the initi-
ation of new cracks around the rupture tip and a highly perturbed particle velocity field
on the damage side of the main fault. The extensional side of the main fault is damaged,
whereas almost no damage is observed in the compressional side, which is supported by
the theoretical analysis of potential failure area (Poliakov et al., 2002; Rice et al., 2005)
and other simulations (e.g. Andrews, 2005). The secondarily activated cracks form an in-
tricate network by means of crack coalescence, and comprise of tensile, shear and mixed
mode cracks. We later discuss this secondary fracturing process in the off-fault medium,
and its effect on the radiated wave field near the fault and the overall energy budget. Fig-
ures 3.3 to 3.6 are a sequence of snapshots for this case, where the rupture propagation,
radiation and the evolution of secondary fracture network are illustrated.

Figure 3.7 is a set of snapshots for the supershear case with S = 0.7. The rupture is
nucleated and propagates with sub-Rayleigh rupture velocity in the earlier phase. Then
a daughter crack is born ahead of the rupture front at T = 4.7 s, which then transitions
to a supershear rupture. During the rupture transition from sub-Rayleigh to supershear, a
characteristic damage pattern appears; there is a gap of off-fault cracks around the tran-
sition phase (around x = 10.2 km in Figure 3.7). This can be explained by the Lorentz
contraction of the process zone size. The process zone drastically shrinks at the limiting
speed of the rupture, which is cg in mode II crack. Since the damage zone size is scaled
by the process zone size, it is minimized when the rupture velocity reaches the limiting
speed. Then it resumes the off-fault cracking with the initiation of supershear rupture.
This feature has been also pointed out by Templeton and Rice (2008); Thomas and Bhat
(2018).

3.1.3 Implications for rupture velocity

Although the existence of coseismic off-fault damage has been widely studied, the effect
of such dynamically activated fracture networks on the rupture dynamics still remains to
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be fully elucidated because of the complex internal feedback of the activation and growth
of secondary cracks, which changes the characteristics of the rupture and the subsequent
radiation. To quantitatively evaluate it, we firstly focus on the slip velocity on the fault.
Figure 3.8 shows the evolution of slip velocity on the main fault with four cases; S =1.0
or 0.7, each of which with or without damage. Here we plot the contour of slip velocity in
space and time. In Figure 3.8a, there is a clear transition from sub-Rayleigh to supershear
around z/Ry = 20, which is also shown in the inset. However, when the dynamically
activated off-fault fracture network is taken into account, the supershear transition is not
observed during the simulation as shown in Figure 3.8b. Hence, the secondary cracks can
arrest supershear transition in a certain stress conditions. A more detailed parametric study
is needed for future work. In this case, the rupture propagates at sub-Rayleigh speed with
the oscillation of slip velocity due to the dynamically fracturing processes occurring in the
vicinity of the rupture front. The inset in Figure 3.8b shows the snapshot of oscillating
slip velocity on the main fault. The sharp peak of slip velocity is totally destroyed and the
entire slip velocity fluctuates due to the off-fault cracking. Figures 3.8c and 3.8d show the
cases with S = (0.7, where the rupture transitions to supershear because of the large ratio
of the initial shear traction to the normal traction on the main fault. In this case, both with
and without off-fault damage cases show supershear transition. The time of supershear
transition is longer with off-fault damage due to the decrease of rupture velocity, whereas
the difference of transition length is still obscure with these results. The two insets in the
figures show the clear difference in the peak of slip velocity and the fluctuation with off-
fault damage. In addition, the rupture arrival is delayed by off-fault damage, implying the
decrease of rupture seed due to off-fault damage.

The rupture velocity is calculated from the set of first arrival times along the main fault.
Figure 3.9 shows the evolution of rupture velocity in time. We take the time derivatives
of first arrival time in discretized space along the main fault to calculate the representative
rupture velocity at a certain position. Since it is difficult to capture the exact time when
rupture velocity jumps to supershear, i.e. where the curve of first arrival time has a kink
and is non-differentiable, the error caused by the smoothing of the rupture velocity is
taken into account as shown by the error bars in Figure 3.9. Therefore the markers in
the forbidden zone crp < vr < ¢, do not conclusively indicate that the rupture velocity
is between them due to the uncertainty. In addition, there is also an error caused by the
limited number of discretization in time and space with large rupture velocity, which is
also included in the error bar.

Regardless of the uncertainty, the comparison between the no damage and with dam-
age cases highlights the effect of the off-fault damage on the rupture velocity and the su-
pershear transition. For S = 0.7, the rupture transitions to supershear in both cases though
the rate of increase in rupture velocity is lower for the case with damage. For S = 1.0,
however, the supershear transition is suppressed by coseismic off-fault damage. Thus,
dynamic off-fault cracking around the rupture front can suppress the supershear transition
because a part of strain energy accumulated in the vicinity of the rupture front, which is
spent for the supershear transition in the case without damage, is dissipated by the sec-
ondary off-fault cracking.
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Table 3.1: Parameters used for Case Study in Depth.

Variables Values Unit
E° 75 GPa

pe 30 GPa

v 0.25 -

P 2700 kg m—3
Puw 1000 kg m~—3
Y 60 degree
S 07,10 -

d MC 04 -

fs 0.6 -

fa 0.2 -

pr 75E3 GPa

e 75E3 GPa
Gl 3 MJ m2
GIroulty 0 01 MJ m 2
Dx? 0.3 m

cre 8 MPa
c?, Determined by equation (2.18)

Kic/Kie® 0385 -

Note. ¢ Assuming representative values of granite from Nur and Simmons (1969).
Viesca and Garagash (2015); Passelégue et al. (2016). °Cho et al. (2003). ¢ Rao et al.
(2003).
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Figure 3.1: Schematic model for case study in depth. (a) In plane 2-D slices in depth for the
earthquake rupture modeling with coseismic off-fault damage. Dotted plane indicates the pre-
existing main fault plane on which only friction is operating. Nucleation patch is in the middle
of the main fault. The tensile and shear cohesion are assigned in the off-fault medium so that
it behaves as a brittle material. Simulations are performed every 1 km from z = 2 to 10km in
depth. (b) The evolution of initial stress state and quasi-static process zone size in depth. Three
lines indicate the maximum and minimum compressive principal stress [—o1(2z), —o2(z)], and the
maximum shear traction 7,4, (z). The line with shaded area indicates the quasi-static process zone
size Rg with constant G;¢ case in depth.

3.1.4 Mechanism of the activation of secondary off-fault fracture net-
work

We next investigate the fracturing process in off-fault medium induced by the dynamic
rupture propagation. Since the FDEM allows for both tensile and shear cracks, an in-
tricate secondary fracture network is formed in the off-fault medium as dynamic rupture
propagates on the main fault. In this section we aim to illustrate how the off-fault fracture
network evolves, which also explains the damage pattern around the main fault. Figure
3.10 shows the tensile cracks, determined by the damage type D; > 0.9, and shear cracks,
D; < 0.1, in the same condition with Figure 3.2. The three snapshots highlight the evo-
lution of secondary cracks with time. To understand the stress state around dominantly
tensile and shear cracks, the normalized first stress invariant

Il(t) . O'kk(t)

init 0
I Ok

5 (3.1)

for tensile cracks, and the normalized closeness to failure d ¢, defined by equation (2.17),
for shear cracks are superimposed on the trace of secondary cracks. The first stress invari-
ant /; implies the change of invariant volumetric and the closeness to failure d ;¢ indicates
the distance of the current stress state to the failure in shear.

We plot the region where I; /1" < 0.6, which infers the stress state is less compres-
sive than the initial stress state or extensional, for tensile cracks in Figure 3.10a. Similarly,
the region where d ¢/ d’]\’}% > 1.0, which indicates the stress state is closer to Coulomb
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Figure 3.2: Snapshot of a dynamic rupture with secondarily activated fracture network at 2 km
depth. Color contour indicates the particle velocity magnitude, dotted line indicates the main fault
and the solid lines show the secondary fracture network dynamically induced by the stress pertur-
bation around rupture front. The bottom and left axis show the actual length scale, while the top
and right axis show the nondimensionalized length scaled by Ry. S ratio is 1.0 and the frictional
parameters are chosen with the condition of constant G j;¢ with depth.

failure criteria for shear crack, is plotted in Figure 3.10b. Note that the both regions do not
assure that the stress state reaches to the peak cohesion so that the region is not necessarily
broken.

The three snapshots in Figure 3.10a illustrate that the tensile cracks are always initiated
just behind the rupture front with a certain dominant orientation. This dominant angle is
experimentally and theoretically studied by Ngo et al. (2012), and has a reasonable cor-
respondence with the angle obtained from our analysis. It is remarkable that the position
of tensile crack initiation is always behind the rupture tip and at the end of the dynamic
process zone, R¢(v,) (Viesca et al.,2009). Then it continues to propagate even after rup-
ture front passes because the stress concentration still remains around the tip of secondary
growing tensile cracks (see the dotted reference circle). Additional tensile cracks are also
formed due to the intricate coalescence of cracks, including all crack types. On the other
hand, shear cracks are activated after the initiation of the tensile cracks in the region located
just behind of rupture front (Figure 3.10b). As the secondary fracture network matures,
the number of shear cracks increases behind the rupture front. The intact region is first
exposed to the stress concentration induced by the dynamic rupture propagation and then
the internal feedback as shown in the reference circle in Figures 3.10b (i) and (ii). Once
it generates new shear cracks in the off-fault medium, the concentrated stress is relaxed
as shown in Figure 3.10b (iii). Figure 3.11 shows the rose diagram of the crack orien-
tations. As expected, it has a dominant orientation around 60 degrees for tensile cracks,
the direction of the maximum compressive principal stress. The shear cracks also have
two dominant orientations, which correspond to conjugate failure planes (Poliakov et al.,
2002; Rice et al., 2005). There is no dominant orientation for mixed mode cracks.

In this way, we can understand the elaborate fracturing process of off-fault medium
induced by the dynamic earthquake rupture. This intricate process to form the secondary
fracture network changes the rupture dynamics and causes additional radiation, which en-
hances high-frequency components in near-field ground motion discussed in the following
section. In addition, we examined the mesh dependency of the fracturing process because
the potential failure planes are restricted to the element boundary. This analysis can be
found in Appendix C.

52



CHAPTER 3. RUPTURES WITH COSEISMIC OFF-FAULT DAMAGE

Earthquake rupture modelling with
dynamically generated secondary crack network

LV AR
il { \

Frame No. 219

Particle Velocity Magnitude
0.2vmaz Umaxz

Figure 3.3: A series of Snapshots of dynamic earthquake rupture with coseismic off-fault damage.
Color contour indicates particle velocity magnitude. White lines indicate the coseismic off-fault
fracture network. Since all parameters are nondimensionalized in the simulation, time is repre-
sented by frame number.
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Figure 3.4: Snapshot at frame number 249.
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Earthquake rupture modelling with
dynamically generated secondary crack network
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Figure 3.5: Snapshot at frame number 315.
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Figure 3.6: Snapshot at frame number 333.
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Figure 3.7: Snapshots of supershear rupture. The color contour and the lines follow the same
format as Figure 3.2. S ratio is 0.7 and the frictional parameters are chosen with the condition
of constant G;¢ case at 2 km depth. The rupture velocity is sub-Rayleigh until T=3.4s (top),
then a daughter crack is born ahead of the sub-Rayleigh rupture front at T=4.7s (middle), which
transitions to the supershear followed by the sub-Rayleigh rupture (bottom).
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Figure 3.8: The evolution of slip velocity in time and space. There are four cases:(a) S = 1.0 with
no damage in the off-fault medium (b) S = 1.0 with damage (c) S = 0.7 with no damage (d) S =0.7
with damage. For the cases without damage, we set extremely high cohesion for both tensile and
shear so that the off-fault medium is not broken; thus the medium behaves as purely elastic. The
color contour indicates the slip velocity scaled by cs. Dotted lines are the reference of the slope
corresponding to each wave velocity. Insets show the distribution of slip velocity on the main fault

at certain time.

56



CHAPTER 3. RUPTURES WITH COSEISMIC OFF-FAULT DAMAGE

—_
o

S
&
Fro

S

N ESN
T

N

o=

)

IU)
|
|
|
|
|
- [
O l
HH
G I
|
Gy
|
|
|
|
|
|
|
|
|
O+ |
|
|
|
O
KO-

|
|
|
|

Rupture velocity, v/c
o
(0] —
I
|
:
|
- '
< |
O~ HH
et O
| <k
|
~O b
O
HO-
HO-
1O
|
|
|
|
|
|
|
|
|
|
|

o
(0]
HH
<
O
>

O S=0.7 No damage
YV $=0.7 With damage
O S$=1.0 No damage
X $=1.0 With damage

o

~
O~

-

0.2

0 5 10 15 20 25
Time, tcS/R0

Figure 3.9: Rupture velocity inferred from Figure 3.8. Due to inherent discretization errors, it is
difficult to precisely capture the jump of rupture velocity from sub-Rayleigh to supershear. The
error is estimated from the difference between the slope of cgr and c;, the grid spacing and the time
step.

57



CHAPTER 3. RUPTURES WITH COSEISMIC OFF-FAULT DAMAGE

Tensile (MODE I) crack Shear (MODE Il) crack
a xR, b ¥R,
16 18 20 22 16 18 20 22
(l) Slip velocity [A& (l) Slip velocity [A&
0 0 0 . 0
oy e ANe P
N R(v) Contracted process F/\“\ -‘\hx";ﬁ,trf‘}]" = ok . R(v) Contracted process
— -1k """ zone size 11 . =Hen R 5 € """ zone size 11 .
£ . ¢ & [T% g
> ol \ > s LA \_gx‘
/,' 12 %l E 12
3l --7 3k 3
® T=940s @ T=940s ,
. 13 . -
il | |1/|1|n|t <0.6 4 | dMC/dMCIml >1.0
18 20 2 24 26 28 18 20 2 24 26 28
x (km) x (km)
xR, xR,
16 18 20 22 16 18 20 22
(i) | siip velocity A (i) | sip velocity [ A
0 e _ 0
TESENE FA 7 % T
= \% 5 N R
~ -1 OGN, 5;» :_,’%\ U T\ 41
g N 1 Q 14
= 8 ' =
12
T=9.66s
(I dMC/dMqinil >1.0
18 20 2 24 26 28
x (km)
xR,
16 18 20 22
(III) Slip velocity Al
0 0
N TSI w"jg 7 o
: %@}f&ﬁj AL 18 1(9\\04\4 @W
g f”@i &9 a% PED ° o Rlv) 1 e
2 XWX sl ! (&4 3
>-2-?‘-’{ (%{ ?\L s W .
RS %
5 T=10.17s s
4 1/, < 0.6 al | dMC/dMQin“ >1.0
18 20 22 24 26 28 18 20 22 24 26 28
x (km) x (km)

Figure 3.10: Fracturing process around the vicinity of the rupture front. (a) Activation and evo-
lution of tensile cracks. Red heavy lines indicate the tensile crack with damage type D7 > 0.9
(see equation 2.12) and damage D > 0.01. There are three snapshots at (i) T=9.40s (ii) T=9.66s
(iii) T=10.17s. Solid line on the top of the main fault indicates the slip velocity on the main fault.
Dotted circle is plotted at the same position in the domain as a reference for comparison among the
snapshots. The filled area in yellow shows where the ratio of the first stress invariant to its initial
value I (t)/Ii" is less than 0.6. The lighter lines in the fracture network indicate shear and mixed
mode cracks. R(v,) shows the process zone size. (b) Similar plot for shear cracks. Blue heavy
lines indicate the shear crack with damage type D7 < 0.1 and damage D > 0.01. The filled area

in green shows where the ratio of closeness to failure to its initial value dp;¢c/ dﬂ% > 1.0, where

dﬁ\}% is 0.4 everywhere in the domain.
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Tensile (MODE 1) crack Shear (MODE II) crack Mixed mode (MODE | & II) crack

Figure 3.11: Rose diagram depicting the orientation of secondarily activated cracks at T=10.17 s.
The cracks in the right side of nucleation patch are evaluated (z > 0 in Figure 3.2) . The top half
corresponds to the compressive side, whereas the bottom half corresponds to the extensional side.

3.2 High-frequency radiation

3.2.1 Enhanced high-frequency radiation by
the secondary off-fault cracks

Since the enhanced high-frequency radiation is of interest to earthquake engineering, the
origin of high-frequency radiation has been studied over decades (e.g. Madariaga, 1977,
Hanks and McGuire, 1981; Hanks, 1982; Dunham et al., 2011b; Castro and Ben-Zion,
2013; Passelegue et al.,2016). There are multiple factors that enhance the high-frequency
radiation, such as sudden nucleation and arrest of rupture, complex fault geometry, rough-
ness of the fault surface and the nonlinear response in subsurface sedimentary rock. In this
study, we propose that the coseismic off-fault damage is also a candidate which contributes
to the enhancement of high-frequency radiation. Since the intricate fracture network is dy-
namically formed during the rupture propagation, the radiated wave field from the main
rupture is significantly perturbed by the additional radiation from the secondary fracture
network as well as the oscillation of the slip velocity on the main fault. It is notewor-
thy that the off-fault cracks also dissipate the stored strain energy by the breakdown of
cohesion and the friction, which is crucial for the overall energy budget associated with
dynamic earthquake rupture.

To quantitatively evaluate the enhancement of high-frequency radiation, we employ
the maximum cutoff frequency in the amplitude spectrum of fault-normal acceleration,
which is also called f,,,,, in seismology (Hanks, 1982). In this paper, however, we do not
use the latter to avoid the confusion.

Figure 3.12 shows an example of the comparison in amplitude spectrum with and with-
out off-fault damage. Fault-normal acceleration is used in this analysis. The signal time
window starts from the first arrival time at the location of each sensor and ends at the end
of the simulation. We then apply a band-pass filter of 0.1 Hz and 99 Hz, and a Tukey
window to the acceleration in time domain. We compare the values of the maximum cut-
off frequency, which indicate the enhancement of high-frequency components in ground
acceleration.
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Figure 3.12: Comparison of amplitude spectrum with and without off-fault damage. Solid line
indicates the fault-normal amplitude spectrum with off-fault damage at x = 20Ry, y = —1.5Ryp
(in red) and —10.0Ry (in blue). Dotted line indicates the same quantities with no damage cases.
Inverted triangle indicates the inferred maximum cutoff frequency. Amplitude spectrum is nor-
malized by the amplitude at lowest frequency for the cases without damage with y = —1.5Ry.

Figure 3.13 shows the spatial distribution of maximum cutoff frequency, its profile
across the fault, the waveforms and the spectrogram of a sensor near the main fault. Fig-
ure 3.13a highlights the region where the high-frequency radiation is enhanced, which
mostly overlaps with the secondary fracture network. To demonstrate it, we infer the
damage zone Wy,maqq. from the envelope of the secondary fracture network and plot the
profiles of maximum cutoff frequency across the main fault normalized by Wumage (Fig-
ure 3.13b). The stack of profiles for different positions along the main fault suggests that
the high-frequency components are enhanced within —1 < y/ Waamage < 0, 1.e. only
in the damage zone. The high frequency radiation is then attenuated by the geometric
dispersion outside of the damage zone. Thus the high-frequency radiation caused by the
off-fault damage can be observed only in near-field ground motion. Figure 3.13c shows
the waveform of the fault-normal acceleration corresponding to the location indicated in
Figure 3.13a. The spike is observed close to the fault in the extensional side after the P and
SV waves arrive, which is caused by the secondary cracking. This sequence is consistent
with the mechanism of secondary off-fault cracking discussed above; the secondary frac-
ture network evolves after the rupture passes on the main fault. The spectrogram in Figure
3.13d illustrates that the spike primarily contributes to the high-frequency radiation.
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Figure 3.13: Enhanced high-frequency radiation in near-field ground motion. (a) Spatial distri-
bution of maximum cutoff frequency. Color contour shows the maximum cutoff frequency. the
”C” and ”T” indicate the compressive and extensional side respectively. The off-fault cracks are
superimposed with the black lines. This result corresponds to S=1.0, constant Gj¢ case at 2 km
depth. Inverted triangles (in cyan) correspond to the sensor locations for (c). (b) Maximum cutoff
frequency profiles across the main fault. The distance y is normalized by the width of the damage
zone. Lighter gray lines indicate the profiles at every 2.5R from /Ry = 2.5 to /Ry = 25.
The thick red line indicates the mean value of all the profiles. (c) Fault-normal acceleration at the
locations indicated in (a). Solid color lines indicates the P and S wave arrival times respectively.
(d) Fault-normal acceleration spectrogram at /Ry = 20 and y/Ry = —1.5. The associated
waveform is superimposed in white.
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3.2.2 Experimental results of high-frequency radiation

The enhanced high-frequency radiation from the dynamic ruptures is also studied by ex-
perimental analyses (e.g. Passelegue et al., 2016). They conducted systematic stick-slip
experiments with saw-cut Westerly granites under servo-controlled triaxial loading, i.e.,
the axial stress, oy, and the confining pressure, o3, ranging from 10 to 90 MPa, to show
the enhanced high-frequency radiation in acoustic recordings of the stick-slip events. The
acoustic sensors are externally located on the surface of specimen as shown in Figure
3.14a, which record the motion of the normal component to the surface. The array of
acoustic sensors is shown in Figure 3.14b. The representative Fourier spectra are ob-
tained by taking an average of 13 acoustic sensors indicated in the Figure 3.14b in order
to get rid of directivity effects.

Figure 3.14c shows the Fourier spectra with different confining pressures. For the
sake of comparison, each spectral amplitude is normalized by its maximum value. The en-
hanced high-frequency components are clearly observed under higher confining pressures.
The theoretical corner frequencies, f,, for v,=2000m/s (for sub-Rayleigh) and v,,.=5000m/s
(for supershear) are indicated, which implies that the rupture transitions to supershear with
o3 > 20MPa. Certainly, one of the possible reasons for the enhanced high-frequency
components is the supershear transition. However, there is also a characteristic enhanced
frequency band from 400kHz to 800kHz, which can be caused by the coseismic off-fault
damage. Thus they conducted back-projection analysis to investigate the spatiotemporal
evolution of seismic energy release in this frequency band. Figure 3.14d shows a snapshot
of back-projection results for a certain stick-slip event with o3 = 90 MPa. The rupture
is spontaneously nucleated at the edge of the saw-cut surface, and propagates downward.
The color contour shows the normalized coherency function, which indicates the most
likely location of the origin of the signal within this frequency band. The theoretical rup-
ture front is also superimposed on the fault surface. It shows that the high-frequency
signals within this band originate just behind the rupture front, which can be caused by
the secondary off-fault fracture networks as compared to the inferred fracture mechanism
discussed in subsection 3.1.4. In summary, the experimental results demonstrate the first-
order analysis of the mechanism of enhanced high - frequency radiations, which is in good
agreement with the secondary fracturing mechanism inferred by the dynamic earthquake
rupture modeling with coseismic off-fault damage. Further information of these experi-
ments can be found in Marty et al. (2018).
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Figure 3.14: Enhanced high-frequency radiation and back-projection analysis in laboratory ex-
periments. (a) Experimental setup of stick-slip experiments with saw-cut Westerly granite. The
specimen is pre-cut, and stick slip events spontaneously occur under servo-controlled triaxial load-
ing. Acoustic sensors are externally located on the surface of the specimen. (b) Array of acoustic
sensors. The sensors assigned numbers are used to calculate the averaged Fourier spectra. (c)
Fourier spectra under different confining pressures. Red dashed lines indicate the theoretical cor-
ner frequency at v, = 2000m/s and v, = 5000m/s. Highlighted box indicates the frequency band
used for the back-projection analysis. (d) Snapshot of back-projection results with o3 = 90MPa
at t = 7us from the rupture nucleation. Red star indicates the nucleation position. Dashed line
indicates the theoretical rupture front. Color contour shows the normalized coherency function,
which indicates the most likely location of the origin of signals with the frequency band.
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3.3 Case study at different depths

We next investigate the evolution of off-fault fracture network with depth. In general, the
flower-like structure of the damage zone with depth has been widely accepted, which as-
sumes the damage zone width becomes narrower with depth and extends towards the sur-
face of earth’s crust (Ben-Zion et al.,2003; Ma and Andrews, 2010; Perrin et al.,2016b).
We examined a set of cases as described in section 3.1.1 to explore the change of damage
pattern and the damage zone width with depth. Figure 3.15 show the pattern of secondary
fracture network and the rose diagram of orientation of off-fault cracks for the three cases
with constant ;¢ in depth. The isolated fracture network, in which all cracks coalesce
with each other, is separately plotted with different colors. The dimensions are scaled by
Ry so that the size of the fracture network are comparable by visual inspection of the figure.
The number of isolated fracture network is higher for the shallower case than the deeper
case, implying that the off-fault fracture network becomes more intricate and denser with
depth. The orientation of tensile and shear cracks is slightly more distributed with depth
though it still has preferable orientations.

Figure 3.16 shows the distribution of fracture density around the fault at 2km and
10km depths, and the profiles of fracture density as a function of the fault. To evaluate the
distribution of fracture density, we firstly impose representative square grids around the
fault, and calculate the normalized fracture density, Pgl , in the each grid defined as

A length of fracture trace in a grid

Py = Ry. 32
2 area of grid 0 (3.2)

We carefully chose the grid size, which involves a reasonable number of potential failure
planes. In this analysis, the grid size is set as 0.21?,, which is, on average, three times
larger than the size of potential failure planes. As discussed above, the fracture density
is globally higher at 10 km depth when comparing Figures 3.16a to 3.16b, whereas the
distribution of fracture density is sparse for the both cases.

We then show the profiles of fracture density as a function of distance from the fault
(Figure 3.16¢). To reduce the dependence of the fracture density on evaluating locations,
we take an average of fracture density in the rectangular boxes of the evaluation area
indicated in Figures 3.16a and 3.16b. The profiles show exponential decrease in fracture
density with distance from the fault at both 2km and 10km depths, as pointed out by field
observations (e.g. Mitchell and Faulkner,2012). Note that the resolution of the fracture
density close to the main fault is not enough to check for pulverized rocks because of
limitations in the size of the potential failure planes. It will be resolved by incorporating
the FDEM-based continuum-discontinuum analysis with constitutive damage models. It
is also noteworthy that the magnitude of Py, does not monotonically increase with depth
because of the dependency of the evaluation locations and the complicated feedback inside
the off-fault fracture network.

Figure 3.17 shows the evolution of the damage zone width with depth for the constant
G1c and constant D, cases. The damage zone is inferred from the envelope of secondary
fracture network at x = bRy, 10Ry and 20 R,. Since there are few cracks being activated
in the compressional side, we only plot the extensional side. In both cases, the damage
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Figure 3.15: Comparison of secondary fracture network and rose diagram at (a) 2km (b) 6 km (c)
10 km depths with constant Gj;¢o case. S ratio is equal to 1.0. An isolated fracture network, in
which all small cracks connect with each other, is indicated by different colors. Rose diagrams are
plotted at T=12.75 s.

zone width follows, up to a constant factor, the process zone size. Hence the damage zone
width decreases with depth, forming the flower-like structure, with fracture connectivity
increasing with depth.
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Figure 3.16: Fracture density in off-fault medium at (a) 2km and (b) 10km depths for the cases
of constant Gj;¢c. Color contour indicates the normalized fracture density. Boxes indicate the
evaluation area of the mean fracture density profiles. The size of inner boxes is exaggerated. (c)
Profiles of the mean fracture density as a function of distance from the fault. Markers indicate the

mean fracture density in the inner boxes of the evaluation area. Dashed lines indicate fitting curves
of each depth. Note that the y-axis is in log scale.
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Figure 3.17: Evolution of damage zone width with depth for the cases of (a) constant Gr¢ and
(b) constant D.. S ratio is equal to 1.0. Type of markers indicates the position on the main fault at
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size scaled by constant factors.
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3.4 Overall energy budget of earthquake rupture with co-
seismic off-fault damage

The overall energy budget of an earthquake event plays a key role in understanding the
characteristics of the earthquake source, change of potential energy and its associated ra-
diation. The schematic of energy budget was proposed by Sibson (1977), which describes
the energy flow from a change of potential energy to dissipated energy by frictional pro-
cesses and energy radiated as seismic waves. Here we first derive the formulation of energy
balance, which can be utilized to estimate overall energy budget for dynamic earthquake
rupture with coseismic off-fault damage. Although there are various approaches to de-
rive the energy conservation law of earthquake ruptures (e.g. Rivera and Kanamori,2005;
Fukuyama, 2005; Shi et al.,2008; Xu et al.,2012a), we revisit the derivation of it to iden-
tify the energy components in a suitable form for the analysis of the overall energy budget.

3.4.1 Energy balance of earthquake rupture

Consider a volume V', whose surface is Sy, that encompasses faults represented by I'.
Now assume that this volume is linear elastic and only undergoes small deformations. It
is notable that this volume is not the entire earth though the formulation below can be
simplified to consider the entire earth in which case the surface Sy is traction free. Let
n; be the outward pointing unit normal to the surface and 7; = o;;n; be the traction
distribution on the surface. wu;, u; and u; are the particle motion, particle velocity and
particle acceleration on the surface, respectively. The linear momentum balance is written
as

80’@'
; = ——, 33
pii o, (3.3)
where p is density. The kinetic energy per unit volume is defined as
L.
K = - pti;. 34

2

Consider the integral of the time derivative of K over the volume V/,

dK = o B 0o;j 0ijl;) o,
/‘/EdV—/‘/puzude—/ dz, w;dV = / l oz, 0”8 % 3.5

We then apply the divergence theorem to equation (3.5). Since we have a discontinuity in

the volume V/, the divergence theorem is written as

OF;
v 0x;

So r++I—

where 7); is the normal to the fault surface I' and F is an arbitrary vector field, which is
continuously differentiable in the volume V. I' is divided into upper and lower surfaces,
which are denoted as I'" and I'~. The traction vectors associated with each surface are
denoted as 7;" and T, , which are equal in magnitude but opposite in direction. Thus

+

T;" = —T; . On the surface T, we define the relative particle velocity Au; = u; — ; .
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Considering the orientation of surface integral, the instantaneous rate of work being done
on the faults is written as

/ T it dS + / T 07 dS = / T, A, 3.7)
r+ - T

where [ is now a single crack interface of fault. Then the right side of equation (3.5) is
transformed with the redefined divergence theorem as

/d—dV:/ a(UUUl) — 045 aUZ dVv
So I+ - v O

So r v Oz

(3.8)

Equation (3.8) represents the work balance in the volume V' including the faults. By
integrating Equation (3.8) over time, it is rewritten as

Es, + Ep + Ex = —AW, (3.9)
where .
Eg = — / dt / Tyis;dS, (3.10)
0 So
t
Ep = —/ dt/TiAuidS, (3.11)
0 T
B — / KdV. (3.12)

1%
t auz €ij
0 v O0x; v LJo

€;; 1s the strain tensor

AW is the elastic strain energy, which is independent of the integration path (Palmer and
Rice, 1973). Note that the initial strain is defined to be zero, whereas the initial stress
is large. This configuration is commonly used in seismology, as discussed in Aki and
Richards (2002, BOX 8.5).

It is notable that the energy balance in equation (3.9) is identically conserved during
an earthquake rupture even with coseismic off-fault damage. In general, we prescribe the
faults I' in the volume and do not allow for nucleating new fracture surfaces in the medium.
However, by supposing all interfaces of elements in the volume as potential failure planes,
whose relative displacement Aw is zero until the cohesion starts to weaken, and adequately
evaluating the dissipated energy E/r after fracturing, we can estimate the dynamic change
of each energy component during an earthquake. In fact, the relative displacement Au on
the potential failure plane is not exactly zero due to the penalty function method in FDEM
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framework. Thus, we chose a penalty term p” large enough so that the accumulated error
caused by potential energy of penalty function method is negligible compared with the
other energy components.

E'r represents the consumed energy on the fault I'. It is decomposed into the tensile
and shear components as following (Shi et al., 2008)

t t
Ep =— [/ dt/TnAuIdS+/ dt/TtAqu51 (3.15)
0 r 0 r

where T;, and T} are normal and shear traction respectively, A is opening displacement
and Ay is the amount of slip on the cracks. For mode I tensile crack only cohesion is
applied as contact force, which is prescribed by the elastic loading and the softening parts
in the linearly weakening cohesion model as described in section 2.3.2. Thus

t
- [ it [ nsisas = -
0 r r

= I} + Ej, (3.16)

5o 5o
/ C(67)d0 + / c(af)d(s] a5
0 1

c,e
I

where EY is the energy consumed in elastic loading part and EY is the energy dissipated for
the weakening of cohesion. The consumed energy of mode II shear crack is decomposed
into cohesion and friction, which follow the prescribed cohesion and friction law, written

as
t
—/ dt/TtAquS:
0 r
77

“’ o7 571 o
- / [ / C(0r1)dd + / C(0r7)dd + / T3(011)dd + / Tt(én)ch] ds
r|Jo s 0 81

c,e
II

= ESC + ES, + Bl + B, (3.17)

where E7; and E{f are the energy associated with elastic loading,F7; and E{ ; are the
energy dissipated by the weakening of cohesion and friction, respectively. d;; is a final
slip on the crack. The dissipated energy by friction E{I is often decomposed into the
fracture energy and heat (e.g. Venkataraman and Kanamori, 2004), which is described in
the case of slip-weakening friction law as

[ ot
gi—- [/ Ttwmdé] as
r|Jef

,e
11

min{D.,6*} 0"
= —/ / T}(é}[) — Trd(s —l—/ Trdé
v |Jely 5he

Ir

— Eg+ Ep, (3.18)

s

where F is fracture energy dissipated on activate fracture surfaces and £y is heat energy.
The consumed energies by elastic loading E¢, ESf and Ef;* are negligible with large p°
and p;. For the sake of simplicity, we merge £ I with Eg by definition that E; is the
energy spent for reactivating a fracture surface.
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Then the energy conservation law represented by the energy components associated
with the earthquake rupture is given by

Es,+ Eqg+ By + Ex = —AW, (3.19)

If we classify the fracture energy E in equation (3.19) into the terms related with main
faults £¢" and off-fault damage ng ! equation (3.19) is rewritten as

Es, + E&' + B + Ey + Ex = —AW, (3.20)

Eoff is the sum of

where EZ" is the fracture energy dissipated on the main fault and
dissipated fracture energy on the off-fault cracks dynamically activated during earthquake
rupture. We address the question about the dynamic change of energy components in
equation (3.20) to investigate the contribution of coseismic off-fault damage to the overall

energy budget during earthquake rupture.

3.4.2 Radiated energy

The radiated energy E'r, defined as the work done by the stress perturbation over a surface
S, is an important measurement for earthquakes. Since we canonically work with theory
for small incremental stresses from the initial stress state in seismology, where the initial
stress is large but the strain is defined to be zero (Aki and Richards, 2002, BOX 8.5), we
follow the definition of radiated energy proposed by Kostrov (1974), given by

Er = —/ dt/ Oij — uanS 3.21)
So

where %, is a duration of an earthquake when the kinetic energy inside the volume turns
to be zero after an event, o;; = 0;;(x, ) is the stress in the volume and o); = o7;(x) is
the initial stress, 1, is the particle velocity and n; is the outward unit normal vector to Sp.
In this study, however, we assume an infinite length of the fault with crack-like ruptures
which does not cease during simulation. Therefore, E'r cannot be derived in our model
description. We thus alternately employ a quantity similar to £},

)= — /dt/ Oij — unde (3.22)
So

Note that the radiated energy defined by equation (3.22) is a function of time during an
earthquake, whereas the canonical radiated energy defined as equation (3.21) is determined
at the end of earthquake events. The relationship with £ is then given by

tm qF
/ d R(t>dt:E;. (3.23)
0

dt

E'r can be evaluated with our model description by setting proper closed surface .Sy, indi-
cating the time evolution of radiated energy outward from 5.
Then equation (3.20) is rewritten with E'; as

Er+EZ +EY) + By + Ex = —(AW + E3,). (3.24)
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Far-field contour: ESO =0

Near-field contour: S0

Figure 3.18: Snapshot of dynamic rupture with coseismic off-fault damage. Color contour in-
dicates the second invariant of deviatoric stress tensor, Jo. Solid rectangles indicate near- and
far-field contours for the validation of Eg, .

where .
Eg, =— / dt / oysim;dsS. (3.25)
0 So

This term originates from the definition of radiated energy in equation (3.21), which does
not appear in the conventional energy conservation law on earthquake (e.g. Rivera and
Kanamori, 2005) because of reasonable approximation processes used to estimate the ra-
diated energy. In this study, however, we define the energy conservation law with Ego to
rigorously estimate the contribution of each energy components to overall energy budget.

3.4.3 Validation of overall energy budget

Figure 3.18 shows a snapshot of dynamic rupture with coseismic off-fault damage, where
the closed surface, Sy, is superimposed on the second invariant of deviatoric stress tensor,
Jy. Firstly, to validate the calculation of the energy flux across the closed surface, Fg,,
we compared the energy dissipated by the cohesion and friction, Eg”/ oL E 17 inferred
by —(AW + Eg, + Ey) = —(AW + Ego + Er + E) from equations (3.20) and (3.24)
evaluated on the near-field contour, Sy, to the far-field contour, which encompasses entire
medium, and thereby Es, = 0. The comparison should be identical to verify the calcula-
tion of Fg, across the Sy. Figure 3.19 shows the evolution of the all energy components
during the rupture. Figure 3.20 shows the energy balance and the comparison of the two
contours, where the comparison is identical. Therefore, the calculation of E, across the
Sp is verified even when we consider the coseismic off-fault damage.

3.4.4 Energy dissipated by viscous damping

The dissipated energy by viscous damping, F,;s.,, should be also taken into account for
the overall energy budget in the system. In this section, we calibrate the contribution of
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Figure 3.19: The evolution of energy components associated with near-field contour.
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Eisco to the overall energy budget.
The conservation law including F,;,., is rewritten from equation (3.24) as

EZ 4+ Ex + Eyisco = —(AW + Eg + Eg + Ek), (3.26)

where ng ! is not considered in this validation because the secondary off-fault cracks are
not allowed. To evaluate the F,;s.,, we computed the energy components with purely
elastic medium on the far-field contour (Figure 3.18), where £’ and Ego are zero. Since
the frictional energy is dissipated only on the main fault for the case with purely elastic
medium, the £Z" + Ey can be directly calculated with the virtual sensors along the main
fault as benchmark. Thus we compare this result to the indirectly derived dissipated energy
by equation (3.26) to extract the F,;s., from the other energy components.

Figure 3.21 shows the comparison of £ + Ey and estimated value of £,;5.,, which
provides the ratio of E,;s., to E¢" + Ep. The ratio is around 8.7% at a maximum, which
is not negligible in some cases. Therefore, in the following section, we remove the E;s.,
from the overall energy budget, for both cases, with and without coseismic off-fault dam-
age, by calibrating the contribution of F,,;s., with purely elastic cases.
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Figure 3.21: Calibration of F,;s., with purely elastic medium with far-field contour. In this case,
Er and Ego are zero. We evaluate the contribution of E,;., by taking difference between the
exact EZ'" + Ey obtained from virtual sensors and the inferred dissipated energy, —(AW + Ei ).
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3.4.5 Contribution of coseismic off-fault damage to the overall energy
budget

We computed all energy components in equation (3.24) to investigate the contribution of
coseismic off-fault cracks to the energy balance. Figure 3.22a shows the schematic of
the target volume V' and dynamic earthquake rupture with coseismic off-fault damage, in
which the energy balance is evaluated. The size of volume is arbitrarily chosen to involve
the main rupture and the coseismic off-fault damage zones. The energy conservation is
evaluated until the rupture reaches surface Sy. Figures 3.22b and 3.22c show the propor-
tion of each energy component to the sum of change of strain energy AW and Ego , which
is interpreted as an available energy converted to the respective energies in left side of
equation (3.24). We evaluated the energy balance when the rupture length reaches 45 R,
with constant Gy cases at 2 km and 10 km depths. Figure 3.22b shows the proportion
without off-fault damage, where ng I =o. Figure 3.22¢ shows the same quantities with
coseismic off-fault damage. ng f clearly has a non-negligible contribution in comparison
to the fracture energy on the main fault £¢", and implies that up to half the amount of E¢Z"
is dissipated on the secondary off-fault cracks as fracture energy. The sum of consumed
energy as EZ", ng ! and Ep is around 70%, which is in agreement with the approxima-
tion that it can be more than 50% inferred from the observation of fault gouge (Wilson
et al., 2005). To evaluate the effect of secondary off-fault cracks on the fracture energy,
we calculate an effective fracture energy Ggff defined as

ng f

L
where L is the rupture length. Note that we assume unit thickness. The second term in the

Gl =Gl + (3.27)

right side is interpreted as the total fracture energy dissipated on the off-fault cracks per
unit fracture surface on the main fault, which varies with the rupture propagation.

Figure 3.23 shows the evolution of effective fracture energy as a function of rupture
length at 2 , 6 and 10 km with constant G ;¢ cases. It illustrates the monotonic increase
of G?Icé, which implies the effective fracture energy significantly increases because of the
additional energy dissipation on the off-fault cracks as the rupture propagates on the main
fault. On the right axis in Figure 3.23, we also denote the effective D, defined as

D = % (3.28)
‘ (7o — 7)
Note that D¢// /D, is thus identically equal to G¢//,/G¥, ., by definition. The D<// implies
the effective critical slip distance for the rupture on the main fault with coseismic off-
fault damage, which also increases with the rupture propagation because of the additional
energy dissipation in the off-fault medium.

3.4.6 Source time function

We investigated the effect of the coseismic off-fault damage on the evolution of source
time functions (STF), My(t). The STF on the main fault is defined as follows

A%@zu/ Aty (€, t)dS, (3.29)
Smain fault
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where ;. is shear modulus, S™3"fult j5 the area of the surface on the main fault, and
At (&, 1) is the slip velocity at £ on the fault. We assume unit thickness in this analy-
sis. Since we assume an infinite planar fault, the STF increases monotonically with time
and does not return to zero. Thus we do not compare the shape of STF to the observations,
but evaluate the change of STF due to the coseismic off-fault damage.

We demonstrate the STF at 2km and 10km depths as shown in Figure 3.24 and 3.25,
respectively, where the cases with coseismic off-fault damage is compared to the cases
without off-fault damage. Since the rupture is abruptly nucleated, the initial rise of STF is
caused by the nucleation phase. As soon as the rupture starts to propagate and causes the
coseismic off-fault damage, the rate of increase in the M (t) for the case with the coseismic
off-fault damage decreases at both 2km and 10km depths. We also show the ratio of
Mo (t) with the coseismic off-fault damage, MP (t), to the case without off-fault damage,
M(F (t), on the right axis of Figure 3.24 and 3.25, which implies that the Mo(t) decreases
significantly regardless of depth. Therefore, although these results are preliminary due
to the assumption of infinite planar fault, the coseismic off-fault damage is expected to
change the shape of the STF in natural earthquakes.

3.4.7 Seismic efficiency

The seismic efficiency 7, is an important parameter to quantify the proportion of radiated
energy to the sum of radiated energy and fracture energy, which evaluates the balance
between the radiated energy as seismic waves and dissipated energy by fracturing of both
main faults and off-fault medium (Kanamori and Brodsky, 2004); small 7, infers large
dissipation by inelastic deformation on the main faults and the off-fault media (Kaneko
et al.,2017). The n, is canonically defined by the radiated energy £7, over the sum of
E% and the fracture energy on the fault £Z" (Venkataraman and Kanamori, 2004; Pas-
selegue et al.,2016). However, since we can only evaluate the temporal radiated energy
in equation (3.22) because of the infinite fault length in our model description, we define
a modified seismic efficiency for this study, given by

o Er+ Ex
Ep+ Ex + E + BT

T (3.30)

The physical interpretation of this quantity is same with the standard seismic efficiency.
We include the kinetic energy Fx remaining in the volume V', most of which is eventually
converted into the radiated energy. We evaluated 7, as a function of rupture length with
constant G'77¢ cases at 2 and 10 km depths and compared between with and without off-
fault damage to investigate the effect of off-fault damage on the seismic efficiency. Figures
3.26 and 3.27 show the 7, with sub-Rayleigh (S=1.0) and supershear (S=0.7) cases. The
relative difference between with and without off-fault damage cases is plotted in the insets,
defined as

An, =1— "2 (3.31)

where n” and 1¢ indicate the 1, with and without off-fault damage cases, respectively.
There is a significant decrease in 7, due to the off-fault damage, particularly in the deeper

77



CHAPTER 3. RUPTURES WITH COSEISMIC OFF-FAULT DAMAGE

@ E.: Radiated energy across the surface 0
1’ Surface, S,

/ off-fault cracks
s Pre-existing
o hibe i main fault
e N B - — "'*«m*{@u@ ””””””””””
Rupture zone on the main fault
Volume, V

56R

C) ° ™

c
No damage (Rupture length = 45R ) With damage (Rupture length = 45R )
2km depth 10km depth 2km depth 10km depth

E°™ Fracture energy dissipated
on the off-fault cracks

E_°": Fracture energy dissipated
0, 0,
6'2A)|:-8'8A’ ¢ on the main fault
1.3% 9.0% EK‘: Klngtlc energy
remained in the volume
ws [ v oo cveroy 1705

*Dissipated energy as heat E,, : *Dissipated energy as heat E,, :
64.0% (2km depth) and 62.0%(10km depth) 64.2% (2km depth) and 62.1 %(10km depth)

0%| 0%

18.3%

Figure 3.22: Schematic of overall energy budget and the ratio of each energy component.
(a)Schematic of overall energy budget. The dotted area shows the target volume V' with surface
So, where the energy balance is evaluated. We assume the target volume is rectangular with unit
thickness. The size of the target area is arbitrary chosen as 10 Ry X 56 Ry. (b) Ratio of energy
components without damage at 2 km and 10 km depths with constant G 77 condition. We evalu-
ated this balance when the rupture length reached to 45Rg. (c) Same plot with coseismic off-fault
damage.

case with sub-Rayleigh rupture. This can be explained by the denser and more intricate off-
fault fracture network formed in deeper cases. Although the secondary off-fault cracks in-
duce additional radiation, which contributes to the enhanced high-frequency components
in the near-field ground motion, the seismic efficiency decreases due to the coseismic off-
fault damage. In this sense, we maintain that the coseismic off-fault damage absorbs some
of available energy, which is converted to the radiated energy with no off-fault damage as-
sumption. However, since the effective G?fé in supershear does not increases as much as
the sub-Rayleigh, the decrease in 7, due to the coseismic off-fault damage with supershear
cases is smaller than that of sub-Rayleigh cases.
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Figure 3.26: Seismic efficiency with and without off-fault damage at 2 km and 10 km depths as
a function of rupture length (S=1.0). The circles indicate to the cases without damage, whereas
the inverted triangles indicate the cases with off-fault damage. The inset shows the percentage of
the decrease in seismic efficiency due to the off-fault damage. Note that the rupture transitions
to supershear around L/Ry = 40 for the case without off-fault damage, while it remains sub-
Rayleigh with damage.
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Figure 3.27: Seismic efficiency with and without off-fault damage at 2 km and 10 km depths as
a function of rupture length (S=0.7). The rupture transitions to supershear for the cases both with
and without off-fault damage.
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3.5 Conclusions

Previous studies have documented the existence of coseismic off-fault damage and its
effects on the rupture dynamics and associated radiation. However, the mechanism of
dynamically generated fracture networks around the main fault induced by the earthquake
rupture and the radiated wave field consequently perturbed by the coseismic off-fault dam-
age needed to be elucidated. In this study, we modeled dynamic rupture with coseismic
off-fault fracture networks to investigate its effect on the rupture dynamics, radiation and
overall energy budget.

We firstly demonstrated a continuum-discontinuum approach framework for dynamic
earthquake rupture modeling with FDEM. We conducted a set of cross-validation exam-
ples to show the numerical accuracy of FDEM for the dynamic rupture problem for various
mesh discretization and viscous damping cases. It was verified that FDEM is one of the op-
timized schemes for dynamic rupture modeling, which can be applied for the continuum-
discontinuum analysis with coseismic off-fault damage. The analysis also provides a rea-
sonable combination of grid size and viscosity, which can be utilized for dynamic earth-
quake rupture modeling with FDEM. Then we showed the fracturing mechanisms dynam-
ically induced by earthquake ruptures on the main fault and the high-frequency radiation
enhanced by the secondary fracture network formed in the off-fault medium. We showed
the process of secondary crack activation and the evolution of secondary fracture networks
with complicated feedback inside it. Indeed, the rupture velocity decreases due to the co-
seismic off-fault damage and the supershear transition is delayed, or even stopped. The
tensile and shear cracks have preferable orientations in spite of the complicated evolu-
tion of the secondary fracture network. The analysis of maximum cutoff frequency of the
ground acceleration highlights the enhanced high-frequency radiation in the damage zone.
It shows a spike-like particle motion caused by the secondary cracking, which enhances the
high-frequency components in the spectrum of ground acceleration. The high-frequency
radiation abruptly attenuates due to the geometric dispersion. It is thus very difficult to
directly observe the additional radiation induced by coseismic off-fault cracks in far-field
seismological observation.

We then compared the evolution of off-fault fracture network with different depth,
simulated by the 2-D slices in plane strain with lithostatic assumption. It shows the damage
patterns and the distribution of the fracture density with depth, which implies that more
intricate off-fault fracture network is generally formed with higher confining pressure (i.e.,
at deeper cases). Regardless of the off-fault damage patterns, the off-fault cracks maintain
their preferable orientation though the distribution of crack angle changes with depth.
The damage zone width inferred by the envelope of secondary fracture network becomes
narrower with depth, forming a flower-like structure as pointed out by previous studies
even considering such intricate off-fault fracture network. The damage zone width can
be also scaled by the quasi-static process zone size, which is expected by the theoretical
analysis done by Poliakov et al. (2002); Rice et al. (2005).

Finally, we investigated the overall energy budget during earthquakes, including the
contribution of coseismic off-fault damage. We described the energy conservation law
which is represented by the energy components associated with dynamic earthquake rup-
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ture with coseismic off-fault damage. We then quantified the energy components during
an earthquake, and showed a non-negligible effect of secondary off-fault cracks on the
overall energy budget. The fracture energy dissipated on the off-fault cracks is more than
half of the fracture energy on the main fault at maximum, which causes a significant in-
crease of effective fracture energy. The monotonically increasing effective fracture energy
as a function of rupture length implies the scale dependency of the energy contribution of
secondary off-fault cracks. We then evaluated the seismic efficiency to elucidate the ef-
fect of secondary off-fault cracks on the radiated energy. Indeed, it decreases due to the
coseismic off-fault damage even if it contains the additional radiation from the secondary
off-fault cracks. The difference is larger with sub-Rayleigh cases at depth, whereas it is
small, or even negligible, with supershear cases.

Overall, Figure 3.28 shows the summary of the evolution of the damage zone width,
the fracture density and the ratio of dissipated fracture energy on the main fault and the
off-fault medium with depth. Here, the fracture density is evaluated as an average of
the entire evaluation area indicated in Figure 3.16 with depth. The damage zone width
decreases with depth, whereas the contribution of the dissipated fracture energy in the off-
fault medium compared to the fracture energy on the main fault becomes larger with depth,
and is significant when considering the overall energy budget. This can be explained by
the increase in the fracture density with depth and the complex feedback of the off-
fault fracture network. Thus we conclude that the effect of coseismic off-fault dam-
age on the rupture dynamics, radiation and overall energy budget is non-negligible,
even where the damage zone width becomes narrower in depth.

In this study, we conducted simulations with intact rock, and with the fixed orientation
of principal stress. Therefore, we observed the coseismic off-fault damage only in the ex-
tensional side of the fault. However, in nature, the off-fault damage is often observed in
the both sides of the fault. We now assume that the pre-damage of the off-fault medium,
initial cohesion on the main fault, which is assumed to be zero in this study, and the orien-
tation of the principal stress play a role in the symmetric off-fault damage across the fault.
This needs to be investigated by extensive parametric studies.

Further work should include the investigation of the effect of the orientation of prin-
cipal stress, or heterogeneity of the toughness of the medium, on the damage pattern and
rupture dynamics. Earthquake cycles on the same fault will clarify the saturation of off-
fault damage. The fault roughness, which comprises kinks to cause secondary cracks by
stress concentration, would change the damage patterns significantly. The full kinematic
analysis of earthquake ruptures is not done yet, which will clarify the effect of coseis-
mic off-fault damage on the seismic moment release rate and seismic observations in
intermediate- or far-field, though we already showed the additional radiation from sec-
ondary off-fault cracks is likely to be observed only within the near-field ground motion.
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Figure 3.28: Evolution of the damage zone width, fracture density and the ratio of dissipated
fracture energy on the fault and off-fault medium with depth. The markers indicate the values at
the modeled depths. In this study, the damage zone width is evaluated only on the extensional
side of the fault. Solid lines indicate expected trends of the discrete data. Since we conducted
simulations in plane strain, we did not discuss the damage pattern and energy budget close to the
ground surface.
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4. Application to natural fault system:
Earthquake damage patterns resolve

complex rupture processes on the
2016 Mw 7.8 Kaikoura earthquake
in New Zealand

Avant-propos

Une des attentes pour les modélisations numériques de la rupture dynamique est
I’application pour la structure faille naturelle afin d’estimer le scénario de rupture et les
ondes sismiques conséquentes. La modélisation de rupture dynamique sur les failles na-
turelles a été réalésé, en utilisant les méthodes conventionnelles telles que BIEM (e.g
Aochi and Fukuyama,2002; Ando and Yamashita,2007), et alors ADER-DG (Ulrich et al.,
2018). Ces techniques numériques peuvent modéliser la rupture dynamique sur les failles
prescrits, méme si en trois dimensions avec un nombre suffisant des ressources de calcul.
Cependant, une technique de pointe ne peut pas modéliser la génération dynamique des
fissures secondaires en raison des limitées de formulations du modele, qui peut modifier
le scénario de rupture lors des s€ismes sur les failles naturelles. Alors que nous avons dis-
cuté un réle de I’endommagement cosismique, des observations sur le séisme de Kaikoura
de magnitude 7.8 ont indiqué que la structure de I’endommagement secondaire peut étre
une signature du processus de rupture, permettant de réduire un sous-ensemble de scénar-
10s de la rupture prospectives. Ainsi, le séisme de Kaikoura est un des meilleurs exem-
ples pour démontrer un fort potentiel de modéliser la rupture dynamique sur la structure
faille naturelle, et alors pour vérifier cette hypothese en incorporant des observations et
des modélisations de I’endommagement cosismique. Dans ce chapitre, nous décrirons
le contexte du séisme de Kaikoura, et alors la méthode de la rupture dynamique sur la
structure faille naturelle. Nous démontrons les résultats de la modélisation numérique sur
les scénarios de rupture hypothétiques pour explorer le processus de rupture et la struc-
ture de I’endommagement secondaire. Ces résultats évoquent la possibilité de préciser la
hypothese du processus de rupture en comparant la structure de I’endommagement sec-
ondaire et des profils de déplacement obtenus par les observations.
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4.1 Introduction

One of the goals of numerical modeling of dynamic earthquake ruptures with coseismic
off-fault damage is to apply for natural fault system to evaluate various rupture scenar-
10s, and the resulting ground motion. Dynamic earthquake rupture modeling on natural
complex fault networks has been studied with conventional numerical schemes, such as
BIEM (e.g Aochi and Fukuyama,2002; Bhat et al.,2004; Ando and Yamashita,2007), and
recently with Arbitrary high-order accurate DERivative Discontinuous Galerkin method
(ADER-DG) (Ulrich et al., 2018). These numerical techniques are capable of modeling
dynamic earthquake ruptures on prescribed faults, even in 3-D with a decent amount of
computer resources. However, these state-of-the-art techniques cannot model the sponta-
neous activation of the secondary coseismic off-fault cracks due to limitations of model
formulation, which may modify the rupture scenario of the natural earthquakes.

While we have discussed the role of coseismic off-fault damage in dynamic earthquake
ruptures, it has been pointed out from the observations of the 2016 Mw 7.8 Kaikoura earth-
quake in New Zealand that the coseismic off-fault damage pattern can be a signature of
the rupture process, which potentially could be used to narrow down a subset of possible
earthquake rupture scenarios. Therefore, the Kaikoura earthquake is one of the best ex-
amples to demonstrate the potential of continuum-discontinuum approach framework to
elucidate the rupture scenario on natural earthquakes by the coseismic off-fault damage.

In this chapter, we first describe the background of the Kaikoura earthquake, and the
methodology of the dynamic earthquake rupture modeling on natural fault system. We
then show the results with hypothetical rupture scenarios to investigate the rupture paths
and the relevant coseismic off-fault damage pattern, and compare the profiles of displace-
ment field between the model and the observations to estimate the most likely rupture
scenario on this fault system.

4.1.1 The 2016 Mw 7.8 Kaikoura earthquake in New Zealand

Large crustal earthquakes result from ruptures that dynamically propagate through a com-
plex network of faults, whose temporal sequence of failure is not always clear (Hamling
et al., 2017; Wei et al., 2011; Yue et al., 2012). Associated secondary faulting and co-
seismic off-fault damage suggest that a significant part of on- and off-fault deformation
patterns are due to state of traction, fault geometry and directivity of the rupture (Kame
et al., 2003; Fliss et al., 2005; Vallage et al., 2015; Thomas et al., 2017), in addition to
some geological structural inheritance (Choi et al.,2018). At ground surface, this off-fault
damage zone can be hundreds of meter wide (Mitchell and Faulkner,2009; Vallage et al.,
2015), while it becomes narrower at depth (Di Toro et al.,2005). The combined length of
surface ruptures associated with the 13th November 2016 Mw 7.8 Kaikoura earthquake
in New Zealand (Figure 4.1) reaches 180 km, distributed over more than 15 distinct fault
segments (Hamling et al., 2017; Litchfield et al., 2018), which has been reported as one
of the most complex earthquakes ever documented. Although a blind low-angle thrust
might have been activated (Hollingsworth et al., 2017), the right-lateral strike-slip faults
oriented NE-SW, such as the Jordan and the Kekerengu faults, dominate surface ruptures
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(Kddb et al.,2017; Litchfield et al., 2018; Xu et al.,2018). The 15 km-long NNW-SSE
Papatea fault segment, however, is characterized by left-lateral motion of up to ~6 m and
by vertical throw reaching 10 m (Langridge et al.,2018). Field observations show that the
northern tip of the Papatea fault does not connect to the Jordan - Kekerengu fault system
(Langridge et al.,2018). All geophysical studies agree that overall the rupture propagated
northward from the epicenter (Duputel and Rivera, 2017; Hamling et al., 2017; Wang
et al.,2018; Zhang et al., 2017). However, because of the rupture complexity, partly at
sea, and the possibility of a blind thrust (Hollingsworth et al., 2017), the exact rupture-
propagation path remains elusive; in particular the way the rupture propagated through the
Papatea - Jordan - Kekerengu triple junction remains debated.

Therefore, we conducted the dynamic earthquake rupture modeling on the triple junc-
tion to investigate the rupture paths and off-fault damage pattern. We then compare the
model to the coseismic horizontal displacements in the triple junction area using opti-
cal satellite image correlation, which shows a better correlation with particular scenario,
where the the Papatea fault ruptures first, independently of any assumption about rupture
path during earlier part of the rupture.
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Australian
Plate
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Figure 4.1: Map of the Kaikoura surface ruptures after Litchfield et al. (2018). Footprints for the
different satellite datasets are indicated. Labels 1 and 2 refer to alternative rupture scenarios. Red
solid lines indicate identified surface rupture. The Kaikoura Peninsula fault is indicated in red
dashed. Other Quaternary faults in black. AF stands for Alpine Fault and MFS for Marlborough
fault system.
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4.2 Methodology: Application to natural fault networks

We used a 2-D continuum-discontinuum based scheme, FDEM, to model the spontaneous
activation of coseismic off-fault cracks. Although vertical motion is a part of the defor-
mation (Stirling et al., 2017; Langridge et al., 2018), at this stage we limited our study
to horizontal deformation. Based on satellite imagery and field observations, we first de-
fined the fault geometry around the Jordan — Kekerengu — Papatea triple junction area and
discretized the domain by using unstructured triangular meshes (Figure 4.2a). The mesh
size is adaptively controlled to be finer close to the fault to optimize trade-off between
the numerical accuracy and computational cost. We then defined the initial stress state o
uniformly in the medium. The orientation of the maximum principal compressive stress,
@, was set to N107°. This orientation is chosen to be both compatible with the sense of slip
on the different faults activated during the earthquake (Figure 4.3) and with regional focal
mechanisms Townend et al. (2012). The world stress map is also utilized to estimate the
regional stress around the triple junction as shown in Figure 4.4 (Heidbach et al.,2016).

We assumed that the material around the faults has been previously damaged (i.e.
weakened) and therefore is less competent than the rest of the material in the model. This
low cohesion zone is indicated in Figure 4.2a. The introduction of this weakened material
area restricted unrealistic crack propagation at the edge of faults. The orientations of the
potential failure planes are kept isotropic (Figure 4.2b). The values of parameters used
in our modeling are listed in Table 4.1. As the material is initially intact everywhere in
the medium, the CF is uniformly set as 0.45 in the low cohesion zone. We then force a
nucleation of the rupture by imposing a low peak strength patch in the nucleation area.
The length of this patch is greater than the nucleation length, L.. Figure 4.5b shows the
distribution of the initial shear traction on the prescribed fault normalized by the peak
strength, To/T,. The grid size, ds, along the prescribed fault is set at 50m. In this way,
the number of finite elements per the quasi-static process zone size, Ry, is assured to be
between 8 and 14, which is commonly used for the grid resolution of dynamic earthquake
rupture modeling. It is usual,ly more than 5 elements per process zone size.
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Figure 4.2: Model description of the Jordan - Kekerengu - Papatea triple junction. (a) Schematics
of mesh discretization on the prescribed fault system. The Jordan fault, the Kekerengu fault and the
Papatea fault are traced as shown in solid black line, according to satellite and field observation.
Blue lines show the discrete finite elements. The mesh size is exaggerated for clarity purposes.
The overall domain size is 90km x 90km, while the prescribed faults are in 30km x 30km in the
middle of the domain to avoid the effects of wave reflections from the domain boundaries. The total
number of finite elements is 514,000. o is the maximum compressional principal stress and ¢ is
the orientation of o to the north. Arrows show the sense of slip. The areas of weakened material
are highlighted in yellow. Green and red stars indicate the position of the rupture nucleation for

the first and second scenarios respectively. (b) Histogram of the orientations of potential failure
planes.
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Figure 4.3: Constraints of the orientation of o in terms of sense of slip on the Jordan-Kekerengu-
Papatea fault system. Green arrows indicate the sense of slip observed from the deformation map.
Red and blue indicate the potential sense of slip with respect orientation of ;. Since the potential

sense of slip is harmonized with the observations, the left case at ¢ = 107° is more likely than the
right case.
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Figure 4.4: Orientation of maximum compressional principal stress estimated by the regional focal
mechanisms. Red lines indicate the observed surface ruptures associated with the Kaikoura earth-
quake. Active fault map is downloaded from the Institute of Geological and Nuclear Sciences
Limited (GNS) (Langridge et al.,2016). White lines indicate the orientation of the maximum hor-
izontal compressional stress, ¢. This estimated regional stress is downloaded from World Stress
Map 2016 (WSM) (Heidbach et al., 2016). Color circles in the middle of white lines indicate
the WSM Quality: Green indicates B quality, where the ¢ is accurate to within £20°, while blue
indicates C quality to within £25°.
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Table 4.1: Parameters used in numerical simulations of the Kaikoura earthquake.

Variables Values Description
) 2700 kg/m? Density
E 75 GPa Young’s modulus
! 30 GPa Shear modulus
v 0.25 Poisson’s ratio
o1 45.4 MPa Maximum compressional principal stress
09 19.1 MPa Minimum compressional principal stress
© 107° Orientation of o to the north
ds 50m Grid size on prescribed faults
On prescribed faults
fs 04 Static friction coefficient
fa 0.1 Dynamic friction coefficient
5{ 1= D, 0.17m Characteristic slip distance
In off-fault medium
fs 04 Static friction coefficient
fa 0.1 Dynamic friction coefficient
5{ =D, 0.017m Characteristic slip distance
cY 8 MPa / 30 Peak cohesion for mode I opening crack (Low
MPa cohesion zone/the rest of domain)
Cc?, 30 MPa / 100 Peak cohesion for mode II shear crack (Low
MPa cohesion zone/the rest of domain)
67° 2.7 mm Critical normal displacement for softening of
tensile cohesion
s 7.5 mm Critical tangential displacement for softening

of shear cohesion

94



CHAPTER 4. APPLICATION TO NATURAL FAULT SYSTEM

A\

Nucleation patch

10 km
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4.3 Displacement measurements derived from optical im-
age correlation

In this section, we describe the optical satellite image correlation technique to obtain the
displacement field around the triple junction. This work has been done by Prof. Yann
Klinger, Dr. Amaury Vallage, Dr. Johan Champenois and Dr. Arthur Delorme (Klinger
et al.,2018). To measure the horizontal displacements associated with the 2016 Kaikoura
event, we correlated optical satellite images acquired before and after the earthquake. The
correlation processing was conducted by using the open-source software package MicMac
(Rosu et al.,2015). The correlation was performed in two steps. In a first step, we cor-
related 10 m low-resolution Sentinel-2 images embracing the region where the Kaikoura
earthquake occurred. In a second step we correlated 1.8 m Spot 6 images with 0.5 m
Pleiades images to obtain a high-resolution horizontal displacement field for the Jordan -
Kekerengu - Papatea triple junction. The Sentinel-2 images were acquired respectively on
April 9th, 2016 and on December 15th, 2016. Although the Sentinel-2 images are multi-
spectral images with pixel resolution varying between 10m and 60m, here we only used
the 4 bands with a pixel-resolution of 10m: Red, green, blue and near infrared. These
images are orthorectified by the image provider (European Space Agency) and were cor-
related without any specific pre-processing. For each band, each pair of images (pre- and
post-earthquake images) was processed independently. Hence, for each component of
the displacement, North-South and East-West components, we obtained 4 displacement
maps. To improve the signal-to-noise ratio, these 4 maps were merged for each compo-
nent of displacement, based on the median value for each quadruplet of pixels. It resulted
in 2 horizontal-displacement maps (Figure 4.6), along North-South and East-West direc-
tions, which cover almost the entire Kaikoura rupture area with a ground resolution of
10m. The displacement maps were corrected from any low-frequency artifacts by setting
the far-field displacement to zero and by crosschecking our results with GPS (https://
aria-share. jpl.nasa.gov/events/20161113-NewZealand_EQ/GPS/, last accessed
July 2018) and static displacement derived from local strong-motion instruments. Even-
tually, our Sentinel-2 horizontal displacement maps compare well with previously pub-
lished horizontal displacement fields computed at similar scale from space geodesy and
GPS measurements (Hamling et al., 2017; Hollingsworth et al., 2017; Kddb et al., 2017,
Morishita et al.,2017; Wang et al.,2018; Xu et al., 2018)

To image details of the deformation in the close vicinity of the surface rupture, we
performed correlation of metric-resolution images. For the images before the Kaikoura
earthquake, we used a stereo-pair of images acquired by the satellite SPOT6 on May 18th,
2014. For the images acquired after the earthquake, we used a combination of several tri-
stereo images acquired by the satellite Pleiades between December 23rd 2016 and March
18th 2017. The different subsets of Pleiades images were processed separately to ensure
the best tuning of the correlation process depending on each subset, and only the final
displacement maps were merged. Images needed first to be orthorectified using a Dig-
ital Elevation Model (DEM) with a ground resolution similar, at the first order, to the
image resolution. Hence, using the Micmac package (Rosu et al., 2015), we computed
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pre- and post-earthquake DEMs at the resolution 1.8m from the SPOT6 images, and at
the resolution 0.5m from the Pleiades. Because the two sets of images are from differ-
ent sensors with different native resolution, the Pleiades images had to be downsampled
at 1.8m to be consistent with the SPOT6 images, using the open-access GDAL library
[Contributors_ GDAL/ORG, 2018]. Eventually, a rigid translation (~10m) was applied to
the Pleiades images, based on ground control points (GCP) identified both on SPOT6 and
Pleiades images, and located far from major surface ruptures, to accommodate the slight
difference in absolute-location estimate between the two sensors.

Then, the pre- and post-earthquake images were correlated to compute the horizontal-
displacement field at the resolution of 1.8m. Because the area covered by high-resolution
images includes almost everywhere significant coseismic deformation, zero-deformation
points cannot be found to remove residual low-frequency correlation artifacts. Therefore,
we used the large-scale Sentinel-2 deformation maps as a template to remove any low-
frequency signal in the high-resolution displacement maps, which is not associated with
tectonic deformation according to the Sentinel-2 measurements. Eventually, using optical
satellite images bracketing the date of the Kaikoura earthquake, we measured amplitude
and direction of the horizontal displacement field in the triple junction area between the
Jordan-Kekerengu fault system and the Papatea fault system (Figures 4.7 and 4.8). The
ground resolution of our displacement field is 1.8m, with a displacement detection thresh-
old of about 20 cm (Rosu et al., 2015). Although our measurements might include post-
seismic deformation, as post-earthquake images were acquired between December 2016
and March 2017, it should be less than 10% of the coseismic deformation (Hollingsworth
et al.,2017) and should not affect significantly our observations.

Figure 4.7 shows the amplitude of the horizontal displacement at the triple junction.
Systematic swath profiles every 90 m across different fault segments allow to establish
a detailed slip distribution for that part of the Kaikoura rupture. Along the Jordan and
the Kekerengu faults, 8 km-long swath profiles, J1,J2, K1 and K2 (Figures 4.7 and 4.8),
show the displacement parallel to the fault, where the full strike-slip deformation is highly
localized in a band only a few tens of meters wide. Along the Kekerengu fault, we mea-
sured a maximum right-lateral coseismic displacement of about 11m, in good agreement
with direct field-offset measurements (Kearse et al.,2018). The displacement map reveals
that the pattern of deformation along the Papatea fault differs significantly from patterns
along Kekerengu and Jordan faults. Along the Papatea fault, swath profiles P1 to P5 show
that the gradient of horizontal deformation is not sharp everywhere (Figures 4.7 and 4.8).
Instead, at both extremities, the displacement gradient is smoother, which is interpreted
as distributed deformation across a damaged fault zone, as confirmed by direct field ob-
servations. Thus, the total 6m left-lateral displacement measured along P1 is distributed
over a width of 2 kilometers, which is consistent with field (Langridge et al., 2018) and
Lidar mapping (Clark et al., 2017) that documented several parallel fault strands at the
coast. Actual fault scarps in the deformation zone are indeed also visible on the profile.
Along profiles P2 the deformation zone becomes narrower and asymmetric relative to the
position of the fault, with most of the distributed deformation located south of Papatea.
Profiles P3, P4 and P5, located north of the major bend of the Papatea fault, show that
the damage zone becomes wider again, to eventually include the entire triangular zone
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Figure 4.6: East-West and North-South components of displacement computed from the correlation
of Sentinel-2 images. Coordinates are in UTM. Consistency of the results is checked by comparison
with GPS and static motion derived from local strong-motion instruments, for each component.
The far-field displacement is set to be zero. The fault network (black lines) is superimposed from
GNS (https://data.gns.cri.nz/af/).

bounded by the Papatea fault, the Kekerengu fault, and to the North-East, by the short
Waiautoa fault (Figure 4.7).
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Figure 4.7: Displacement field around the triple junction derived from high-resolution correlation.
Earthquake surface ruptures are indicated in black (Langridge et al., 2018). Color corresponds
to the amplitude of horizontal displacement (positive towards North east). Low color saturation
along the Papatea fault indicates off-fault damage. Red lines show the position of displacement
profiles.
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Figure 4.8: Deformation field and associated displacement profiles. (a) Deformation field around
the triple junction with the azimuth of horizontal displacement (arrows). Surface ruptures related
to the Kaikoura event are in black (Langridge et al., 2018). The size of small arrows scales with
the amplitude. (b) Profiles on the Jordan thrust (J1 and J2) and the Kekerengu faults (K1 and K2).
(c) Profiles on the Papatea fault (P1 to P5).

4.4 Results: Earthquake rupture scenario and off-fault
damage pattern

44.1 Hypothetical earthquake rupture scenarios

Although geophysical data clearly indicate that overall the Kaikoura earthquake propa-
gated northward, two key questions remain unsolved about the Kaikoura rupture, which
are the rupture scenario of the Jordan-Kekerengu-Papatea triple junction, and the poten-
tial activation of a shallow dipping blind thrust, possibly related to the southern end of
the Hikurangi subduction (Hollingsworth et al.,2017). As for the later, our observations
and modeling techniques bring no additional constraints. Thus, in the following we focus
only on rupture scenario for the triple junction area. As the rupture globally propagated
northward, two classes of scenarios are possible, which are either a rupture first on the
Papatea fault that later propagated on the Jordan - Kekerengu fault system, or a rupture
first on the Jordan fault that later propagated on the Kekerengu and Papatea fault systems.

In the first scenario, the rupture propagated northward from the epicenter to reach
the northern tip of the Hundalee fault and continued northward, offshore, until it would
trigger slip on the Papatea fault. This scenario is consistent with observed co-seismic
uplift of the Kaikoura peninsula, which implies a shallow thrust fault outcropping offshore
the Kaikoura peninsula (Clark et al., 2017), and with observation of submarine surface
ruptures along the Point Kean Fault (Litchfield et al., 2018). This scenario does not rule
out additional slip on a deep-seated thrust fault related to the subduction, although its
amplitude would have to be limited (Clark et al.,2017).

In the second scenario, when the rupture reached the northern tip of the Hundalee fault,
instead of continuing off-shore the rupture would jump about 20 km to the NW, to dynam-
ically trigger rupture along the Jordan fault. Limited surface ruptures were documented
between the Hundalee and the Jordan faults (Litchfield et al.,2018) that might correspond
to such rupture jump and potential slip along a deep-seated fault could have play some
role in rupture triggering.

Here, we model the two scenarios using the 2-D continuum-discontinuum model al-
lowing for spontaneous activation of secondary off-fault cracks. For the two scenarios,
all model parameters are left identical, but for the location of the rupture initiation, which
is located either along the southern part of the Papatea fault, or along the southern end
of the Jordan fault. Numerical simulation of each scenario led to a distinctive pattern of
rupture sequence and off-fault damage. We thus conducted four cases; the first and sec-
ond scenarios with and without off-fault damage. For the cases without off-fault damage,
the peak cohesions in the low cohesion zone is set large enough to avoid the activation of
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secondary cracks.

4.4.2 The first scenario: rupture nucleated from the southern part of
Papatea fault

Figures 4.9 to 4.17 show the model setup and snapshots of simulation for the first sce-
nario with coseismic off-fault damage, where the rupture is nucleated the southern part of
Papatea fault. During the simulation, we recorded the velocity field, the slip velocity on
the Jordan thrust - Kekerengu fault and Papatea fault, and the north-south component of
ground accelerations close to the triple junction.

The rupture is initiated at the southern end of the fault and propagates northward.
When it arrives at the triple junction, it triggers a new rupture on the Jordan-Kekerengu
fault system, which propagates bilaterally from the junction (Figures 4.10 to 4.14). While
the rupture is propagating along the Papatea fault, significant damage occurs on the west-
ern side, around the main kink of the fault (Figures 4.12 to 4.13). A major zone of damage
also develops in the triangular zone around the triple junction. No significant damage,
however, occurs along the Kekerengu fault and Jordan thrust (Figure 4.17).

The comparison of the displacement profiles between the observations and the model
outputs, both nondimensionalized for the sake of comparison by their spatial distribution
and amplitude of displacement, shows that qualitatively the model with the coseismic
off-fault damage fits well with the observations. For the displacement profiles on Kek-
erengu fault and Jordan thrust (Figure 4.18g), the slip is well-localized across the fault,
which implies less coseismic off-fault damage along these faults. On the other hand, the
model outputs with coseismic off-fault damage capture the unique displacement field in
the northern part of Papatea fault, which is distributed across the fault due to the secondary
fracture network (Figure 4.18h). The model without off-fault damage (dashed black lines
in Figure 4.18h) does not represent this distributed deformation because the slip is local-
ized even on the northern part of Papatea fault. Therefore, the coseismic off-fault damage
is an indispensable factor to reproduce the distributed deformation field.

At this stage, direct comparison of predicted offset values with observations (Figure
4.19), although they actually are of the same order of magnitude, is not very meaningful
due to current limitation imposed by 2-D modeling, while the Papatea fault indeed shows
significant vertical motion as well (Stirling et al.,2017; Langridge et al.,2018).
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44.3 The second scenario: rupture nucleated from the southern part
of Jordan thrust

We then show the second scenario, where the rupture is nucleated at the southern part of
Jordan thrust. The model parameters used in this simulation is exactly same with the first
scenario except for the location of rupture nucleation. Figure 4.20 to 4.24 show the model
setup and snapshots for the second scenario with coseismic off-fault damage. In this sce-
nario, the rupture propagates northward after the nucleation and activates off-fault cracks
along Jordan thrust. We then found a small nucleation of the rupture at the main kink of
the Papatea fault as shown in Figure 4.22, which then propagates bilaterally. This rupture
propagating southward is suddenly trapped due to the activation of secondary off-fault
cracks around the kink of the northern part of Papatea fault as shown in Figure 4.23. The
rupture along the Kekerengu fault is accelerated enough to transition to supershear speeds
(Figure 4.23). The pre-stress state is partially preferable for a transition to a supershear
rupture due to the fault geometry. Figure 4.24 shows the damage pattern and the displace-
ment field at the end of the simulation. Since the rupture is arrested at the northern part
of Papatea fault, slip is not observed on the southern part. The damage is mainly caused
along Jordan thrust and Kekerengu fault, whereas there is little damage on Papatea fault.

Figure 4.25 shows the profiles on the Jordan thrust-Kekerengu fault and the Papatea
fault, respectively. Since the off-fault damage does not play a role in the profiles on J2
and K2, the model is still compatible with the observations in Figure 4.25g. However,
it barely fits with observations even with off-fault damage because there is no significant
damage to the west of the Papatea fault as shown in Figure 4.25h. Furthermore, the on-
fault slip is not observed with the coseismic off-fault damage on the profile P2 as shown
in Figure 4.25h because the rupture is arrested at the northern part of Papatea fault due to
the secondary cracks. Therefore, we conclude that this scenario is less likely than the first
scenario.

Snapshots for the two scenarios without coseismic off-fault damage are shown in Ap-
pendix D.
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Figure 4.9: Model setup for the first scenario. Dotted lines show the prescribed faults. The top-right
window shows slip velocity on the prescribed faults. The position along faults is nondimension-
alized by the length of faults. The left-bottom window shows two seismograms associated with
the seismic stations indicated by the inverted triangles. Color contour shows the particle velocity
magnitude.
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Figure 4.10: Rupture is nucleated bilaterally from the nucleation patch.
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Figure 4.11: The rupture propagates northward generating coseismic off-fault cracks. The yellow
lines show the secondarily generated off-fault cracks. The rupture front on the Papatea fault is still
ahead of the secondary cracks.
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Figure 4.12: The rupture front decelerates due to the pre-stress state, while off-fault cracks propa-
gate to the north-west. The rupture accelerates again around the northern end of Papatea fault, and
will eventually jump to Jordan thrust - Kekerengu fault.
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Figure 4.13: The rupture jumps from Papatea fault to Jordan thrust - Kekerengu fault. The northern
end of Papatea fault is extended due to the cracking at the tip. The secondary cracks around the
kink of Papatea fault becomes more intricate due to the stopping phase arriving from the northern
end of Papatea fault.
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Figure 4.14: The rupture propagates bilaterally on Jordan thrust - Kekerengu fault, while it gen-
erates off-fault cracks along the faults. The off-fault medium around the junction is significantly
damaged, which in turn emits additional radiation.
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Figure 4.15: The coseismic off-fault damage is observed along Jordan thrust - Kekerengu fault.
More damage is caused in the extensional side (north-west on Jordan thrust and south-east on
Kekerengu fault). The prominent damage is generated due to small kinks along the faults.
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Figure 4.16: The large off-fault cracks near the red station locally enhances the NS acceleration of
ground motion.
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Figure 4.17: The final snapshot of the simulation. Significant off-fault fracture network is formed
around the kink of Papatea fault and the junction with Jordan thrust - Kekerengu fault, which
produces the distributed deformation field across faults.
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Figure 4.18: Rupture process, displacement field and profiles of fault-parallel displacement for
the first scenario. (a-e) Snapshots of the velocity field associated with rupture nucleated south of
Papatea fault (yellow star). Dotted lines show the prescribed faults and yellow lines show the spon-
taneously activated off-fault fracture network. Secondarily activated off-fault fracture network is
highlighted in yellow. (f) Deformation field and fracture network at the end of rupture propagation.
(g, h) Measured displacement (blue), modeled displacement including damage (red), and modeled
displacement with no damage (black dashed) for the different profiles. For comparison both fault
parallel displacements and distance along profiles are scaled by their maximum values.
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Figure 4.19: Rupture process, displacement field and profiles of fault-parallel displacement for
the first scenario in physical length scale. (a-e) Snapshots of the velocity field associated with
rupture nucleated south of Papatea fault (yellow star). Dotted lines show the prescribed faults and
yellow lines show the spontaneously activated off-fault fracture network. (f) Deformation field and
fracture network at the end of rupture propagation. (g, h) Measured displacement (blue), modeled
displacement including damage (red), and modeled displacement with no damage (black dashed)
for the different profiles. For comparison both fault parallel displacements and distance along
profiles are in physical length scale.
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Figure 4.20: Model setup for the second scenario. The rupture is nucleated at the southern end of
Jordan thrust.
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Figure 4.21: The rupture propagates bilaterally on the Jordan thrust. There are few damage in the
early part of the rupture propagation.
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Figure 4.22: The rupture propagates from the southern end of Jordan thrust to northward activating
off-fault cracks on the north-east of Jordan thrust. The induced rupture is spontaneously nucleated
at the main kink of Papatea fault, which then propagates bilaterally.
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Figure 4.23: The rupture on Kekerengu fault accelerates enough to transition to supershear because
the pre-stress condition is partially preferable for transition to supershear due to the change of fault
geometry, whereas the rupture on the Papatea fault is arrested due to the secondary off-fault cracks.
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Figure 4.24: The final snapshot for the second scenario. The coseismic off-fault damage is ob-
served on Jordan thrust - Kekerengu fault, whereas there is little damage on Papatea fault because

the rupture is arrested on the northern part.
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Figure 4.25: Rupture process, displacement field and profiles of displacement parallel to the fault
for the second scenario. The rupture is nucleated at the southern end of the Jordan fault (yellow
star). (a-e) Snapshots of rupture from south of the Papatea fault to the Kekerengu fault. Dotted line
shows pre-existing faults and yellow lines show the secondary fracture network activated by the
dynamic earthquake rupture propagation on the main faults. The color contours show the particle
velocity magnitude. (f) The displacement field and the fracture network obtained at the end of the
earthquake event (at 18s). The yellow lines across the main faults show the position of profiles,
i.e., the profile of the displacements parallel to the fault shown in (g) and (h). The blue line shows
the observations and the red line shows the model results with off-fault damage. The dotted black
line shows the model results when considering a purely elastic medium, which does not allow for
off-fault damage. Both the displacement parallel to the fault and the distance from the rupture are
normalized with the range of displacement and the length of the profiles respectively.
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4.4.4 Stress change, accumulated slip and slip velocity

Change of normal stress, stress drop and accumulated slip are of interest to understand the
earthquake rupture processes. Thus we computed the mechanical fields on the prescribed
faults. Figure 4.26a shows the trace of the Papatea fault and the dynamically activated
off-fault cracks for the first scenario with coseismic off-fault damage. Although it forms
an intricate fracture network around the main kink of the fault, we find a large chain of
cracks in the direction towards northwest, which plays an important role in the distributed
displacement profiles across the fault. As the Papatea fault has relatively large kinks and
the initial normal and shear tractions on the fault are therefore heterogeneous, the change
of normal stress and stress drop along the fault is significant as shown in Figures 4.26c, d.
The comparison between the model with off-fault damage (in red) and the purely elastic
model (in blue) of the change of normal stress indicates that the off-fault medium cannot
sustain large stress concentrations as shown at x/L. = 0.72 in Figure 4.26¢c. We also find
a locally negative stress drop around x/L = 0.72, where the angle of maximum compres-
sional principal stress is fairly orthogonal and thus the initial shear traction is relatively
small. Hence, this part can cause negative stress drop after rupture propagation on such a
non-planar fault.

Figure 4.26e shows the accumulated slip distribution on the Papatea fault. The accu-
mulated slip is not zero at the ends of prescribed fault with coseismic off-fault damage
due to the cracking at the edge of the fault. We found a locally enhanced slip in the case
with off-fault damage at x/L = 0.62 on the Papatea fault in Figure 4.26e, which is directly
induced by the off-fault cracks in the vicinity of the fault. Figure 4.26f shows slip veloc-
ity in time and space, which demonstrates the detailed rupture process on both faults. The
rupture is initially nucleated around x/L = 0.3, propagating bilaterally on the Papatea fault.
When the rupture reaches x/L = 0.7, it arrests and immediately jumps ahead at x/L = 0.83
due to the distribution of initial traction on the fault. Eventually the whole length of the
Papatea fault is ruptured in this scenario. The slip velocity is remarkably perturbed by the
spontaneous off-fault cracking. Since the stress distribution is extremely perturbed by the
fracture network, negative slip velocity is temporarily induced around x/LL. =0.62 att =6
s in Figure 4.26f. Figures 4.26g-1 shows the same quantities on the Jordan - Kekerengu
fault system. As it has less geometrical complexity compared to the Papatea fault, there
is little off-fault damage (Figure 4.26g). The change of normal stress and the stress drop
are smoothed by the off-fault damage same as the Papatea fault (Figures. 4.26i,)).

44.5 Near-field ground motion

As discussed in Chapter 3, the near-field ground motion can be influenced by the coseismic
off-fault damage. To investigate the effect of coseismic off-fault damage around natural
fault networks on the near-field ground motion, we put 10 stations around the triple junc-
tion as shown in Figure 4.27a. Figure 4.27b shows the north-south component of the
ground acceleration with and without off-fault damage. The magnitude of acceleration is
significantly enhanced at the station 6, where the large secondary cracks are dynamically
activated close to the station. The phases are delayed with the coseismic off-fault dam-
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age at station 7 and 8 because the rupture remains to be sub-Rayleigh with the off-fault
damage, whereas it transitions to supershear without the off-fault damage.

Figure 4.27c shows the amplitude spectra of north-south component of the ground
acceleration. The high-frequency components are clearly enhanced at the stations 1, 2, 4
and 6, where the locations of the station are close to the secondary fracture network. Thus
they record the additional radiation from the secondary fracture network, which enhance
the high-frequency components. There is no comparison to the observations due to the
limitation of stations. There is only one available station, KEKS (Holden et al., 2017),
which is close to the station 7. However, since this station is far from the triple junction,
there is less hope to find the signature of the coseismic off-fault damage in the observed
seismograms.

The present analysis demonstrates the preliminary result of the enhanced high-
frequency radiation in near-field ground motion by the coseismic off-fault damage with
the natural fault network. The earthquake events with the available near-field records,
such as the 2016 Kumamoto earthquake (Figure 4.28), is desirable to model the dynamic
earthquake rupture to clarify the signature of enhanced high-frequency radiation by the
coseismic off-fault damage.
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Figure 4.26: Off-fault damage pattern, stress change, slip and slip velocity on the Jordan fault, the
Kekerengu fault and the Papatea fault for the first scenario with the coseismic off-fault damage.
(a) The trace of secondary fracture network activated by dynamic earthquake rupture (indicated by
red) on Papatea fault. The rupture is artificially nucleated at the nucleation segment indicated in
blue. Notation S (south) and N (north) indicate the orientation of faults. The dotted auxiliary line
shows a reference to measure the angle of the maximum compressional principal stress, Aa, to the
fault shown in (b). (b) orientation of the maximum compressional principal stress. A« indirectly
indicates the ratio of normal traction to shear traction. Positive values of A« indicate larger normal
traction than the reference traction state on the auxiliary line, whereas negative values show smaller
ratio of the normal traction to the shear traction. The angle of maximum compressional principal
stress to the reference is 53.6 °© on Papatea fault and 64.8 ° on Kekerengu fault. (c), (d), (¢) and
(f) the change of normal stress, 00 — o}, stress drop, 70 — 7.}, accumulated slip and slip velocity,
respectively. The red line indicates the model with off-fault damage and blue indicates the model
without off-fault damage. The color contours in (f) indicates the evolution of the slip velocity on
the fault. The horizontal axis shows the position normalized by the length of the fault, and x/L =0

corresponds to the southern edge of the fault. (g-1) the same quantities on Kekerengu fault.
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Figure 4.27: Location of the seismic stations and recorded seismograms. (a) Pre-existing fault

geometry (indicated by black lines), secondarily activated fracture network (indicated by red lines),

and location of the stations indicated by inverted triangles for the first scenario with the coseismic

off-fault damage. Rupture is nucleated at the south of Papatea fault indicated by yellow star. (b)

North-south component of acceleration. Numbers in the window correspond to the location of the

stations in (a). Red line indicates the model with off-fault damage, while gray line indicates the
model without off-fault damage. (c) Amplitude spectrum of the NS accelerations obtained with
the time window from O s to 18 s. The amplitude is not normalized for these spectra.
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Figure 4.28: Map of the source area associated with the 2016 Kumamoto earthquake sequence.
The black square in the inset map shows the studied area. The light green, purple, and red stars
denote the epicenters of the first event, the second event, and the largest event, respectively. The
sky blue triangles indicate the strong motion stations of K-NET, KiK-net, JMA, and the Kumamoto
prefectural government. The dark blue squares indicate the GEONET stations. The thick black
lines represent active faults (Zkeda et al., 2001; Nakata et al., 2001). The land topography is in-
dicated by background colors, and the sea areas are colored light blue. The focal mechanisms of
the three earthquakes from the Global CMT solutions are shown on the map. The thick gray lines
show the boundary of the Kumamoto Prefecture. Reprinted from Kobayashi et al. (2017).

119



CHAPTER 4. APPLICATION TO NATURAL FAULT SYSTEM

4.5 Conclusions

In summary, comparison of the satellite-derived displacement maps and field observation
with damage patterns resulting from each modeled scenario (Figures 4.18g, h; 4.25g, h)
shows that the Papatea-first scenario is more consistent with the observations: the Papatea
fault likely ruptured from the coast towards the triple junction area where it triggered
a bi-lateral rupture on the Jordan-Kekerengu fault system (Figure 4.29). Although it is
at the current limit of the resolution of seismological data available, the seismic source
studies that are focused on the second part of the Kaikoura rupture are compatible with
this scenario (Holden et al.,2017; Xu et al.,2018) and this scenario is also fully supported
by complex 3D dynamic rupture models (Ulrich et al.,2018). More complexity, however,
might still arise from full integration of vertical deformation, which is not included in our
model at this stage.

Hence, although the Mw 7.8 Kaikoura earthquake has been deemed one of the most
complex continental earthquake ruptures ever documented because of the very large num-
ber of fault sections activated, the general rupture mechanism might actually be sim-
ple. From the epicenter, the rupture propagated northward, navigating local geometrical
complexities, then it extended off-shore along the Hundalee fault and along a Kaikoura
peninsula-Point Kean fault. Eventually it dynamically triggered a rupture along the Pap-
atea fault, located at a maximal distance of 12 km, although it might be closer off-shore.
The rupture then propagated northward along Papatea and eventually triggered a bi-lateral
rupture along the Jordan-Kekerengu fault system. The Papatea block acted as a large-scale
compressional jog, which is consistent with the large documented uplift (Hamling et al.,
2017; Morishita et al.,2017). If any deep-seated thrust fault was also involved, our work
does not bring any additional constraints.

At first glance, surface ruptures might appear very complex during large continental
earthquakes, such as the Kaikoura earthquake. This complexity, however, can be resolved
and it might be that the rupture follows a rather simple structural path. Comparison be-
tween data and model outputs shows unambiguously that off-fault damage should be taken
into account to explain that the rupture path and the on- and off- fault displacement fields,
which cannot be recovered by utilizing purely elastic models (dashed lines of Figures
4.18g, h). Earthquake simulators used in seismic hazard assessments for complex fault
systems, such as for the Southern California fault system (Field et al.,2017), can generate
myriads of very large and complex fault ruptures. Providing critical keys, like off-fault
damage patterns, to decipher this complexity might help narrow down a subset of most
probable scenarios along complex fault networks.

We also demonstrated the evolution of stress state on the prescribed faults and the
near-field ground motions. The comparison between the cases with and without off-fault
damage shows that the large stress concentration is smoothed by the off-fault fracturing.
The amplitude spectra of near-field ground motion highlights the enhanced high-frequency
components close to the secondarily activated off-fault fracture network. Although these
preliminary results have not been compared with the observations, these results demon-
strate the potential to find the signatures of coseismic off-fault damage from the other type
of observations, such as the accumulated slip and the near-field ground motion.
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Figure 4.29: Summary of the preferred rupture path and associated fracture damage. Photo inset
shows the observed surface damage on the Papatea fault (S42°08°47”,E173°52°01”). In addition to
the main strike-slip scarp with some thrust, systematic westward branching with normal motion can

be seen, which is best explained by left-lateral rupture propagating from the south. Yellow dashed
areas correspond to the main areas of damage, from optical correlation and field observation.
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5. Perspectives

Avant-propos

Nous avons présenté une approche numérique qui allie la modélisation des milieux conti-
nus et discontinus, en utilisant la méthode combinée des éléments finis et discrets (FDEM),
afin de modéliser des ruptures dynamiques associées a I’endommagement cosismique. Ce
modele a été utilisé pour reproduire le séisme de Kaikoura. Cependant, il conviendrait
d’étudier les complexités géométriques de premier ordre, tels que la rugosité, les failles
présentant des « stepovers », plusieurs, ou encore un changement abrupt de direction, afin
de mieux comprendre 1’effet de I’endommagement sur la mécanique de rupture En effet,
les études précédentes ont montré 1’importance, en modélisation, d’incorporer ces com-
plexités géométriques (Harris and Day, 1993; Madariaga et al., 2006; Adda-Bedia and
Madariaga, 2008; Duan and Day, 2008; Bhat et al., 2007; Templeton et al., 2009; Dun-
ham et al., 2011b; Romanet et al.,2018). La nouveauté consistera ici a considérer 1’effet
combiné de la structure et ’endommagement sur la mécanique de rupture. Un autre point
intéressant serait d’appliquer le modele pour un chevauchement. Pour ce scénario, la sur-
face libre peut jouer un role important dans la mécanique de rupture. Gabuchian et al.
(2017) a en effet montré la possibilité d’obtenir une « ouverture » temporaire de la faille,
a I’approche de la surface libre, pouvant générer une quantité d’endommagement signifi-
catif dans les roches sédimentaires En conclusion, ces projets potentiels, qui n’ont pu étre
adressés, sont extrémement intéressants et tout a fait réalisables dans le cadre de la FDEM.
Bien qu’il faille apporter quelques modifications a 1’algorithme, le structure du code ne
changerait pas de maniere essentielle et ces différents projets pourront étre étudier dans
un futur proche.

5.1 Introduction

In Chapters 3 and 4, we demonstrated a continuum-discontinuum approach framework
for modeling dynamic earthquake ruptures with coseismic off-fault damage. FDEM has
a great potential for modeling the deformation and the interactions of solid bodies in mul-
tiscale, i.e., fracturing process on- and off-fault, and radiations, because of an efficient
contact algorithm. In addition to the mechanical aspects of coseismic off-fault damage
and the effect on the high-frequency radiation, we also demonstrated the effect of coseis-
mic off-fault damage on the overall energy budget associated with earthquake ruptures.
However, we have not studied first-order geometrical complexities, such as kinks,
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branches, rough faults and stepovers, which needs to be investigated for better understand-
ing of these fundamental effects on rupture dynamics. Therefore, the first perspective is
to model dynamic ruptures on the first-order complex fault geometries, which compose
the natural fault network. Our preliminary results demonstrate that the coseismic off-fault
damage changes rupture dynamics, in accordance with what we observed in the applica-
tion for the Kaikoura earthquake in Chapter 4.

The second perspective is the application for thrust faults. In this case, we need to
consider the free surface, which also plays an important role in rupture dynamics. Ma and
Hirakawa (2013) shows the effect of coseismic off-fault damage on the deformation of
wedge and consequent radiations using inelastic constitutive formulations, which demon-
strates the significant absorption of the energy consumed by the inelastic deformation on
the wedge. Gabuchian et al. (2017) shows the possibility of the fault opening near the free
surface, which is also expected to cause a significant damage on the wedge. Our aim of
this subject is to reconduct the rupture modeling on thrust faults with spontaneous activa-
tion of coseismic off-fault fracture network. Since the feedback from the free surface and
the fault opening might cause damage in multiscale, which includes from micro fractures
to major branches on the wedge, we need to evaluate the effect of the coseismic damage
on the rupture dynamics and radiations, as well as the damage pattern on the wedge. Our
preliminary results show the potential of FDEM for the application of thrust faults.

Finally, we list the perspectives, which are not initiated yet, but are profitable and
feasible with the FDEM approach framework. Although we need to modify or patch the
algorithm, the framework does not change in essence. Therefore, all these perspectives
can be studied with the FDEM framework as proposed in this thesis.

5.2 Decomposition of natural fault networks into
simple geometrical complexities

5.2.1 Finite faults

We already studied the Kaikoura earthquake as an application for the natural fault net-
work. However, we need to revisit the first-order geometrical complexities to decompose
complicated rupture processes on the natural fault network. Our previous work on the fun-
damental analysis of coseismic off-fault damage (Chapter 3) was conducted on an infinite
planar fault. Thus we first study rupture on a finite planar fault. The model setup is shown
in Figure 5.1, and the parameters for this simulation is listed in Tables 5.1 and 5.2. These
simulations are conducted in the physical dimension.

Figures 5.2 and 5.3 show the snapshots of finite fault modeling without off-fault dam-
age. Thus the off-fault medium behaves as a purely elastic material. In this case, the
rupture is bilaterally symmetric and is abruptly arrested at the edges of the main fault.
Then Figures 5.4 to 5.7 show the snapshots with coseismic off-fault damage. The rupture
first propagates by activating secondary off-fault cracks, same as the results with a infi-
nite planar fault. As discussed in section 3.1.3, the rupture velocity decreases from the
comparison at the same time between Figures 5.3 and 5.5. When the rupture reaches to
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Figure 5.1: Model setup for modeling a planar finite fault. A planar finite fault is prescribed in the
middle of the medium. The orientation of the maximum compressive stress, o1, is set at 60°. The
fault length is 20km. The nucleation patch is set in the middle of the fault, where the static friction
coefficient is lower than the rest of the fault. The finite fault is surrounded by low cohesion zone,
where the cohesion is lower than the outside region. The cohesion off this outer zone is set large
enough to avoid over cracking from the edges of the faults. The grid points per Ry is set as 10 on
the main fault. The medium size is large enough to avoid the reflection from boundaries.

the edges of the main fault, a lot of damage is caused around the edges, and thus the rup-
ture is arrested (Figures 5.6 and 5.7). Since we set the low cohesion zone, the secondary
fracture network around the edges eventually stops to evolve, and the earthquake event is
terminated.

In conclusion, a lot of damage can be caused at the end of pre-existing faults because
of the dynamics of ruptures, which is expected to play a role in the radiation and overall
energy budget. Therefore, the future work associated with the finite fault model should
include the evaluation of the effect of coseismic off-fault damage on radiation, overall
energy budget and the shape of STF.
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Table 5.1: Material constants and parameters for modeling a planar finite fault.

Valuables  Values Descriptions
E 75 GPa Young’s modulus
7 30 GPa Shear modulus
v 0.25 Poisson’s ratio
) 2700 kg m 3 Density
On 40 MPa Normal stress on the main fault
T 16 MPa Shear stress on the main fault
o1 49 MPa Maximum compressive principal stress
lop) 12 MPa Minimum compressive principal stress
S 10 S ratio
dyro 045 Closeness to failure
© 60 ° Orientation of o
Ry 552 m Quasi-static process zone size
L, 1200 m Nucleation length
ds 55m Grid size on the main fault
Table 5.2: Variables for contact interactions.
On the main fault
fs 0.6 Static friction coefficient
fa 0.2 Dynamic friction coefficient
D. 0.25m Characteristic slip distance
G{ c 2MJ m~2 Fracture energy for friction
In the off-fault medium
fs 0.6 Static friction coefficient
fa 0.2 Dynamic friction coefficient
D, 12.5 mm Characteristic slip distance
fo 8 KJm2 Fracture energy for tensile cohesion
i tel G{ o 90KIm™2 Fracture energy for shear cohesion and fric-
tion
c? 8 MPa Peak cohesion for opening crack in low co-
hesion zone
P 30 MPa Peak cohesion for shear crack in low cohe-
sion zone
07 =07 20mm Critical displacement for softening of tensile
cohesion
87f — 07 6.0 mm Critical displacement for softening of shear
cohesion
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Dynamic earthquake rupture modelling on a finite planar fault
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Figure 5.2: Snapshot for finite fault model without coseismic off-fault damage (Purely elastic
model). Dashed line indicates the prescribed main fault. Color contour indicates particle velocity

magnitude.
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Figure 5.3: Snapshot at T = 3.6s. Rupture is abruptly arrested at the edges of the main fault.
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Dynamic earthquake rupture modelling on a finite planar fault
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Figure 5.4: Snapshot for finite fault model with coseismic off-fault damage. Dashed line indicates
the prescribed main fault. Color contour indicate particle velocity magnitude. Yellow lines indicate
the secondarily generate off-fault cracks.
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Figure 5.5: Snapshot at T = 3.6s. Compared to (Figure 5.3), the rupture remains to reach the edges
of the main fault, which implies that the rupture velocity decreases due to the coseismic off-fault
damage.

127



CHAPTER 5. PERSPECTIVES

Dynamic earthquake rupture modelling on a finite planar fault
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Figure 5.6: Snapshot at T = 4.3s. Rupture reaches the edges of the main fault, and induces the
coseismic off-fault damage around the edges.
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Figure 5.7: Snapshot at T = 5.3s. The coseismic off-fault damage continues to evolve around the
edges and perturbs the radiation field. The damage pattern is not bilaterally symmetric because
the mesh discretization is not symmetric, which causes the asymmetry of the feedback from the
secondary fracture network.
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5.2.2 Fault kink

Next, we demonstrate the dynamic earthquake rupture modeling with fault kink. Since the
stress is locally concentrated due to the kinks and the roughness, the coseismic off-fault
damage could be enhanced by the kinks. We thus conducted simulations with the fault
kink, which bends on either compressional or extensional side of the fault.

Figure 5.8 shows the model setup for fault kink. The model parameters are set as same
with the finite fault modeling (Tables 5.1 and 5.2). The angle of bend, «, is an important
parameter for the rupture propagation on the fault kink. When o > 0, the fault bends
on the compressional side of the main fault. In this case, the ratio of shear traction to the
normal traction, T/0,,, decreases as « increases. Thus the rupture is less likely to propagate
along a fault bend with large «. On the other hand, when @ < 0, the fault bends on the
extensional side of the main fault, where the t/0,, is larger on the fault bend than on the
main fault.

In this section, we demonstrate the cases for « = +10° and &« = —10° with and
without coseismic off-fault damage to investigate the rupture dynamics and the associated
damage pattern. Figures 5.9 to 5.12 show results for fault kink bent on the compressional
side of the main fault. In this case, the rupture is less likely to propagate along the fault
bend due to the decrease in T/0,. Nevertheless, in the case without off-fault damage,
the rupture propagates completely on the prescribed fault (Figures 5.10 to 5.12). This re-
sult is in accordance with Templeton et al. (2009). However, in the case with coseismic
off-fault damage, the rupture is arrested at the kink, and significant damage is caused on
the extensional side, resulting in the formation of a secondary fault branch (Figure 5.11).
Eventually, two major damage paths are generated as shown in Figure 5.12. The orienta-
tion of these branches correspond to the conjugate failure planes of the o, . Therefore, we
expect that secondary fault branches from kinks are naturally generated corresponding to
the conjugate failure planes of the regional stress.

Figures 5.13 to 5.16 show for fault kink along the extensional side of the main fault.
In this case, the rupture propagates on the prescribed fault for the both cases with and
without off-fault damage, without branching from the kink. Supershear transition occurs
on the fault bend, and the gap of the coseismic off-fault damage is observed as discussed
in the section 3.1.3.
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Figure 5.8: Model setup for a fault kink fault. The angle of the fault bend is «. The material
constants and relevant model parameters are same with the finite fault modeling (Table 5.1 and
5.2). C and T indicate the compressive and extensional sides, respectively. The length of the main
fault is 12.5km, whereas the fault bend is 7.5km.
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Figure 5.9: Snapshot for fault kink bent on the compressional side of the main fault. The dashed
line indicates the prescribed main fault and the bent fault. Top window shows the result without
coseismic off-fault damage, while the bottom window shows the result with off-fault damage. The
arrows indicate the sense of slip on the main fault. White lines indicate the secondarily activated
off-fault cracks
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Figure 5.10: Snapshot at T = 3.5s.
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Figure 5.11: Snapshot at T = 5.2s. The rupture propagates on the prescribed bent fault for the
case without off-fault damage, whereas the rupture does not propagate the prescribed fault with
the coseismic off-fault damage. Instead of the arrest of the rupture at kink, a new fault branch is
generated toward the extensional side.
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Figure 5.12: Snapshot at T = 7.4s. Eventually the rupture is arrested at the edge of the bent fault for
the case without off-fault damage. In the case with off-fault damage, the branch grows as activating
a lot of off-fault damage, and induces the secondary branch upward as guided by red dashed lines.
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Figure 5.13: Snapshot for fault kink bent on the extensional side of the main fault. The dashed line
indicates the prescribed main fault and bent fault. Top window show the result without coseismic
off-fault damage, while the bottom window show the result with off-fault damage. The arrows
indicate the sense of slip on the main fault. The white lines indicate the secondarily activated
off-fault cracks
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Figure 5.14: Snapshot at T = 2.7s. Supershear transition occurs for the case without off-fault
damage due to the increase in T/0,.
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Figure 5.15: Snapshot at T = 3.5s. Supershear transitions occur for the both cases. In this case,
there is little damage around the kink.
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Figure 5.16: Snapshot at T = 6.0s. In both cases, the rupture propagates on the prescribed bent
fault. There is a gap of coseismic off-fault damage for the case with off-fault damage, where the
supershear transition occurs (see also 3.1.3).
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5.2.3 Rough faults

Roughness of fault plays a crucial role in the rupture dynamics, radiations and coseismic
off-fault damage (Dunham et al., 2011b). In this section, we demonstrate a preliminary
result with a self-similar fault to investigate the rupture processes on the rough fault with
coseismic off-fault damage. The self-similar fault geometry is reproduced based on Dun-
ham et al. (2011b). The self-similar fault profile has a spectral density, P,,(k), as follows

Pp(k) = (2m)°a®[k| Y, (5.1)

where £ is the wave number and « is a parameter to determine the magnitude of fluctuation
of the fault.

Figure 5.17 shows the self-similar fault geometry and the shear traction on the fault.
ais to 3.2 X 1073, We chose the fault geometry so that the initial ratio of T to o,,, fo, is
globally less than the static friction coefficient, fs to avoid unexpected rupture nucleation
during the loading phase.

Figures 5.18 to 5.21 show snapshots for the cases with and without off-fault damage.
In the case without off-fault damage, the rupture is nucleated and propagates bilaterally.
However, in the case with off-fault damage, the rupture is not successfully nucleated on the
right side of the nucleation patch (Figure 5.19) due to prominent cracking at the edges of
nucleation patch. One of the reasons for the nucleation failure is the artificial manipulation
of nucleation process, where low f is assigned within the nucleation patch, which causes
abrupt change of f at the edges of nucleation patch and consequent stress concentrations.
Thus the nucleation process needs to be reconsidered to nucleate rupture on the rough
fault.

In addition, the rupture on the left side is also arrested by the coseismic off-fault cracks
(Figure 5.20). Thus the main fault is not fully ruptured for the case with coseismic off-
fault damage. Therefore, we conclude that the roughness tends to arrest the earthquake
ruptures due to the coseismic off-fault damage. Further parametric studies are needed
to investigate the conditions of the arrest of ruptures and the associated off-fault damage
patterns on the rough fault.
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Figure 5.17: Self-similar fault geometry, initial shear traction and initial f; on the main fault. (a)
Fault geometry. The nucleation patch is set in the middle of the fault, which is much larger than L.
to nucleate the rupture on the rough fault. Model parameters are same with the finite fault modeling
(Table 5.1 and 5.2). The fault length is finite, set as 25km, and the entire fault is encompassed by
the low cohesion zone. (b) Initial shear traction on the main fault. The dashed line indicates the
reference shear traction with a planar fault (16MPa). (c) Initial ratio of Ty to . The dashed lines
indicate the static and dynamic friction coefficients on the main fault.
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Figure 5.18: Initial snapshot for self-similar fault. The dashed line indicates the prescribed main
fault. Top window show the result without coseismic off-fault damage, while the bottom window
show the result with off-fault damage. The arrows indicate the sense of slip on the main fault. The
white lines indicate the secondarily activated off-fault cracks
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Figure 5.19: Snapshot at T =2.7s. Nucleation is failed on the right side of nucleation patch for the
case with off-fault damage.
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Figure 5.20: Snapshot at T = 4.3s. The rupture on the left side for the case with off-fault damage
is also arrested due to the off-fault damage.
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Figure 5.21: Snapshot at T = 6.0s. There is a major branch from the right edge of the nucleation
patch. However, no significant radiation is observed for the case with off-fault damage.
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524 Stepover faults

The stepover faults are an another important component of the natural fault network. What
is of interest here is whether the rupture jumps from the main fault to the stepover fault
near the main fault. Systematic numerical experiments of stepover faults are pioneered by
Harris et al. (1991), demonstrated the geometrical conditions to nucleate the secondary
rupture on the stepover fault. Parallel strike-slip faults are widely used as an example of
simple stepover faults (Figure 5.22). The relative position of stepover fault is controlled by
the two parameters, stepover width and overlap. The capability of rupture jumps depends
on whether the stepover fault is located on the compressional side (compressional step)
or the extensional side (dilational step) of the main fault. Harris et al. (1991) shows that
the dilational step is more likely to induce the second rupture on the stepover fault. Thus
in this section, we demonstrate the dilation step, and compare the cases with and without
off-fault damage to investigate the effect of coseismic off-fault damage on the rupture
dynamics for the stepover faults.

Figures 5.23 to 5.27 show the snapshots of the result for dilational step with and with-
out coseismic off-fault damage. The rupture is nucleated in the middle of the main fault
and propagates bilaterally. The stepover is set as 600m (~ 0.5 L), and the overlap is 2.5km
(~2.1L.). When the rupture reaches the edges of the main fault, the rupture is arrested for
the case without coseismic off-fault damage, and does not induce the second rupture on the
stepover fault (Figure 5.24). However, as observed in the finite fault results (Figure 5.7),
major off-fault crack path evolves from the right edge of the main fault, which reaches the
stepover fault (Figure 5.24). Then as the coseismic off-fault damage evolves around the
edge of the main fault, the secondary rupture is nucleated close the the major damage zone
on the stepover fault (Figure 5.25). Since the secondary rupture is not nucleated for the
case without coseismic off-fault damage, implying this combination of the fault geometry
and the initial stress condition is not capable of rupture jumping, the modification of the
elastic properties around the stepover fault due to the coseismic off-fault damage plays
an important role in the nucleation of secondary rupture. The rupture then propagates on
the stepover fault, and eventually transitions to supershear (Figures 5.26 and 5.27). These
preliminary results for the stepover faults demonstrate the need of parametric studies to
rectify the conditions of rupture jumps with coseismic off-fault damage.
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Figure 5.22: Model setup for modeling stepover faults. The material constants and relevant model
parameters are same with the finite fault modeling (Table 5.1 and 5.2). The fault length is 15km,
the stepover width is 600m (~ 0.5L.) and the overlap is 2.5km (~ 2.1L,).
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Figure 5.23: Snapshot for stepover faults. The dashed line indicates the prescribed faults. Since
the main fault is right-lateral, the stepover fault is a dilational step. Top window shows the result
without coseismic off-fault damage, while the bottom window shows the result with off-fault dam-
age. The arrows indicate the sense of slip on the main fault. White lines indicate the secondarily
activated off-fault cracks
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Figure 5.24: Snapshot at T = 3.5s. The rupture reaches the edges of the main fault, and is arrested
for the case without off-fault damage, whereas the coseismic off-fault damage grows toward the
stepover fault.
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Figure 5.25: Snapshot at T = 5.7s. The coseismic off-fault damage modifies the elastic properties
around the stepover fault, and the secondary rupture is eventually nucleated by the stress perturba-
tion due to the rupture on the main fault and the change of elastic properties.
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Figure 5.26: Snapshot at T = 6.8s. The secondary rupture is successfully nucleated.

145



CHAPTER 5. PERSPECTIVES

Without damage Tlme(S) : 7.9

With damage

@\\i\_ \ _\k SAe \_\_:__‘_‘_‘\_' SRAL LY \;_ 1\_ N

NodalVelocity Magnitude (m/s)
4.0e-01 1 2.0e+00

: * ‘ Parallel strike-slip (stepover) faults

Figure 5.27: Snapshot at T =7.9s. The rupture finally transitions to supershear on the stepover fault,
which implies the supershear transition length decreases due to the feedback from the coseismic
off-fault damage.
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5.3 Modeling thrust earthquakes with coseismic off-fault
damage

Large earthquakes are mostly observed on thrust faults, which cause a serious disaster due
to ground shaking and destructive tsunamis. Thus the study of the earthquake ruptures on
the thrust faults has a great impact on disaster prevention. Figure 5.28 shows a cross sec-
tion of Nankai subduction zone, off southwest Japan. The multichannel seismic (MCS)
reflection profiles elucidate the structure of the plate boundary and splay faults, which
reaches the ocean bottom. Although the shallow part of the thrust faults is considered
to be frictionally stable , and thus be aseismic (e.g. Moore and Saffer, 2001), coseismic
slip sometimes occurs even near the trench as demonstrated by Tohoku. Gabuchian et al.
(2017) demonstrated the release of the counterclockwise torque caused by the dynamic
rupture on the thrust fault can break the free surface, which results in a large deforma-
tion of the hanging-wall wedge. Ma and Hirakawa (2013) conducted the dynamic rupture
modeling on the thrust fault with inelastic constitutive formulations, which shows a sig-
nificant plastic deformation on the hanging-wall wedge. They also showed that the plastic
deformation smooths out the source time function and decreases the radiated energy.

The previous studies highlight the importance of the deformation on the hanging-wall
wedge for the thrust earthquakes. However, the mechanism of secondary fracturing on
the thrust fault remains to be fully understood because of limitations of computation and
model formulation; the release of the counterclockwise torque will dynamically activate
the secondary tensile cracks on the hanging-wall wedge, and the feedback of the coseismic
off-fault damage will modify the rupture dynamics, damage pattern and radiations on the
thrust faults. Therefore, we conducted dynamic earthquake rupture modeling with thrust
fault model to investigate the mechanism of activations of coseismic off-fault damage on
the wedge and its effect on the rupture process and radiation.

Figure 5.29 illustrates the model setup of the thrust earthquake modeling. Firstly, we
conduct the rupture modelings with a simple planar thrust fault, where the rupture is nu-
cleated in the middle of the fault, and propagates bilaterally. We examined 30° and 60°
cases for the angles of the thrust fault to the free surface. The size of computational do-
main is set large enough to avoid the feedback from the rupture propagating downward.
The prescribed thrust fault penetrates the free surface.The bottom and right edges of the
computational domain are fixed, while the horizontal vertical stresses, o1 and o9, are ap-
plied on the left and top edges. It is noteworthy that the o5 cannot be zero for the case of
30 °; otherwise, the rupture on the thrust fault is unexpectedly nucleated from the free sur-
face before the nucleation phase due to the local decrease in normal stress around the free
surface. To avoid the unexpected nucleation of the rupture, we need to take into account
the topology of the free surface, or initial cohesions on the thrust fault.

Figure 5.30 shows the snapshots of thrust earthquake modeling with the dip angle of
30°. In this case, the coseismic off-fault damage is not activated due to the low angle of the
maximum principal stress to the thrust fault (Poliakov et al.,2002; Ngo et al.,2012). The
feedback from the hanging-wall wedge is observed, whereas there is no interesting damage
on the wedge because of the coarse mesh size and model parametrization. Figure 5.31
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Figure 5.28: Cross section of Nankai subduction zone, off southwest Japan. The subducting
oceanic crust is shaded light blue. The seaward distribution of the 1944 Tonankai coseismic slips
estimated from tsunami (red lines) and seismic (blue lines) inversions is projected in the profiles.
Locations of both the splay faults initial branching and the décollement stepdown to the top of the
oceanic basement are marked in orange dotted circles. Green and black arrows indicate motions
of the splay fault slip, and the décollement or normal fault, respectively. Vertical exaggeration
is 2X. (A) The Philippine Sea Plate (PSP) subducting beneath the upper plate produces a huge
accretionary prism. The location of the cold seep is marked by an asterisk. Note active normal
faults [(B), inset] cutting the well-stratified, landward-tilting cover sequence and reverse polarity
reflection [(C), inset] of the splay fault at 7 km depth around the shot point (SP) 2365 indicated by
purple line. (D, E) Cross sections on the different survey lines close to (A). Reprinted from Park
et al. (2002).

show the snapshots with the dip angle of 60°, where the usual coseismic off-fault damage
is observed, whereas no damage on the wedge. We cannot conclude anything with these
results because of coarse mesh discretization and non-realistic parametrization, such as
uniform initial stress state regardless of lithostatic pressure. However, these results clearly
demonstrate the potential of FDEM to conduct the further modeling of thrust earthquakes
with the coseismic off-fault damage.
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Figure 5.29: Model description of thrust earthquake rupture modeling. ¢, and o9 are assumed as

external loading. NS1-2 and SS1-3 indicate the node and edge groups, respectively, for boundary
conditions.
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Figure 5.30: Snapshots of thrust earthquake modeling with the dip angle of 30°. Color contour
shows the particle velocity magnitude. The coseismic off-fault damage is not observed in this
case due to the low angle of the maximum principal stress to the thrust fault. The inset shows the
focused window around the edge of thrust fault.
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Figure 5.31: Snapshots of thrust earthquake modeling with the dip angle of 60°. White lines
indicate the secondarily off-fault cracks.
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5.4 Discussion and summary

In this chapter, we demonstrated the perspective works on the interaction between co-
seismic damage and first-order geometrical complexities (including free surface). These
preliminary results already reveal some effects of the coseismic off-fault damage on the
rupture process and damage patterns, and can be applied for the analysis of natural earth-
quakes. For example, the results of fault kinks suggest that instead of propagating along
pre-existing fault, the secondary major cracks are activated from the kink of the fault
bended on the compressional side of the main fault, which explains the large damage zone
in the northwestern part of the Papatea fault (Figure 4.29). The arrest of the rupture on
the northern part of Papatea fault in the second scenario (Figure 4.23) is also observed in
the results of rough faults, where the rupture is trapped by the secondary off-fault cracks.
Hence, the analysis of the first-order geometrical complexities helps the explanation of
rupture processes on the natural fault network as it can be decomposed into such simple
geometrical complexities.

The preliminary results of thrust earthquakes show the capability of FDEM for the
modeling with free surfaces. We need to firstly reconsider 1) nonuniform initial stress
state corresponding to lithostatic pressure 2) topology of free surface 3) low cohesion
zone on the wedge in order to evaluate the coseismic off-fault damage associated with
thrust earthquakes.

Finally, we list the other perspectives as follows:

* Parametric studies on the initial stress state for the fundamental analysis

Since the fundamental analysis of coseismic off-fault damage, as discussed in Chap-
ter 3, has been done with a limited conditions, such as a fixed ¢ and d,;¢, and ini-
tially intact rock, we need to investigate the effect of these parameters on the damage
pattern. Poliakov et al. (2002) and Rice et al. (2005) theoretically demonstrate that
the small ¢ causes less damage than the large ¢, whereas the secondary fracture
network can be activated on the compressional side of the fault. In natural fault
networks, the off-fault damage is often observed in the both sides of the fault. We
now assume that the pre-damage of the off-fault medium, initial cohesion on the
main fault, which is assumed to be zero in this study, and the ¢ play a role in the
symmetric pattern of the off-fault damage across the fault.

e Evolution of the coseismic off-fault damage during earthquake cycles

Due to limitations of model formulations, the earthquake cycles on the same fault
with coseismic off-fault damage remain to be done. However, the process of evo-
lution and saturation of the off-fault damage caused by the earthquake cycles is of
great interest, which may help to understand the morphosis of natural fault networks.
We need to patch the healing process of the off-fault cracking during interseismic
period, and reload the system to nucleate the second rupture on the same fault.

* Consistency and discrepancy between kinematic models and rupture dynamics

The characterization of earthquake rupture dynamics from kinematic source repre-
sentation has been conducted to estimate the hypocenter, focal mechanism, seismic
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radiation and eventually ground motion which is used for the earthquake disaster
prevention and early warning system. The seismic moment rate function, also called
Source Time Function (STF), describes the temporal evolution of the earthquake
rupture. Furthermore, the spectrogram of the STF gives a reasonable approxima-
tion of the evolution of radiated energy with time, or the radiated energy rate. The
radiated energy rate, estimated using the far-field P and S waves, is proportional to
the squared seismic moment acceleration (e.g Ide et al., 2008; Yabe and Ide, 2014;
Denolle et al.,2015). Thus it also contains the information of rupture dynamics as
well as the overall energy flux of the earthquake rupture event. Hence, the first-order
analysis on the source kinematic model plays an important role in understanding the
details of source physics and its associated radiation.

Even though the broadband seismic observation network has been built all over the
world, so that the real-time and high-quality seismic data can be acquired, the de-
tails of rupture dynamics remain obscure due to the methodological limitations of
the kinematic inversion models, where the fault geometry is often imposed to be
a planar, surrounded by a purely elastic medium. In addition, the complex rup-
ture process such as fault branching, rupture jumps and co-seismic off-fault dam-
age around faults might be masked in the canonical analysis with far-field seismic
waves, as they carry the averaged information of the earthquake rupture.

Therefore, the purpose of this perspective is to reveal the discrepancy, and consis-
tency, between kinematic models and detailed rupture dynamics (Figure 5.32). Our
physics-based dynamic earthquake rupture modeling directly evaluates the detailed
rupture process and its associated radiation with coseismic off-fault damage. We
firstly apply kinematic inversion techniques to the model outputs. We then compare
the inferred rupture dynamics from the kinematic inversion models with the true
model obtained from the dynamic earthquake rupture modeling, which will clarify
and quantify the discrepancy, and consistency, between the kinematic inversions
and the actual rupture dynamics including coseismic off-fault damage. This study
will go a long way towards the better understanding of rupture dynamics estimated
with kinematic model and could provide guidelines to improve the latter.
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rupture dynamics.
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6. Conclusions

The full mechanism of earthquake ruptures is always difficult to explain because of the
multiscale geometrical complexity, fluid-structure interaction, mineral transformation and
other thermodynamical processes. On top of that, the Earth’s crust is massively heteroge-
neous. Even if we figure out a set of coupled physical mechanisms to reasonably model
earthquakes, we can never completely deduce the behavior of natural faults because of
limitations of measurements in depth and the chaotic aspect of the system.

Then a question arises: What is the aim of modeling earthquake ruptures even if we
can never reproduce them completely? Our work during this thesis tackled this ques-
tion in a sense that we investigate whether the numerical modeling can capture the broad
effect (in a statistical sense) of coseismic off-fault damage inferred from observations.
Our physics-based numerical modeling reveals the effect of off-fault damage on rupture
dynamics, associated seismic radiation and the overall energy budget. This work also nar-
rows down the subset of rupture scenarios based on coseismic damage pattern with careful
cross-validation between observations and models. These results are universal as long as
the dominant physical mechanism is correctly captured. Therefore, the aim and the sig-
nificance of modeling in this thesis was to estimate the dynamic fracturing mechanisms,
based on well-established physics of fractures, and thus can be universally accepted to
explain natural phenomena even if with limited conditions and at a semi-qualitative level.

The effect of coseismic off-fault damage has been pointed out for a long time, but not
fully understood, especially the activation of secondary off-fault fracture network, due to
limitations of model formulations. The numerical techniques of the earthquake rupture
modeling have constantly advanced since Andrews (1976). With the flow of time, we
presented in this thesis an application of FDEM, which takes into account the spontaneous
activation of secondary cracks caused by dynamic earthquake ruptures, and thereby allows
us to evaluate the damage pattern, the radiation and overall energy budget associated with
the earthquake ruptures. We also demonstrated the potential of FDEM for the modeling
of natural earthquakes with the 2016 Kaikoura earthquake as an example.

We firstly presented the fundamental analysis of the coseismic off-fault damage on the
rupture dynamics in Chapter 3, which includes

1. Description of a continuum-discontinuum approach framework for the dynamic
earthquake rupture modeling

2. Cross-validation of FDEM for earthquake rupture modeling

3. The effect of coseismic damage on rupture velocity and supershear transition
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4. Fracturing mechanisms, fracture density and enhanced high-frequency radiation
5. Evolution of damage zone with depth

6. Overall energy budget associated with earthquake ruptures

We also described a systematic procedure of dynamic earthquake rupture modeling with
FDEM framework for future collaborations. This fundamental analysis highlights the
capability of the FDEM for the continuum-discontinuum analysis and the role of coseismic
off-fault damage.

We then demonstrated the application for the 2016 Mw 7.8 Kaikoura earthquake in
New Zealand in Chapter 4, which includes

1. Examination of the hypothetical rupture scenarios on the Jordan - Kekerengu - Pa-
patea fault system

2. Comparison of the deformation profiles to the observations
3. The evolution of stress states on the prescribed faults

4. Near-field ground motions

This is the first-of-its-kind application for the 2-D natural faults with coseismic off-fault
damage, which elucidates the most likely rupture scenario by the comparison to the ob-
servations. This result shows that the FDEM can be effectively used to model dynamic
ruptures on the complex fault geometry because of the simplicity of its algorithmic frame-
work. Therefore, further applications of the rupture modeling on the natural faults by the
continuum-discontinuum approach with FDEM are expected.

Finally, we listed the preliminary results for the perspectives, which includes

1. First-order geometrical complexities (finite fault, kinks, roughness, stepovers)
2. Thrust fault with free surface

3. List of future works which remain to be initiated

The preliminary results already show the characteristic rupture processes, which are also
observed in the modeling of the Kaikoura earthquake. The results for modeling thrust
earthquakes demonstrate the capability of the rupture modeling with free surface, which
causes significant deformation on the wedge near the surface. Although these topics need
additional discussion, we are motivated to extend these studies to understand the role of
coseismic off-fault damage on such first-order complex fault geometry and the thrust earth-
quakes.

Overall, the work presented in this thesis has opened an avenue to model dynamic
earthquake ruptures with the continuum-discontinuum approach framework, which al-
lows for the dynamic earthquake ruptures on natural fault networks with coseismic off-
fault damage. Although most of the present results are with simplified model, the results
clearly show the significant effect of the coseismic off-fault damage on rupture dynamics.
Therefore, further studies on coseismic off-fault damage are necessary to better understand
faulting mechanisms in natural earthquakes.
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Appendix A. Computational Efficiency

The FDEM is suitable for MPI parallelization by domain decomposition approach, in
which the physical space is discretized by prescribed MPI domain grids (Munjiza et al.,
2011). Since a processor is assigned to a MPI domain, the total number of element is
desired to be well averaged by the number of processors to enhance the computational ef-
ficiency. We examined a rupture modeling with different number of processors to evaluate
the efficiency of MPI parallelization for this problem. We used the constant G;¢ case at
2 km depth with off-fault damage for this comparison. We used dual 8-core Intel Xeon
(Sandy Bridge) processors in LANL. Figure Al shows the computational time and the
desired mean element number par MPI domain. Computational time decreases linearly in
log-log space with the number of processors, implying the MPI parallelization is efficient
in our problem. The approximate curve is obtained as

T = 102.3575]\7—0.7656. (61)

Ideally, the rate of decrease of computational time converges to be in inverse proportion to
the number of processors, which means the computational time is proportional to the N1,
without consideration of time consumed for communication between processors. Thus the
grid of MPI domain used in this study can still be improved by adjusting it to the adaptive
mesh and averaging the number of element per MPI domain.
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Appendix B. A recipe for the dynamic earthquake rupture
modeling with FDEM

The procedure of rupture modeling, such as applying initial stress and nucleation pro-
cesses, depends on the numerical schemes. Here, we describe a flowchart of dynamic
earthquake rupture modeling with FDEM, which has some specific processes for mesh
discretization, pre-loading and rupture nucleation phases.

B.1 Mesh discretization and grouping by blocks

The computational domain is discretized by finite elements as canonical FEM. We usually
discretize by unstructured meshes, which are adaptive for non-planar faults. The size of
elements are adjusted as fine near the faults to improve the numerical accuracy, and as
coarse, as a function of distance from the faults to reduce the computational cost. Then
we need to group the meshes to prescribe faults, nucleation zone and low cohesion zone.
The numerical domain is also discretized into rectangular MPI domains. Note that the
grid of MPI domains can be independent of mesh topology, and the elements are assigned
into each grid and are computed by a processor (Munjiza et al., 2011). Thus the number
of processors for the computation is equal to the MPI domains.

Figure B1 show a schematic of mesh discretization and grouping by blocks for a natural
fault network. We demonstrate a mesh associated with the 2016 Kaikoura earthquake
(discussed in Chapter 4) as an example. Firstly, the fault geometry is taken from the
observations. We then discretize the computational domain along the faults, and group
the meshes corresponding to blocks as shown in Figure B1. the elements attached with
the faults are grouped on both sides of the faults. Then the elements in the nucleation zone
is subtracted from the fault groups, and assigned as nucleation blocks. The low cohesion
zone is also arbitrary assigned near the faults.

We then describe the parameters for contact interactions between the elements, such as
friction and cohesion. We can assign parameters for the interactions between the elements
in the block and the interactions between the boundary of blocks, i.e., the interactions for
the prescribed faults. Note that we can increase the number of groups if we need to model
more heterogeneous materials.

B.2 Relaxation and nucleation phases

To nucleate the dynamic ruptures, we firstly need to accumulate the strain energy in the
medium. The initial stress, o, is imposed for the canonical numerical schemes for earth-
quake rupture modelings, such as FEM, SEM, and BIEM, and we immediately nucleate
the dynamic rupture at the first timestep, 7' = 0.

However, as is the case with the Discrete Element Method (DEM), we firstly need
to pack the elements to produce the initial stress state in the medium, which we call re-
laxation phases. We need to follow a procedure in order to avoid cohesive failures or
unexpected ruptures during these relaxation phases. The medium is stabilized at the end
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of the relaxation phases, where the kinetic energy of the medium is well-converged to a
low level.
The flowchart is described as follows:

Relax phase 1- Temporally bonding the prescribed faults with surface pres-
sures

Firstly, the prescribed faults need to be bonded by an appropriate surface pressure
to avoid unexpected slips on the faults, which causes undesired slip-weakening of
the friction before the nucleation of dynamic ruptures. When we suddenly apply
the initial stress in the medium before this bonding process, the frictional resistance
does not work because of zero normal stress on the fault at the first step of this phase,
which causes a small slip on the fault. Thus we need to initially apply the temporal
normal stress on the fault to cause the friction on the faults, which resists against
the unexpected slip for the later phases.

We also assign the parameters for the contact interaction, such as the friction coef-
ficients and the peak cohesion. In this phase, we need to assign the temporal peak
cohesions, which is large enough to avoid to the unexpected cohesive failure due to
the numerical oscillations of the elements during relaxation phases. We usually set
the peak cohesions 1000 times lager than the original cohesions.

In the beginning of simulations, we also assign the partitions of MPI domains and
the location of virtual sensors. We cannot change them during the simulation.

Relax phase 2- Applying the initial stress in the medium

Next, we apply the initial stress in the medium. There are two ways to apply the
stress in the FDEM framework; 1) imposing the initial stress on the elements, or
2) loading the stress on the boundary of the medium as external loading. In the
former case, we need to fix the motion on the boundary of the medium, and let the
elements be relaxed until the medium is stabilized. If the elements are not allowed
to overlap, i.e., for the case of the infinite penalty, the medium is ideally static in
this phase. However, because of the penalty functions in the FDEM framework, a
small perturbation is caused by the overlapping of the elements. This perturbation
is eventually suppressed to a negligible level by the artificial viscous damping. The
advantage is to be able to reproduce a uniform stress state in the medium, whereas
the disadvantage is that it is not capable of modeling free surfaces on the medium.

In the later case, we simply apply the tractions on the boundary of the medium
as external loading. In this way, we can model the free surfaces on the medium,
whereas it needs more time to apply the stress and stabilize the medium.

In this phase, the temporal bonding on the fault is kept to suppress the unexpected
slip. The peak cohesions are also kept large to avoid the cohesive failure due to the
abrupt perturbation of the medium caused by the application of the stresses.

Relax phase 3- Setting the original cohesions and stabilizing the medium

Finally, we reset the peak cohesions to its original values, and stabilize the medium
with artificial viscous damping. We also remove the temporal bonds of the faults
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in this phase because the frictional resistance fully works after applying the initial
stress in the previous phase.

Figure B2 shows the history of kinetic energy of the medium,
L.
By = / ~ pisidV, 62)
v 2

during the relax phase 3 and the nucleation phase. E is useful to check if the
relaxation phases are properly processed. We need to stabilize the medium until the
curve of Ex converges to a low level enough to ignore the effect of initial particle
motions to the following nucleation phase.

Nucleation phase - Nucleating the dynamic rupture

We can now nucleate the dynamic rupture with the proper initial stress state and the
parameters for the contact interactions. The rupture is nucleated by imposing the
lower static friction coefficient on the nucleation area of the fault, where the size
of the nucleation area is set larger than the nucleation length, L.. For the sake of
simplicity, the timestep is usually reset to zero at the beginning of this phase.

It is noteworthy that the procedure of these relaxation phases is in analogy to the ac-
cumulation of the strain energy during the interseismic period of natural earthquakes. The
slip on the fault is usually accumulated over the years caused by the external loading (e.g.
Lapusta et al., 2000), then the rupture is spontaneously nucleated as releasing its accu-
mulated strain energy. However, since we focus only the dynamic part of the earthquake
ruptures, we “skip” the interseismic process of the accumulation of strain energy by these
relaxation phases. Therefore, we need to consider reasonable interpretations of the re-
laxation phases when we conduct the modeling of second ruptures on the same fault to
investigate the evolution and the saturation of the coseismic off-fault damage.

B.3 Outputs

The output of the simulation includes the particle velocity components, the stress field,
secondary cracks with damage type and the motion and velocity of virtual sensors. We
post-process these raw datasets to plot the snapshots, and to evaluate the radiations and the
overall energy budget. The data is output in VTK (Visualization ToolKit) format, which

allows us to process the data with Paraview !, and the associated python module, simple
2

lhttps://www.paraview.org
Zhttps://www.paraview.org/ParaView3/Doc/Nightly/www/py-doc/paraview.simple.
html
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*Element size is exaggerated.
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Figure B.1 — Mesh discretization and grouping by blocks. The input fault geometry is illustrated
in the inset. The main figure shows the mesh discretization and the blocks. The type of blocks are
indicated by colors. The dashed line shows the MPI domains. In this case, the number of required
processors is 16.
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Figure B.2 — History of kinetic energy during relax phase 3 and nucleation phase. It is plotted in
different time scales as the relaxation phase takes less time than the nucleation phase.
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Appendix C. Mesh Dependency of FDEM

Since potential failure planes are constrained by the element boundary, where the cohesive
and friction laws are prescribed, the mesh dependency for damage pattern has to be as-
sessed. Firstly, the mesh orientation should be as random as possible in the FDEM frame-
work, so that it introduces less constraints in the orientation of cracks. We performed two
simulations with exactly same model description except for the mesh topology #1 and #2.
Figure C1 shows the damage pattern, the distribution of orientation of potential failure
planes and rose diagram. There is certainly a difference in the damage patterns. How-
ever, the distribution of orientation of cracks is comparable enough for the arguments we
discuss in subsection 3.1.4, which implies that the mesh topology does not affect the sta-
tistical quantities, such as the high-frequency radiation and the overall energy budget, as
long as the physical space is sufficiently discretized.
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scale factor of geometric progression for adaptive mesh size is slightly larger to change the mesh

topology.

165



CHAPTER 6. APPENDICES

Appendix D. The first and second scenarios without coseis-
mic off-fault damage

Figures D1 to D4 show the first scenario without the coseismic off-fault damage. In this
case, only prescribed faults are ruptured, whereas the off-fault medium behaves as purely
elastic material. This condition is same as conventional dynamic earthquake rupture mod-
elings with purely elastic constitutive laws. The rupture is nucleated the southern part of
Papatea fault, and propagates northward. The rupture then jumps to the Jordan thrust -
Kekerengu fault, and propagates bilaterally same as the case with off-fault damage. How-
ever, the rupture on the Kekerengu fault transitions to supershear without off-fault damage,
while the rupture remains sub-Rayleigh for the case with off-fault damage. Therefore, the
rupture dynamics can be modified by the coseismic off-fault damage on the natural fault
system.

Figures D5 to D8 show the second scenario without the coseismic off-fault damage.
In this case, the rupture initially propagates northward on Jordan - Kekerengu fault sys-
tem, and the rupture on the Papatea fault is induced by the stress perturbation around the
triple junction. In the case with the coseismic off-fault damage, this secondary rupture
nucleated from the northern part of Papatea fault is arrested by the spontaneous activa-
tion of off-fault cracks. However, without coseismic off-fault damage, the entire Papatea
fault is eventually ruptured because the induced rupture is not arrested by the coseismic
off-fault damage. Thus, the entire Papatea fault is ruptured for both scenarios with purely
elastic assumption, which causes the ambiguity in the determination of most likely rupture
scenario. Therefore, the coseismic off-fault damage is an indispensable factor to narrow
down the rupture scenarios as incorporated with the observations.
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Figure D.1 — The snapshots of the first scenario without off-fault damage. The rupture is nucleated
at the southern part of Papatea fault.
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Figure D.2 — The rupture propagates northward on the Papatea fault, and triggers the next rupture
on Jordan thrust - Kekerengu fault as shown in the slip velocity on the top-right window.
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Figure D4 — The rupture on Kekerengu fault transitions to supershear, while the rupture remains
sub-Rayleigh on Jordan thrust.
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Figure D.5 — The snapshots of the second scenario without off-fault damage. The rupture is nu-
cleated at the southern part of Jordan thrust.
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Figure D.6 — The rupture propagates northward, and triggers the rupture at the northern part of
Papatea fault.
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Figure D.8 — Eventually, the rupture transitions to supershear on Papatea fault, and the entire fault
is ruptured.
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Résumé

Les zones de faille naturelles présentent une complexité structurelle a différentes échelles. Elles sont composées d’un réseau
de failles majeures ou le glissement principal s’effectue, lui-méme entouré d’'un réseau méso- et microscopique de fractures.
Cette complexité géomeétrique impacte la dynamique de la rupture, la propagation des ondes sismiques ainsi que le bilan
énergeétique lors des tremblements de terre. Les observations géologiques et géophysiques des systemes de faille montrent
une corrélation entre la distribution spatiale de la densité de microfractures et la distance au plan principal de rupture. De
leur étude de terrain, Faulkner et al. (2011) ont déduit que cette structure particuliere des zones de failles s’explique par
les irrégularitiés géométriques et 'endommagement cosismique. Les expériences en laboratoire sur la rupture dynamique
montrent également un contenu haute-fréquence enrichi, comme il est observé pour les séismes naturels. Ceci est considéré
comme la contribution de 'endommagement cosismique. Les outils de modélisation nhumérique, qui prennent en compte
I'’endommagement cosismique, ont permis d’explorer I'évolution des microfractures dans les zones de failles durant les séismes,
et leur impact en retour sur la rupture dynamique. En revanche, les modéles existants ne permettaient pas la génération,
dynamique, de fractures secondaires dans le milieu qui entourent les failles majeures. Dans cette étude, afin de pouvoir
modéliser des ruptures sismiques le long de failles & géométrie réaliste, associées a la création de fractures secondaires,
nous proposons une approche qui allie la modélisation des milieux continus et discontinus, en utilisant la méthode combinée
des éléments finis et discrets (FDEM). Nous présentons d’abord les résultats des modélisations de rupture dynamique avec
génération de fractures secondaires. Ces simulations illustrent les mécanismes de 'endommagement, une diminution de la
vitesse de rupture, et les radiations hautes fréquences en champ proche. Le budget énergétique est également modifié en
raison des radiations et de la dissipation de I'’énergie de fracture lié a 'endommagement. Nous avons par la suite réalisé
des expériences numériques afin de reproduire la rupture dynamique lors du séisme de Kaikdura (magnitude 7.8), qui s’est
produit en 2016, sur le systeme de failles de I'lle sud de la Nouvelle-Zélande. Nous avons pu démontrer qu’en comparant
les observations de terrain avec la nature de 'endommagement et les profils de déplacement générés par nos modéles, il est
possible de discriminer parmi les différents scénarios potentiels de rupture cosismique. En conclusion, les travaux réalisés au
cours de cette thése proposent une nouvelle génération de modéles qui, grace a I'approche combinée des milieux continus et
des milieux discrets, permet I'activation et la génération de systémes de fractures secondaires en lien avec les séismes sur les
failles majeures. lls démontrent les effets significatifs que peut jouer 'endommagement généré lors des séismes.
Modélisation de rupture dynamique; endommagement cosismique; structure de faille complexe; méthode combinée
des éléments finis et discrets; radiations hautes fréquences; le séisme de Kaikoura

Abstract

Multiscale fault structures consist of macroscopic major fault networks surrounded by mesoscopic and microscopic fracture
networks, considered as off-fault damage. Such geometrical complexity of natural fault structure modifies the rupture dynamics,
the seismic wave radiation and the overall energy budget associated with earthquakes. Field observations have recorded a
correlation of fracture density to the distance from the fault cores, and also a strong link with the quantity of fault slip. In
their geological study, Faulkner et al. (2011) concluded that the observed scaling inside the fault zone is better explained
by the geometric irregularities and/or the coseismic damage. An enhanced high-frequency content, expected to be caused
by the coseismic damage, is also observed during laboratory experiments of dynamic ruptures. Past work has explored the
evolution of secondary coseismic off-fault damage caused by the dynamic earthquake ruptures within the context of effective
constitutive laws. However, the current existing models cannot allow for the activation of individual secondary off-fault cracks
due to limitations of model formulations. Here we propose a continuum-discontinuum approach framework with combined finite-
discrete element method (FDEM) to model dynamic earthquake rupture with the coseismic off-fault damage along natural fault
networks. We firstly modeled the dynamic earthquake rupture with the coseismic off-fault damage on a single planar fault. We
showed the mechanism of dynamically generated off-fault crack network, the decrease in rupture velocity and the enhancement
of high-frequency radiation in near-field ground motion. The overall energy budget is modified due to the additional radiation,
and dissipation of the energy, associated with the secondary off-fault cracks. We then conducted a dynamic earthquake rupture
modeling on the 2016 Kaikdura earthquake, which shows a great potential to narrow down a subset of hypothetical rupture
scenarios by comparing the displacement field perturbed by the coseismic off-fault damage with the observations. Overall, this
work has opened an avenue to model the dynamic earthquake ruptures with the continuum-discontinuum approach framework,
which elucidates the effect of coseismic off-fault damage on the earthquake rupture dynamics and has shown the potential of
further applications to natural fault systems.

Modeling dynamic earthquake ruptures; coseismic off-fault damage; complex fault structure; combined finite-discrete
element method; high-frequency radiation; Kaikoura earthquake



	Title page
	Remerciements
	Contents
	List of Figures
	List of Tables
	List of symbols and abbreviations
	Foreword
	Résumé/Abstract
	Introduction
	Continuum-discontinuum approach framework for modeling dynamic earthquake ruptures
	Avant-propos
	Introduction
	Continuum-discontinuum approach
	Formulation of FDEM

	Model description
	Initial stress state in depth
	Failure criteria
	Closeness to failure
	Friction law
	Nondimensionalization

	Theory of Contact Algorithm for HOSS
	Notation system for contact Algorithm
	Cohesion for tensile and shear crack
	Friction for shear crack
	Dissipated energy by cohesion and friction
	Validation of contact force algorithm

	Cross-validation of 2-D FDEM
	Validation of 2-D in-plane problem
	Error assessment with various artificial viscous damping


	Dynamics, radiation and overall energy budget of earthquake rupture with coseismic off-fault damage
	Earthquake rupture with coseismic off-fault damage
	Model description
	Snapshots of dynamic earthquake ruptures with coseismic off-fault damage
	Implications for rupture velocity
	Mechanism of the activation of secondary off-fault fracture network

	High-frequency radiation
	Enhanced high-frequency radiation by  the secondary off-fault cracks
	Experimental results of high-frequency radiation

	Case study at different depths
	Overall energy budget of earthquake rupture
	Energy balance of earthquake rupture
	Radiated energy
	Validation of overall energy budget
	Energy dissipated by viscous damping
	Contribution of coseismic off-fault damage to the overall energy budget
	Source time function
	Seismic efficiency

	Conclusions

	Application to natural fault system: Earthquake damage patterns resolve complex rupture processes on the 2016 Mw 7.8 Kaikōura earthquake in New Zealand 
	Avant-propos
	Introduction
	The 2016 Mw 7.8 Kaikōura earthquake in New Zealand

	Methodology: Application to natural fault networks
	Displacement measurements
	Earthquake rupture scenario
	Hypothetical earthquake rupture scenarios
	The first scenario: rupture nucleated from the southern part of Papatea fault
	The second scenario: rupture nucleated from the southern part of Jordan thrust
	Stress change, accumulated slip and slip velocity
	Near-field ground motion

	Conclusions

	Perspectives
	Avant-propos
	Introduction
	Decomposition of natural fault networks
	Finite faults
	Fault kink
	Rough faults
	Stepover faults

	Modeling thrust earthquakes
	Discussion and summary

	Conclusions
	Appendices
	Appendix A. Computational Efficiency
	Appendix B. A recipe for earthquake rupture modeling with FDEM
	B.1 Mesh discretization and grouping by blocks
	B.2 Relaxation and nucleation phases
	B.3 Outputs

	Appendix C. Mesh Dependency of FDEM
	Appendix D. The first and second scenarios without coseismic off-fault damage


